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PREFACE

The monograph on exploration geophysics in cold regions is presented in two parts for
the sake of convenience. This first part covers seismic explorations in cold regions, in
cluding related techniques based on elastic waves. Electrical, magnetic and gravimetric

explorations in cold regions will be the subject of a second volume.

The present volume was prepared by Dr. Hans Roethlisberger, while engaged as con
tract scientist with the U.S. Army Cold Regions Research and Engineering Laboratory (USA
CRREL). The author, a specialist in glaciology and geophysics, is associated with the
Laboratory of Hydraulics, Hydrology and Glaciology at the Federal Institute of Technology
in Zurich, Switzerland. Valuable suggestions were received from Dr. Charles R. Bentley,
Professor of Geophysics, the University of Wisconsbn, Madison, Wisconsin, who reviewed

the manuscript under a separate contract with USA CRREL.

Much of the writing of this monograph was performed under DA Project IN025001A130

and IT062112A130, Cold Regions Research, Task 01, Research in Snow, Ice and Frozen

Ground, and subsequently Task 01, Applied Research and Engineering. The monograph is

published under DA Project 4A062112A894, Engineering in Cold Environments, Task 20,
Cold Regions Systems Analysis, Systems Engineering, Production and Assessment Studies
for Military Installations.
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EDITOR'S FOREWORD

Cold Regions Science and Engineering consists of a series of monographs written by
specialists to summarize existing knowledge and provide selected references on the cold regions,
defined here as those areas of the earth where operational difficulties due to freezing tempera

tures may occur.

Sections of the work are being published as they become ready, not necessarily in numeri
cal order but fitting into the following plan, wliich may be amended as the work proceeds. The
monograph series was planned and directed by F.J. Sanger as editor until 1970.

I. Environment

A. General - Characteristics of the cold regions
.1. Selected aspects of geology and physiography of the cold regions

2. Permafrost (Perennially frozen ground)
3. Climatology

a. Climatology of the cold regions: Introduction, Northern Hemisphere I

b. Climatology of the cold regions: Northern Hemisphere II
c. Climatology of the cold regions: Southern Hemisphere
d. Radioactive fallout in northern regions

4. Vegetation

a. Patterns of Vegetation in cold regions

b. Regional descriptions of vegetation in cold regions
c. Utilization of vegetation in cold regions

B. Regional
1. The Antarctic ice sheet

2. The Greenland ice sheet

n. Physical Science

A. Geophysics
1. Heat exchange at the ground surface

2. Exploration geophysics in cold regions
a. Seismic exploration in cold regions
b. Electrical, magnetic and gravimetric exploration in cold regions

B. Physics and mechanics of snow as a material
C. Physics and mechanics of ice

1. Snow and ice on the earth's surface

2. Ice as a material

a. Physics of ice as a material
b. Mechanics of ice as a material

3. The mechanical properties of sea ice

4. Mechanics of a floating ice sheet

D. Physics and mechanics of frozen ground
1. The freezing process and mechanics of frozen ground
2. The physics of water and ice in soil



EDITOR'S FOREWORD (Cont'd) xv

III. Engineering

A. Snow engineering
1. Engineering properties of snow

2. Construction

a. Methods of building on permanent snowfields

b. Investigation and exploitation of snowfield sites

c. Foundations and subsurface structures in snow

d. Utilities on permanent snpwfields
e. Snow roads and runways v

3. Technology
a. Explosions and snow

b. Snow removal and ice control

c. Blowing snow
d. Avalanches

4. Oversnow transport

B. Ice engineering
1. River-ice engineering

a. Winter regime of rivers and lakes
b. Ice pressure on structures

2. Drilling and excavation in ice

3. Roads and runways on ice

C. Frozen ground engineering
1. Site exploration and excavation in frozen ground
2. Buildings on frozen ground

3. Roads, railroads and airfields in cold regions

4. Foundations of structures in cold regions

5. Sanitary engineering
a. Water supply in cold regions

b. Sewerage, and sewage disposal in cold regions

c. Management of solid wastes in cold regions

6. Artificial ground-freezing for construction
D. General

1. Cold-weather construction

2. Materials at low temperatures

3. Icings developed from surface water and groundwater

IV. Remote Sensing

A; Systems of remote sensing
B. Techniques of image analysis in remote sensing
C. Application of remote sensing to cold regions

T.C. JOHNSON



SEISMIC EXPLORATION IN COLD REGIONS

-:'•'.;• :•'" -: ' -by- -':-.. . -. •'•• ::••'-•- •

• - . _ . Hans Roethlisberger

INTRODUCTION

In exploration geophysics use is made of the differences in certain physical properties of
different types of rock or ground. The properties are those associated with some remote effect
which can be measured, usually at the earth's surface, sometimes in existing tunnels or drill holes,
or from the air. The aim is to gain information on the geometry and the physical properties of the
substrata without excavation or drilling.

Many manuals, textbooks and handbooks on geophysical instruments and methods exist. Geo
physical exploration methods as such are therefore not described in detail here. Some general
information on methods is nevertheless given to serve as a background for the non-geophysicist.
The main objective of the Monograph is to describe deviations from the standard techniques when
operating in cold regions, specifically on snow, ice and permafrost. Special applications to
problems peculiar to these areas and materials are also treated. The physical properties of cold
regions materials relevant to the geophysical methods are; reviewed.

In this first part of Exploration Geophysics seismic methods and related techniques based on
elastic waves are treated.

PRINCIPLES

In the seismic method elastic waves are usually produced at a known positibn, the source, at
an exactly known instant. They are picked up at various distances by vibration-sensitive detectors
called seismographs. The most common way of exciting elastic waves is by explosive charge, but
at short distances the impact of a hammer may do. Special devices producing especially high fre
quency vibrations or wave pulses of controlled frequency are sometimes used.

The phenomenon primarily observed is the propagation of the waves, in particular the travel
time. Additional information may be gained from the direction and frequency ofthe motion at the
seismograph station, and from the amplitude. Part of the waves penetrate the ground to some depth,
but reach the surface again after reflection and refraction at the interfaces between bodies (layers)
ofdifferent properties. The velocity of the seismic wave, a typical property of a given material for
the particular wave type involved, must be known if travel-time observations are to be'used.



2 SEISMIC EXPLORATION IN COLD REGIONS

MATERIAL PROPERTIES

Elasticity and Velocity

Body waves in isotropic media

Two different types of waves are dealt with in seismic work: body waves and boundary waves
(guided waves). In an extended homogeneous isotropic solid, considered as a continuous medium,
two types of body waves exist: compressional-dilatational waves commonly called longitudinal,
primary or P-waves (sometimes also referred to as bulk waves), and the slower shear waves, also
called transverse, secondary or S-waves. The velocity of the body waves can be computed from the
elasticity and the density by a simple equation of the form V = y/F/p, where V = velocity, p =
density, and F is an elastic modulus or constant, or an algebraic expression. Various interrelated
constants are in use in elasticity theory. A pair of these quantities describes a homogeneous and
isotropic material sufficiently, and all the other constants can be computed if only two are given.
Table I contains all the equations needed to make any desired conversion of elastic constants. The
quantities to be computed are listed at the top of each column, while the given pairs of constants
are found at the beginning of each line.

The velocities of the two types ofbody waves, the P- and S-waves, are respectively:

or

1 - v "

(1 + v){\ - 2u) ' (1)

(2)

Additional equations relating Vp and ^s with arbitrary pairs of elastic quantities may readily be
obtained from Table I, leading to combinations of eq 1 and 2 such as

r*m v* •\w^> - • •«

1 »t:- *i1
v = —

2 v2 V2

Body waves in anisotropic media

When using seismic methods in cold regions one probably has to deal with anisotropic substances
more often than in temperate climates. The equations relating velocities to elasticity are far more
complicated for an anisotropic material than for an isotropic material. Three types of body waves
exist, one of pseudo-longitudinal type and two polarized pseudo-shear waves becoming true longi
tudinal and true shear waves in certain singular directions of propagation, or under certain condi
tions. In the theoretical treatment of anisotropy it is important to distinguish between the velocity
of the wave normal and the ray velocity. In seismic prospecting, where we are dealing with point
sources, it is the ray velocity which is of interest.

(4)
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MATERIAL PROPERTIES

Table I. Conversion table for elastic constants (from Gassmann69).

To be computed

Young's modulus Bulk modulus P-wave modulus Lame constant Shear modulus
E k Af C G

Poisson's ratio

v

E, k
3k(3k+E)

9k-E

3k{3k-E)

9k-E

3kE

9k-E

1 E

2 6/c

E, M
3Af-£+wx

6

Af-E-HVj

4

3M+E-wl

8

E-Af+wt

4Af

E, C
E-&C+w2_

6

E-C+w2

2

E-3C+w2

4

w2-E-G

4C

Et G
EG G(4G-E)

3G-E

G(E-2G)

3G-E

E
1

2G3(3G-E)

E, v
E (l-»/)E

(l+l/)(l-2v)

uE E

3(l-2u) (l+u)(l-2u) 2(l4V)

k, Af
9k(M-k)

M+3k

3k-M

2
% (Af-*)

3k-M

3k+M

k, C
9k(k-C)

3k-C
3k-2C %{k-€)

c

3k-C

k, G
9kG

3*-K?
k+%0 k-%G

3k-2G

2(3k+G)

k, v 3/c(l-2v)
3k(l-v) 3ku 3k(\-2v)

2(i-fci/)

U, C
(Af+2C)(Af-C)

Af+C

M+2C

3
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A convenient way to present ray velocity data is by plotting them in polar coordinates in the
direction of the rays. The resulting (three-dimensional) figure is the wave surface, which consists
of three sheets corresponding to the three body waves. The wave surface is the envelope of plane
waves going at a given instant in all directions through the origin, after the lapse of one time unit.
It can also be interpreted, with some reservation, as the wave front of a disturbance originating
from a point source, after the unit time has elapsed, in which case it separates disturbed from
undisturbed portions of the medium. A difficulty with this interpretation may be encountered in the
case of the pseudo-shear wave, as for instance in single-crystal ice. It is important in this respect
to be aware that the equations are developed for plane waves. While a wave which is not plane can
usually be replaced by a finite number of waves consisting of plane elements, there are cases where
this is not feasible, namely when a small change of direction of the propagation of the wave causes,
a sudden change of propagation characteristics. This is the case where the wave surface shows
cusps (Fig. 6; p. 14). Evidently, internal conical refraction occurs, from Huygen's principle.

In order to relate stress and strain in anisotropic substances the components of the stress
tensor, p,'xx' ryy' rzz* fyzt _ . * - „
components exx, eyy etc are numbered likewise in the same order. The stress components are now
expressed by

Pyy P, zx, and p , are numbered px to p6, in this order, and the strain-tensor
1 lik .- -

pi = 1 cik ek, or in matrix notation p = Ce,
k=i-e

the strain components by

ei = 2 sik pk, or in matrix notation e = S p.
x=l-6

(5a)

(5b)

The elastic moduli or stiffness constants cik are converted to the compliance constants* by matrix
inversion, CS = I.

Of particular interest is a special case of anisotropy which is rotationally symmetric. Such a
medium is called uniaxially anisotropic, transversely isotropic or axisymmetric. Good examples of
this type of substance are crystals of the hexagonal system (e.g. ice), but uniformly layered media
behave in exactly the same way if the thickness of the layers (more precisely the thickness of a
pack of layers which repeats itself over and over again) is sufficiently small compared to the wave
length. Five elastic stiffness constants (or compliance constants) are needed to describe the
elastic behavior of a uniaxially anisotropic medium. They form the matrix

r

0 0 011 12 13

'l2 cll C13 0 0 0

"l3 C13 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0
44

0

0 0 0 0 0 CoiC66 ~ ^Cll ~C12^/2
V- J

*Voigt uses moduli for sik and constants for cik.
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From the five elastic constants and the density of a medium the three sheets of the wave surface
can be computed. Since the wave surface is of rotational symmetry and symmetric in respect to the
base plane it is, for graphical presentation, sufficient to give the ray velocities in one quadrant of
a plane containing the axis of symmetry (Fig. 6). The wave polarized perpendicular to the axis of
rotation is a true shear wave; this is the wave which corresponds to the "ordinary" wave in optics.
The theory of the propagation of elastic waves in anisotropic media has been treated by Musgrave"1
and Helbig86 among others. A selection of the equations from Helbig's work (mostly taken from the
much earlier treatment of the same subject by Rudzki), especially well suited for the computation of
ray velocities by electronic computer, is given in Appendix A.

Surface waves

The boundary waves, as opposed to the body waves, are important as surface waves or when
dealing with bodies of limited extent of which at least one dimension is of the same order of magni
tude as, or less than, the wavelength. In regular seismic work the surface waves are not directly
used, but may be bothersome when they are strong and interfere with signals on the record which
should be used. The velocity VR of the Rayleigh surface wave at the free surface of a semiinfinite
elastic solid is expressed by

where

and

4 =

8k* .2v 2+ (24 - 16apK\ "+ (16df - 16) = 0,

V,

1 - 2v

2 -2v

V2v s

(6)

The ratio Kt = VR/VS vs Poisson's ratio u is given in Figure 1. In any material the velocity of
the Rayleigh wave is less than that of the S-wave. The amplitude decays rapidly with distance
from the surface (depth) and at the depth of one wavelength is only a fraction of the value at the sur
face. Far more complicated surface waves develop in a layered substance; they are dispersive. An
application exists in the case of floating ice sheets.

0.96

o.i 0.2 0.3

V, POISSON'S RATIO

Figure 1. Ratio of the velocity of a Rayleigh wave to the
velocity of a shear wave as a function of Poisson's ratio v

(From Mason124.)

0.4 0.5
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Love waves exist in layered structures when the shear wave velocity increases with depth, and
also when the increase is continuous; they are dispersive. The velocity of very short waves
approaches the shear wave velocity of the top layer, whereas infinitely long waves travel at the
speed of the shear wave in the substratum.

Waves in slender bars

Especially simple equations are valid when one or two dimensions of bodies of limited extent
are much smaller than the wavelength. For a slender rod or prism the longitudinal velocity V, of
an extensional disturbance is

"--VT •' (7)
while a torsional wave in a circular rod travels at the speed VT = Vsof a body wave of shear mode,

(see eq 2)

For cross sections other than circular a correction factor is needed. The relationship between the
velocities of the longitudinal body wave (Vp) and the one-dimensional longitudinal wave in a slender
bar (YL) is given by:

V

VL W + "XI - 2v)
P. /.<!-•» (8)

Another type of wave is the flexural one. These are dispersive and no simple equation can be
given for their velocity. However, they are important for determining Young's modulus from standing
waves, i.e. flexural vibrations of bars or rods where specific frequencies occur in resonance (eq 11).

Waves in thin floating plates ,

When the wavelength is large compared to the thickness of the plate there is a wave similar to
the longitudinal wave in a rod, called the longitudinal plate wave. Its velocity is

VPL = J E , • (9).
VKi - A ' • '

i .'•--•

while the velocity of shear waves is Vg = y/G/p as before. Flexural waves also occur. They
are dispersive as in the case of the rod or bar. Some details are given on p. 107.

Methods for Determining Seismic Properties

Velocity

In applied seismic work it is common to determine, in the field, the velocities in the various
materials present. While direct measurements on outcrops can be useful, it is in most cases possible
to obtain the velocities as a byproduct of the soundings, i.e. by standard methods from refraction or
reflection profiles. The disadvantage in this case is that the material involved is not directly
accessible and its conditions are very often not exactly known.
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Details about the determination of seismic properties by the refraction and reflection methods
are given in the chapter on soundings.

An alternative to in situ measurement is laboratory testing, offering the advantage that the
samples can be inspected and trie conditions can be controlled. Laboratory studies are especially
useful when the effects of specific parameters are investigated, such as composition, temperature,

pressure and moisture content. Investigations on samples have their limitations, however. It is
sometimes impossible to obtain undisturbed samples, the velocity changes being caused by fissures
or moisture migration. In the case of synthetic samples it is difficult to make them isotropic. In

addition there are cases where a heterogeneous material may be treated seismically as homogeneous,

since the wavelength and the observed paths are much larger than the nonhomogeneous units, while

the samples are smaller and therefore not representative of the bulk. Many glacial deposits, as well
as layered snowpacks are good examples of such material.

Careful interpretation is essential when laboratory results are used in field seismic explorations.
Although the velocity can be computed from elastic moduli and the density, it is usually not possible
to obtain accurate velocities from static tests, because of the effects of elastic relaxation and creep.
Dynamic tests are therefore preferred for seismic applications. One type of dynamic test consists of
inducing vibrations in the samples and determining resonance frequencies. Circular rods (cores) and
rectangular bars are most frequently used, and longitudinal, torsional or flexural vibrations are
applied. With sample lengths on the order of a few centimeters to one meter most commonly used, the
resonance frequencies are usually in the audible range, and the technique is also referred to as the
sonic method.

The longitudinal velocity VL in a slender bar is found from the length /of a rod or prismatic
specimen with free ends and the resonance frequency fQ of longitudinal vibrations by

VL = 2lfQ. (10)

For the flexural (lateral) vibration of a very thin rectangular bar supported at the nodal points
(0.22/ from the ends), the equation reads

_ 4V3 n£2 ,
L -' —Z ~ l o » (Ha)

m^h

where m = 4.730 for the first mode of flexural vibration, and h = thickness of the bar. For circular
rods the equation reads

VL
sn£2 ;

fQ. (lib)
m"d

where d = diameter of the rod. Pickett14' gives equations and diagrams to account for the finite
length to diameter ratio of the specimens. For a ratio of 10:1 the correct value of V\ is about 2.5%
higher than obtained from eq lib, and for a ratio of 5:1 about 10%. The corrections are a little
higher for equal ratios of length to thickness in the case of square prisms. The shear velocity is
obtained from torsional vibrations of circular rods with free ends by

^S = 2''o- (12)
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but can also be measured with rectangular bars if appropriate correction factors are used. For
square prisms the factor is \ZL~183. Magnets are often attached to the ends ofthe specimen for
exciting the vibration and picking up the response. Free vibrations or resonance frequencies of
forced vibrations are observed. A correction must be made for the mass of the magnets.109

The velocity Vp of the longitudinal body wave is given by eq 8, Vp = VL \/(l-v)/(l +v)(l -2f).
Two experiments, with either longitudinal or flexural, and torsional, vibrations, are therefore heeded
to determine the seismic velocity Vp by the sonic method. Some authors prefer to compare elastic
moduli, which are readily obtained from eq 6and 2: E = V\j>\ G = V|p.

A different way of determining velocity in samples is by travel-time measurements of sonic or
ultrasonic pulses. This method is directly comparable with seismic travel-time determinations, apart
from the difference in wavelength. It has big advantages over the resonance frequency method, but
the equipment is more expensive. The main advantage is that arbitrarily shaped specimens can be
measured. The P-wave is most commonly observed, for instance with concrete testing equipment,
but transducers can also be obtained which produce an almost pure shear wave. It is generally true
that the shortest wavelengths give the highest accuracy. There are practical limitations, however*
because with very short wavelengths scatter occurs at the grain boundaries. The wavelength should
be on the order of the grain size or larger, but it should not be much larger than the smallest dimen

sion of the sample.

The relationship of wavelength and sample dimensions may be discussed a little further in the
case of a cylindrical rod. Let us assume that measurements are made in the longitudinal direction
of a circular core, with centered transducers on both ends. The length of the core is /, the diameter
d. The direct wave which has traveled over the distance £ along the axis of the core is followed by
a P-wave reflected at the surface, which is out of phase because of the reflection at the free sur
face, and has traveled the distance y/£2 + d2 ~ / + d2/2/ fpr small ratios of d/i. When the
difference in travel distance d2/2z becomes small compared with the wavelength A, say
d /2 c < ( A with e (a small dimensionless constant) probably 0.1 or smaller, then the direct and
reflected waves may interfere with each other and with multiple reflections so much that the arrival
of the direct P-wave cannot be picked accurately. Figure 2 gives the results obtained with pulses
of about 20 kHz on ice cores 7.5 cm in diameter, i.e. A = 2.5d. The measurements were started on
long cores which were successively cut down in length. The graph of travel time versus distance
shows the direct P-wave up to core lengths of about 35 cm corresponding to e ~ 0.04. At greater
distances the first breaks indicate a velocity of about VL = y/E/p, but the scatter is considerable.
It is conceivable that with a proper choice of transducers it might be possible to determine VL as
well as Vp on rods using compressional ultrasonic pulses; however, a much better way of obtaining
two elastic parameters is to excite the shear mode beside the compressional one.19

On floating ice sheets there exist some additional possibilities of inferring elastic properties
from in situ tests. A list of these field methods together with the aforementioned seismic and
laboratory techniques are given in Appendix B.

Attenuation

Velocity is the most important material property pertaining to elastic: waves, but there is also
a difference in attenuation characteristics in different materials. It can be expressed as loss factor
tan 8. A convenient way of determining tan 8 in the laboratory is from free vibrations.135 136 After
exciting a specimen in resonance the power is switched off and the vibration is allowed to decay.
The vibration attenuates with the damping coefficient j8:

A = AQ e~Pl sin (ot, (13)
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Figure 2. Time-distance graph for ultrasonic pulse measurements in circular
ice rods of 7 cm diameter and variable length, Tuto tunnel. (Author's data,

unpublished.)

where A = amplitude at time t, AQ = initial amplitude, and oj = 2nf, with / - frequency; B =
(i/n)/ • In (4n/An) where AQ is a peak of the decaying vibration after n cycles. The loss factor
is given by

tanS = 5&

It can also be obtained from the resonance curve of forced vibrations (Fig. 3):

1 M
tan 8 =

V3

(14)

(15)

where fQ is the resonance frequency and Af is the half width of the curve. A difficulty in these
laboratory studies is the air friction, which might be significant in the case of flexural vibrations.
Also the coupling with the transducers should be taken into account.117

In seismic work it is attenuation with distance which is important. The attenuation coefficient
a is defined by

/ = /0 e-ax (16)

where 70 is the energy of a plane wave at some initial point and / the energy at distance x from this
point in the direction the wave travels. The energy of a wave is proportional to the square of its
amplitude, and therefore

A = AQ e"ax/2. (16a)
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250 300 350

f, FREQUENCY, Hz

400

Figure 3. Resonance curves for high density snow
samples vibrating laterally. (From Nakayal3s.)

(Some authors use a/2 as attenuation coefficient.) The distance can be expressed by travel-time,
x = Vt, and a relation between a and the damping coefficient B from above is obtained: B =
V(a/2). The loss factor in terms of a becomes

tan 8
Va

6J

Va

~2rf 2n
a. (17)

where Ais the wavelength.

When dealing with a point source, as is usual in seismics, the propagation of spherical instead
of plane waves has to be considered. As a spherical wave spreads out from its source, the energy
must be distributed over, an area that increases as the square of the sphere's radius. The energy /'
per unit area at a distance r from a point source of which the initial energy per unit solid angle
(steradian) is/q is therefore

/• (18)

while the total fall-off of the amplitude owing to spreading and absorption follows the formula

A
A' = —

r

0 e-ar/2t
(18a)

Determining a in the field is not as simple as it may seem from the equations, because of the uneven
energy distribution at the source, boundary effects at the ground surface, reflection and refraction at
discontinuities and variable coupling of the instruments with the ground. One way to obtain fairly
reliable information on a is to analyze multiple reflections as described on p. 66-71. A list of
possibilities for extracting attenuation data from observations on floating ice sheets is contained in
Appendix B.
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Seismic Velocities in Ice and Snow

Single crystal ice

Ice belongs to the hexagonal cry stallographic system, and the elastic behavior shows rotational
symmetry with the c-axis as axis of rotation. Five independent elastic stiffness constants cik or
elastic compliance constants sik describe the elastic behavior of the ice (p. 4).

Large ice crystals for experimentation are found in nature in old glacier ice, or are grown
artificially in the laboratory. Velocities identical to those in single crystal ice can also be expected
in bubble-free lake ice with common vertical c-axis orientation of all the grains,: since the different
orientation of the a-axes from grain to grain does not affect the rotationally symmetric elastic be
havior. A certain deviation may nevertheless exist due to the imperfect structure of the lake ice.

Experimental results of laboratory determinations of the constants cik are given in Table II for
temperatures of -16°C and -10°C. Different methods have been used by the various authors in
different frequency ranges. Thefirst three groups of authors worked with single crystals grown in
the laboratory, while Brockamp and Querfurth used polycrystalline lake ice with parallel c-axis
orientation. For most values agreement exists within the limit of error between the various deter
minations. The somewhat larger differences in the case of c13 and c44 might, according to Bass
et al.u, be explained by dispersion. Imperfect crystal structure may be another reason for deviations,
especially in the case ofthe lake ice.14 Some corresponding values ofthe constants sik are pre
sented in Table III. The change of the elastic moduli cik with temperature is given in Figure 4.
(For the constants.sik see Bass et al.11)

Table II. Experimental values of the elastic moduli (stiffness constants) c hofice
(10" dynes/cma).

Reference Jona and Scherrer100 Green and Mackinnon*1 Bass et al.11 Brockamp and
Querfurth34

Bennett193,

Method Optical diffraction c33 and c44 by sik ^ res<>nance Ultrasonic Ultrasonic
patterns (Schaefer- ultrasonic pulse of vibrating pulse technique pulse technique

Bergmann) technique, rest
from Penny's

relations

rods and plates

Frequencies 15-18 MHz 10-50 kHz 2-12MHz -600 kHz

Temperature -16°C

13.845 ±0.08

-16°C -16°C -16°C -10°C

cll 13.33 ± 1.98 13.3 ±0.8 13.63 (±0.04) 14.06 ± 0.08

c12 7.07 ±0.12 6.03 ±0.72 6.3 ±0.8 6.69 (±0.05) 7.15 ±0.15

c13 5.81 ±0.18 5.08 ±0.72 4.6 ± 0.9 5.15 5.88 + 0.25

c33 14.99 ±0.08 14.28 ±0.54 14.2 ±0.7 14.85 (±0.03) 15.24 ±0.12

C44 3.19 ±0.03 3.26 ±0.08 3.06 ± 0.015 3.04 (±0.015) 3.06 ± 0.034

^e^cjrcjg) 3.39 ±0.07 3.65 ± 1.05 3.5 ±0.6 3.47 (±0.013) 3.05 ±0.036

The velocities in the principal directions, i.e. parallel and perpendicular to the c-axis, which is
for convenience assumed to be vertical, depend on single moduli: V = (In some of the
experiments velocities were measured and this relation has been used to compute the constants c,)
Table IV gives some velocities based on the values of cu of different authors, at -16°C (p = 0.919
g/cm3). The P-wave velocities determined indirectly by Bass et al. appear to be too low compared
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Figure 4. Elastic moduli (stiffness constants) cik vs temperature. (After
Bass et al.11 and Brockamp and Querfurth*4.)

Table III. Experimental values of the elastic compliance constants sik
of ice at -16°C (I(f" cmVdyne). (After Bass et al.11)

s66

>ik

sll

s12

s13

s33

s44
2(sn- s12)

Jona and Scherrer100
(conversion from c J

10.4 ± 0.3

-4.3 ±0.3

-2.4 ± 0.1

8.5 ±0.4

31.4 ±0.3

29.4 ± 1.2

Bass et al.

10.13 ± 0.05

-4.16 ± 0.15

-1.93 + 0.21

8.28 ± 0.04

32.65 '+ 0.15

28.58 ±0.4
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Table IV. Velocities of elastic waves in the principal directions of single
crystals or ice with common vertical c-axis orientation at -16°C (m/sec).
Pgy indicates a vertically polarized and T^H a horizontally polarized shear wave,
while (V) and (if) indicate vertically and horizontally traveling waves respectively.

13

Wave type Computation Jona and Scherrer100 Bass et al.11
Brockamp and

Querfurth* Bennett19a
-

3882 ± 11 3804 ± 114 3857 ± 3.4"p(Hy yjc11/p 3932 ± 5

VKP(V) Vc83/p 4039 ± 11 3931 ± 97 4024 ±5.3 4037 ± 1

VS(V) = FSV(H) ' VC44/P 1863 ± 9 1825 ± 4 1824 ±4.4 1836 ± 5

FSH(H) Vc66/p .1921 ± 20 1952 ±167 1946 ± 3.6 1947 ± 5

with those obtainedby direct ultrasonic pulse measurements by other authors. There is a slight
velocity decrease with rising temperature followed by a steep drop in the last tenths of a degree C
when the melting point is reached (Fig. 5). At temperatures between about -5°C and -20°C the
following temperature coefficients are applicable:"

AVp(H)/AT = -2.8 m/sec °C

AVp(V)/AT = -1.7 m/sec °C

AVS(V)/AT = -1.5 m/sec °C

AVgH(H)/AT = -1.2 m/sec °C. '

In an arbitrary direction forming the angle <f> to the c-axis, the computation of velocities from
the elastic constants is more involved (Appendix A). The results based on the constants by Bass
et al. of Table II and density p = 0.91 g/cms are given graphically in Figure 6. The P-wave
velocities are too low compared with those of other authors, as indicated above, but the general
shape of the curves is correct, showing a minimum at about 50° for the pseudo P-wave and a pro
nounced maximum with cusps for the pseudo S-wave between 40° and 50°. The difficulties en
countered with cusps when working with point sources instead of plane waves are pointed out on
page 4.

-2 -3 -4

T, TEMPERATURE, °C

Figure 5. P-wave velocities in the principal directions of
single-crystal ice vs temperature. (From Brockamp and

Querfurth*4.)
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Figure 6. Ray velocity vs direction in single-crystal ice based on the elastic moduli of
Bass et al.11 at -16°C (the values of Vp are too low, but the shape of the curve is shown

correctly). (After Roethlisberger167.)

Non-porous isotropic polycrystalline ice

An aggregate of randomly oriented crystals can be regarded as a homogeneous and isotropic
body in which only two types of waves occur, P and S. It is possible to compute their velocities
from the elastic moduli of the crystalline substance, but it is very complicated to do it accurately.
Approximate equations for computing a mean value of the P-wave modulus Mand the Lame' constant
C for a uniaxially anisotropic substance are:184

M = Vi, (8c n + 3c33 + 4c 13 + 8c44) (19)

and

C = V„ (cn + c
33

f 5c19 + 8c1a - 4c,J.
13 '44' (20)

With these equations, and with the conversions of Table I and eq 1 and 2, the elastic constants and
velocities of Table Va for isotropic bubble-free polycrystalline ice were computed. Because of the
conversionof the constants sik into cik the values based on Bass et al. are least accurate. In the
penultimate line the arithmetic means of the values from Jona and Scherrer and Bass et al. are given
for the temperature of -16°C. They are almost identical with the values based on Brockamp and
Querfurth, while the latest figures by Bennett19a given in the bottom line are about as close to the
values from Jona and Scherrer - though for different temperatures. The complete set of elastic
moduli and velocities for idealized non-porous isotropic polycrystalline ice is given in Table Vb
based on the data by Brockamp and Querfurth (A) and,Bennett (B).
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Table Va. Computed elastic properties and velocitiesof babble-free polycrystalline
ice with randomly oriented crystals, based on the elastic properties of single crystal ice.
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References
Temp

• °C.r

Density

9 3g/cm6

Young's
modulus

E

1010 dynes/cm2

Shear modulus

G

10*° dynes/cm2

Poisson's

ratio

V

0.324

P-wave

velocity

J/ec
3851

S-wave

velocity

Jona and Scherrer100 -16 0.919 9.40 3.55 1965

Bass et al.11 - 5 .917 9.26 3.56 .302 3698 1970
-16 .919 9.43 3.62 .304 3736 1985
-25 .920 9.55 3.66 .305 3766 1995

Brockamp and
Querfurth34

- 5*

-16

.917

.919

9.28

9.424

3.53

3.585

.314

.3143

3770

3796

1962

1975

-20.5 .9195 9.48 3.60 .315 3805 1979

Mean Jona and

Scherrer and

-16 .919 9.415 3.585 .314 3794 1975

Bass et al.

Bennett19 -10 .918 9.403 3.545 .3263 3870 1965

c13 = 5-19 0Dserved at -20.5° only; computed with mean relative temperature correction of otherc13

r13 = 5.05 at -5°C and 5.16 at -16°C.

Table Vb. Full set of elastic constants for selected cases of Table Va.
A: Brockamp and Querfurth*4 at -16°C. B: Bennettwa at-10°C.

E. k M C G V

1010 dynes/cm2

A

B

9.42

9.40

8.46 13.24 6.07,

9.02 .13.75 6.66

3.585

3.545

.3143

.3263

ik'

. Bruggeman" has shown that the Voigt method of averaging the elastic moduli according to eq 19
and 20 can be quite inaccurate for crystalline substances with a very strong anisotropy of the unit
crystal, like zinc. For ice, which is not nearly as strongly anisotropic, only small differences were
obtained between elastic moduli and velocities computed by the Voigt and the Bruggeman method,
as illustrated in Table VI.

Non-porous isotropic polycrystalline ice in the ideal form is hardly found in nature, but certain
types of glacier ice can come very close. This is especially the case for the ice in dry polar ice
sheets at some depth, which has not yet undergone much mechanical deformation, but is at sufficient
pressure so that the porosity is negligible. (Ice deformed by glacier flow usually shows preferred
crystal orientation and thereby anisotropy.) Bentley2' gives avalue for Vp of 3851 m/sec for
isotropic ice at -26.4°C from field observations in Antarctica. Allowing for residual porosity of,
say, 0.005% at 300-m depth, one obtains (for porosity and temperature effects see below) 3866 m/sec
for non-porous ice. This value may be compared with those in Table Va and further with the results
oflaboratory measurements by Bennett19a on porous samples; his straight-line fit extrapolated to the
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density of pure ice gives 3846 m/sec at -10°C. The various figures for Vp adjusted to the common
temperature of -16°C are given together with Vs in Table VII. The shear wavevelocity for isotropic
ice cannot be obtained as readily from field data as the P-wave velocity, because of higher sensi
tivity to a very weak anisotropy of the surface layers. Also the laboratory result of Bennett may not
be free from effects of anisotropy.

Table VI. Comparison of properties of isotropic polycrystalline ice, computed
according to the Voigt and the Bruggeman theories, based on the cik by Jona

and Scherrer at-16°C.

Computation E M G
method 10i0 dynes/cm2 1010 dynes/cm2 1010 dynes/cm2

VP VS
m/sec m/sec

Voigt theory* 9.40 13.63 3.55 0.324 3851 1965

Bruggeman theory*9 9.30 13.65 3.50 0.327 3854 1952

(simple means)

Bruggeman theory 9.32 13.66 3.51 0.327 3855 1954

(Voigt means)

*Eq 19 and 20

Table VII. Velocities Vp and Vs and Poisson's ratio of isotropic
non-porous polycrystalline ice at -16°C.

JL Ji. V

Computation from single crystal
(Brockamp and Querfurth)

3794 1975 .314

Computation from single crystal (Bennett) 3884 1972 .326

Bentley field data 3853

Bennett laboratory samples 3860 1944 .330

Average 3848

Bubbly ice

Glacier ice is usually bubbly, but can contain bodies of clear ice of limited extent. Lake ice
is either completely clear with occasional bubbles, or very bubbly in the case of snow-ice, which is
frozen slush. A convenient way to distinguish snow from ice is to say that snow is permeable to air
and ice is not. In the cold, dry snow of the polar ice sheets the transition from permeable snow to
impermeable ice occurs at a density of about 0.8 g/cm* at a depth of 50 to 150 m, depending on
temperature and accumulation rate. The density increases further with depth, but at a lesser rate, to
approach the density of bubble-free ice asymptotically. At depths below 300 m there is only a very
small difference in density from one location to another.

The effect,of porosity is to lower the velocity of elastic waves. In the equationVp = yJM/p
and Vs = yJG/p the elastic moduli Af and G apparently decrease more rapidly than the density p
when the porosity increases. Mackenzie123 has developed equations for computing the elastic con
stants of a solid containing spherical holes. For holes of uniform radius they can be written:
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where n = porosity, and where the suffix 0 indicates the non-porous and the unsuffixed symbols
the porous solid. Mackenzie has given additional terms of higher orders of n depending on the
standard deviation of the volumes of the holes. The effect is small and canbe neglected for ice,
where n is small and the holes are usually of comparable size.*

From eq 21 and 22 we obtain with the elastic constants of Table Vb for lines Aand B,
respectively,

A; G = 6.79(0.528 - n) 1010 dynes/cm2 (23a)

B: G = 6.67(0.531 - n) 1010 dynes/cm2 (23b)

and

A: k ="l? - n) 1010 dynes/cm2
• 0.565 +D -—•- ••.-••• ^a>

B: k- sSrrir 10l°dynes/cm2- (24b>
These equations have served tq compute the theoretical velocity Vp given by curves 1A and IB in
Figure 7, making use of the relations of Table I and eq 1 and 2. Some experimental results by
Robin156 are plotted beside the theoretical curves, as well as the linear empirical relationship of
curve 5 given by Bennett19 (eq 25), corrected for temperature. Curve IB, based on Bennett's
measurements on single crystal ice, and curve 5, based on a large number of measurements on sam
ples of polycrystalline ice, agree better with Robin's data than curve 1A based on the measurements
on lake ice by Brockamp and Querfurth. At high densities between 0.85 and 0.919 (porosities of
up to 7.5%) the theoretical curve IB further shows agreement in the slope with Bennett's empirical
curve. At lower densities the curves diverge. (This divergence becomes even more pronounced in
snow of still lower density as shown below.) Bennett's empirical straight line fitted to a large
number of values appears to be the most satisfactory relationship between velocity and density. It
is expressed (at-10°C) by

Vp = 3160p + 945 m/sec. (25)

The shear wave velocity obtained on the same specimens is given by

Vs = 1370 p + 680 m/sec. (26)

* For alternative equations and additional reference see ref. 56a.
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p, DENSITY, g/cm3
0.92

— Theoretical velocity computed for ice
properties of Table VI for stiffness
coefficients c^k by Brockamp and
Querfurth (Line 1A) and Bennett (Line
IB)

o Experimental data of Robin (1958),
Jungfraujoch specimens

• Robin, laboratory specimens

^3 Robin, snow sample at 200 atmospheres
(density unknown)

— Experimental data of Bennett19, mean
of a large number of measurements on
cores from Greenland and Antarctica

(vertical and horizontal wave paths.)

Figure 7. P-wave velocity Vp of ice vs density p at -16°C corrected for temperature with the
coefficient -2.3 m/sec °C.

Velocity vs temperature

The velocity-temperature relationship has been experimentally determined with ultrasonic
measurements by Robin, who has found a temperature coefficient of -2.3 m/sec °C for the P-wave
for ice of a high density. Using the results of the computation of the velocities in Table Va the
temperature coefficients of Table VIII are obtained. The coefficients of Brockamp and Querfurth
compare very well with the -2.3 m/sec °C of Robin. There is an indication that the coefficient de
creases in its absolute value with decreasing temperature. For V„ a temperature coefficient of
-1.1 m/sec °C seems appropriate.

Table VIII. Temperature coefficientsof Vp and Vs from laboratory measurements
on single crystal ice computed for isotropic ice aggregates, m/sec °C.

a"e,/AT AFg/AT

Temp range
°C Bass et a/.11

Brockamp and
Querfurth34

Brockamp and
Bassetal.11 Querfurth34

- 5 to -16 -3.5 -2.4 -1.4 -1.2

-16 to -20.5 -2.0 -0.9

-16 to -25 -3.3 -1.1

- 5 to -20.5 -2.3 -l.l

- 5 to -25 -3.4 -4.2 . .
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Edge of Greenland ice sheet, Bentley et al.20, Goldthwait76
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Byrd Plateau, Bentley"
Victoria Plateau, Bentley2*
Polar Plateau, Bentley2'
Various mountain glaciers, a) Thyssen1", b) Vallon183, c) Clarke^

Ultrasonic measurements:

Line A Robin156
Point B Bennett19
Point C Thyssen"2
Line D Thyssen's empirical relationship.

Figure 8. P-wave velocity Vp vs temperature.
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The laboratory experiments can be further compared with seismic results on dry polar ice
sheets, where there is generally a thick zone of fairly isotropic ice of approximately uniform high
density and uniform temperature at depths below about 300 m. The velocities in this zone reach a
maximum, because the temperature increases at still greater depth, causing the velocities to drop.
Data from the maximum velocity zone obtained from seismic refraction lines are given in Figure 8
(symbols 1-14) together with ultrasonic laboratory results (line Aand points Band C) and a straight
line Thyssen182 had fitted to a selection of field data. Some shear velocity data are presented in
Figure 9. There are various reasons that the observed velocities deviate from an ideal curve
namely: '



20 SEISMIC EXPLORATION IN COLD REGIONS

2.0

>-
H;

o
o
_i
UJ
>

UJ

>
<

or

<
UJ

x

>

xa

1.7

1.6

A. ULTRASONIC MEAS.

Bennett (I968)19

dVc-^ =-l.lm sec-'CC)"1

O •

SEISMIC MEASUREMENTS

1 • Greenland Ice Sheet, Joset and Hoitzscherer (I953)102
2 O Greenland Ice Sheet, Bentley et.al. (I957)20

3 •Antarctic Peninsula Plateau, Behrendt (I964)'3

4 n Byrd Plateau, Thiel et. al. (I959)177
5 A Ross Ice Shelf, Thiel and Ostenso (1961 )180

6 A Filchner Ice Shelf, Thiel and Behrendt(I959-I959a )'78'179

7x Various Mountain Glaciers
a. Fortsch and Vidal (I956)63
b. Vallon(l967)183

1 1 1 1_ L_ I

0 -10 -20 -30

. T,.TEMPERATURE, °C

Figure 9. Shear wave velocity Vs vs temperature.

1. The timing device of the equipment may not have been calibrated under field conditions.

2. The temperature estimates may be inaccurate.

3. The refraction line may have been too short to reach the maximum velocity.

4. The dependency of the velocity on the ratio of wave length to the effective thickness of the
maximum velocity layer has not been considered, as discussed by Thyssen182 (see p. 86).

5. The ice at the depth of the maximum velocity may have been anisotropic.

As the melting point is approached, the velocity drops rapidly, as indicated in Figures 8 and 9,
and more clearly shown on Figure 5 for single crystal ice. Robin has found that the velocity in
melting samples may change with time and can vary considerably from one sample to another in spite
of equal density. He has suggested that the liquid at the grain boundaries is the controlling factor,
which in turn depends on the purity of the ice (more specifically on the distribution of impurities).
On melting specimens of glacier ice he has measured a velocity of 3683 m/sec on a clear sample and
3510 m/sec on a sample of density 0.844 g/cm\ Thyssen182 has obtained mean values of 3710-
3740 m/sec on melting samples from a few meters depth on the tongue of a temperate glacier. It
seems reasonable to assume that a much more uniform velocity should occur at depth in a temperate
glacier. Air porosity must become very small as, in the case of cold ice, due to pressure. But also
the liquids should not be spread out at the grain boundaries, but confined to the corners, the effect
on velocity therefore being relatively small.; A fairly constant value of velocity in a temperate
glacier at depth can therefore be expected. A value of 3600-3620 m/sec most frequently stated by
various authors is probably the best figure now recommendable, but higher values (around 3660 m/sec)
have also been reported from very careful studies58 183 and are equally justified (see also ref. 56a:
3630 m/sec at 60m depth, 3700 m/sec for Fin a vertical direction).



•'-JJ'tP^ffr

MATERIAL PROPERTIES

10% Water

Vp = 3.75 - 4.5
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HEAT INTRODUCED, cal/g

Figure 10. P-wave velocity vs amount of heat intro
duced into the sample. Explanation of curves I and

II in text. (From Thyssen.l")

Thyssen182 has discussed the role of water in temperate ice. Rather than plotting velocity vs
temperature, he uses in the abscissa of Figure 10 the heat introduced into a hypothetical specimen,
starting the mental experiment at -30°C. Below freezing lie uses his empirical relationship (Fig. 8,
line D): >

r-3lO-"3 T (km/sec),
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-30°C

(27)

where T means temperature in °C. The initial velocity at -30°C is obtained from this equation. In
the temperate ice he gives curve II based on experimental data by Langleben and Pounder116 on sea
ice with small brine contents at low temperature, and curve I based on the equation given by Willie
et al.193

(28)

where riw is the water volume relative to total volume including ice, air and water (brine volume re
lated to the actual density), -V'w the velocity of sound in water, and Vi the compressional velocity
in ice without water but containing the same volume of air as the wet sample. Temperature is given
as an additional parameter on the curve below freezing to the right, and water volume at melting
temperature, to the left., According to the graph the velocity of 3600 m/sec commonly used on
temperate glaciers wouldindicate a water content of about 2% by volume, but considering the uncer
tainty of the velocity of water-free ice at the melting point* this is not conclusive.

Very lowvelocities have frequently been reported at the glacier surface in: the ablation zone.
The reasons are decreasing density as the bubbles expand on pressure release, internal melting due
to solar radiation, and crevassing. Because of the latter a velocity of only 3000 m/sec over a
distance of 200 m has been observed by Stlsstrunk17*, whereas the proper value'of 3600 m/sec was
observed from 500 to 700 m.
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It may seem paradoxical that the wave velocities in polar glaciers should be better known than
those in temperate glaciers of the lower latitudes. However, the temperate glaciers are far less
homogeneous, and the terrain is usually so rugged that the error in velocity is negligible compared
with the deviations of the true glacier bed from the geometrical model used for evaluation of sound
ings. It seems that little emphasis has therefore been placed on exact velocity determinations in

temperate ice.

Velocity vs pressure

The primary effect of pressure is to reduce porosity, first elasticaily and then by creep until
the bubble pressure reaches the hydrostatic pressure in the ice. With decreasing porosity the density
and the velocity increase. But also in clear ice a slight increase of velocity should be expected
with increasing pressure. It is estimated that the effect of reduced porosity and the pressure effect
in thick ice sheets are of the same order as, or smaller than, the temperature effect at depth; other

wise the velocity increase should be perceptible in very long refraction profiles. The pressure
effect at about 200 atmospheres was found to be smaller than the accuracy of the measurement in a

laboratory experiment.56 Uniaxial compression gave an average increase of Vp with stress on the
order of 4.8 ± 2 m/sec bar in other experiments.122 The exact pressure effect should be known to
gether with the temperature effect to compute the exact velocity below the maximum velocity layer
in ice sheets.

Anisotropic polycrystalline ice

A mass of ice is anisotropic when there is preferred crystallographic orientation, since the
single ice crystal shows noticeable anisotropy (Fig. 6). Glacier ice with a maximum degree of
orientation, i.e. all c-axes parallel, would to a first approximation show the same degree of
anisotropy as a single crystal, but lesser velocities due to porosity. (No complete analogy is to be
expected, because there is no reason that the elastic moduli cik should be proportionally changed
by bubbles.)

An approximate method of computing the elastic behavior of polycrystalline ice with preferred
crystal orientation, in particular the resulting velocity distribution in space, consists of averaging
the reciprocal wave normal velocity (called slowness). Ruter168 has applied this method to compute
compressional wave normal velocities (also referred to as phase velocities) for actual orientations
taken from fabric diagrams. Bennett19 gives more accurate approximations based on the square of
the slowness, but uses the more convenient first power in the actual computations. In the case of
the shear wave he accounts for the fact that the resulting polarized wave is affected by the slow
nesses of both the true and the pseudo-shear wave of an arbitrarily oriented crystal. (Averaging the
slownesses of the two shear waves separately is too inaccurate.) He presents the results of a
systematic computation of two types of preferred orientation showing axial symmetry, the first where
all the c-axes are evenly distributed in the surface of a cone, the second where they are evenly
distributed within the cone.; Because of the axial symmetry of the crystal orientation the resulting
polycrystalline aggregate is also transversely isotropic like the unit crystal. For small apex angles
the shape of the curves representing velocity versus direction of propagation is not altered, but the

degree of anisotropy decreases as the apex angle increases. At large apex angles the character of

the anisotropy changes, so that (if cone axis is vertical) fp/y) ^ ^P(H) Decome minima ofthe
P velocity and Vs, V) = ^sv(H) Decomes tne maximum ofthe S-wave velocity. The transition occurs
at considerably smaller apex angles in the case of the surface cones than in the case of the solid
cones. Table IX gives a few results on the degree of anisotropy for solid cones (axes evenly dis
tributed within the cone). The figures refer to directions in which the wave normal is vertical to the
wave front, so that the wave normal and ray velocities are identical. In an arbitrary direction the
results from slowness averages have to be converted for use in relation with wave fronts; graphical
or analytical methods are available*6.
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Table IX. Deviation of compressional velocity Vp from Vp vertical
in the horizontal and an oblique direction.

For ice showing preferred orientation with the directions of the c-axes evenly
distributed within a vertical cone of apex angle a (a = 0°: single crystal
ice). Angle </> between vertical (cone axis) and the oblique direction, in

which Vp becomes an extremum. (After graphs by Bennett19.)

a
inn "P(H> " KP(V)

FP(V)
7°

0 iooV*^ ~
V"P(V)
%

*P(V)

0° -3.9 52° -6.7

20° -3.1 53° -5.0

30° -2.2 54° -3.4

40° -1.4 56° -1.7

45° -1.0 70° -1.0

60° -0.4 42° -fO.4
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Ice with a highly preferred orientation has been encountered at the edge of the Greenland Ice
Cap in the experimental ice tunnels of camp TUTO. A P-wave velocity distribution with a high
peak value in the vertical direction, a somewhat lower peak value for horizontal propagation and a
minimum in an oblique direction has been observed when travel-time measurements were carried out

with pulsed vibrations,164 in general accord with the computations.68

Anisotropy of large bodies of otherwise isotropic material can also be caused by layering (Fig.
11), but there are other kinds of structural anisotropy as well. The high degree of anisotropy in the
top snow layers of Antarctica observed by Bennett19 (fP(V) = 2Vp H) within 3mof the surface at
the South Pole) must be caused by structural anisotropy. It disappears rapidly with depth to give way
to a slight preferred crystal orientation which has been observed in drill holes in Antarctica as well
as Greenland. At depths of many hundreds of meters very pronounced crystal orientations causing a
relatively high degree of anisotropy exist.2sa The alternation of porous and non-porous layers (foliation)
in the ice hear the surface of a temperate valley glacier has been shown to give a measurable anisotropy
effect of a few percent."a

-3 km/sec

4 km/sec

Figure 11. Ray velocity diagram in Pertinax,
a hard impregnated cardboard. (After Helbig*6.)
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Velocity and inclusions

Bruggeman40 has shown that the elastic moduli of a mixed material consisting of two or a
multitude of solids depend on the structure, even when the final product is isotropic. One approach
to compute elasticity and velocity in a mixed substance is to assume that spheres of one component
are embedded randomly in a matrix consisting of the other component. The equations, only valid
for low contents of spheres, i.e. as long as the spheres do not influence each other, are:

l-» =l-ZA. (jq\ (29)
g* - gn \ g Lg' - g" \ g /i

5'
1

K -

8'
. -

K1

1

II _
K

- + 4

P
= 5' ?x + (1 _ S-) p"

d8<
4 / ; (30)g 4k' + 3g V;

(31)

where

5' = content by volume of the spheres

g = — with G =- shear modulus
G

k = -withk = bulk modulus and
k

p = density of the mixed substance.

The primed symbols are used for the embedded material, the double primed symbols for the matrix.
P-wave velocities computed with the above equations are given in Figure 12, S-wave velocities in
Figure 13.

Bruggeman's40 second method consists of computing the five elastic moduli of a laminar sub
stance from the equations:

c33 i . \

• L, ai Ck +'33 T ~\ T 2Gi

Cf \
+^-c7V2G7J; (32)

(33)

c13 V Ci

^rV'^w (34)

%(cn - c12) = c66 = 1 a^; (36)
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Figure 12. Theoretical velocity Vp ys
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(Bruggeman theory, eq 29 and 31.)
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2 aiPi (37)

where C. and Gi are the Lame* constants of substance (i) and ai is thecontent by volume of sub
stance (i), 2a/ =• 1. The equations are written for an arbitrary number i of components. The

i

laminar material is anisotropic, but it can be converted into anisotropic material with eq 19 and 20,
which is an approximation, or the more accurate solution by the same author;39

The velocity in mixed solids has also been figured out by much simpler approximate computations
assuming linearity for various elastic constants, i.e. assuming that either certain stresses or strains
are changed in proportion to the rock content (Lliboutry,120 p. 701). The discrepancy between the re
sult of the extreme assumptions is very large (Fig. 12), and none ofthe approximate methods can be
recommended. Behrendt's" computation of Vp ^ 3640 m/sec, Vs - 1880 m/sec and v = 0.32 for
icecontaining 13% of morainic material was obtained with the method of curve 2and is probably too
low. Systematic experimental data seem to be lacking. •*-

Not much is known about the effect ofclay particles in ice, but it can be assumed that a fair
amount of clay inclusions might lower the velocities considerably at temperatures close to the melt
ing point.
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Velocities in snow

The velocities in snow depend strongly on the density, but the structure (bonding of the grains)
can be an important factor. In naturally compacted snow in situ, at least under dry polar conditions,
the structures are quite uniform from the beginning and converge further with age and increasing
density. Velocities can therefore be well related to density.

Asummary of P velocity vs density data by various authors, obtained by a variety ofmethods,
is presented in Figure 14. Further data on P velocities and a graph on S velocities assembled by
Bennett19 are given in Figures 15 and 16. A discrepancy exists between most of the seismic
refraction and ultrasonic laboratory results obtained on cores, the latter being lower. This may re
flect that the seismic arrival times used are related to waves traveling selectively in snow masses
of above-average velocity, while average densities are used for the plot. Alternatively, it may be
the consequence ofthe anisotropy of the surface layers (p. 29), the velocity being higher in the
vertical than in the horizontal direction1'. In that event the waves would penetrate deeper than
assumed, and the observed velocity would be assigned to a too low density.

In Figure 17a the data from four selected sites (Site 2, Byrd Station, Camp Century and the
South Pole) where particularly reliable seismic refraction velocities and densities are available are
compared again. (The graph might be further improved by using original data.) The four curves
compare well over the whole range of densities, indicating that a fair depth-density relationship can
be obtained from seismic refraction data with an estimated accuracy of about +0.01.g/cm*.

0.8
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E 0.6

en 0.5
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1000 '2000
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1. Robin - Jungfraujoch
2. Robin - laboratory
3. Crary, et al. - Ross Ice Shelf
4. Roethlisberger —Greenland

5. Bentley, et al. - Greenland
6. Robin - Maudheim

7. Lee —processed snow

Figure 14. Velocity of an elastic compression wave in snow as a
function of density. (From Mellor1".)
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and Roethlisberger et a/.166, density supplied by Langway; Century velocity after Clarke*4,
density supplied by Gow; Byrd Station velocity after Bennett19, density after Bender and Gow.u
South Pole velocity after Weihauptao, density after Giovinetto™ b) Comparison of the mean
velocity vs density relationship of Fig. 17a with various computed curves. (Explanations in

text.)

In Figure 17b the mean velocity - density curves (1) for the three representative stations of
Figure 17a (without South Pole), corrected for temperature as outlined below, are compared with
computed curves. Curves (2) were obtained with the Mackenzie theory (p. 16-17, giving the theoretical effect
of spherical holes of uniform size in an isotropic elastic material, applied to idealized polycrystalline
ice with random crystal orientation based (A) on the Brockamp and Querfurth data at -16°C, and
(B) on the Bennett data corrected for temperature (Table Vb). Curve (3) is based on the velocity-
density-temperature relationship given by Robin." He has fitted the straight line expressed by the
following equation to results from ultrasonic velocity measurements, carried out at Jung fraujoch. with
a limited number of firn and ice specimens showing uniform texture:

= p - 0.059 1q4 (m
p 2.21

(38)

(p in g/cm3). Assuming that the temperature coefficient is the same for snow as for ice (a procedure
which is not necessarily correct) he has further obtained

= 9 ~ 0.059
p 2.21

0.00061 T) 104 (m/sec) (39)

where T = temperature in °C. Equation 39 has been used to compute line 3 for the same tempera
ture of -16°C as curve 2 is given. The same temperature coefficient (1 - 0.00061 AT), with AT
the temperature difference between the site and -16°C, has been used to correct curves 1, 2B and
4 to -16°C. Curve 4 is based on the function

V\ = (22.52p - 0.87 - 3.79p_1) 106 (rn^sec2) (40)
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given by Crary54 for the Victoria Land Plateau, Antarctica (average temperature about -46°C). A
similar relation has been obtained on the Ross Ice Shelf,511

V* = (11.72p + 10.83 - 6.75p_1) 106 (m2/sec2) (41a)

for the density range 0.5 to 0.92 g/cms at -27°C, and

Vp = 7744 p - 1965 (m/sec) (41b)

for densities below 0.5 g/cm*. Equations 40 and 41a are based on a linear relationship of E, and
of (1 - v)/(l - 2v){\ + u) = M/E , with density, where E = Young's modulus, v = Poisson's ratio
and Af = longitudinal modulus under triaxial condition. This linearity was deduced from the experi
mental seismic results.

The Mackenzie equations, curves 2, give a good fit for Vs and appear to predict Vp fairly well
for high densities (compare Fig. 7). It is not surprising that the theory, based on isolated spherical
bubbles, fails at densities below 0.8 or 0.75 g/m\ where it is known that the pores are communicating.
The linear relationship of Robin, curve 3, has been widely applied in the literature (eq. 39). It can
be seen from Figure 17b that there is a systematic deviation of the velocity-density relationship
from linearity. It seems that Robin's equation has almost been used as a law, although it was never
meant to be one. Crary's empirical curve (4) is steeper throughout than the mean Greenland-Byrd
curve, but is quite close to it for densities above 0.55 g/cmV The large difference in temperature
(-40 to -50°C on the Victoria Land Plateau as against -24to -26°C in Greenland and at Byrd)
probably accounts for the systematic difference as further discussed below.

The role ofthe structure in snow is different from that in ice. Crystal orientation is not nearly
as important as in ice, but bonding ofthe grains is the decisive factor. This is best shown by
comparing velocities of naturally compacted snow with artificially disaggregated and redeposited
(milled) snow. Figure 18 gives dataobtained on specimens with the ultrasonic method. It is
interesting to note that after 2-3 years the milled snow shows higher velocities than the naturally
deposited snow.; Afurther example ofthe aging is given in Figure 19. Hobbs87 has applied the
theory of sintering to the aging effect on the £ modulus of snow.

Aslight difference in bonding (bubble shape) in snow of equal density may also exist in nature.
Old snow (low accumulation rate) would show higher sphericity of the bubbles and therefore higher
velocities. Since the aging process depends strongly on temperature, higher sphericity may be
expected at higher temperatures. This might account for the low velocities in the snow at the South
Pole, while the slightly higher velocities in the snow of Byrd Station as compared to Site 2 and
Century might reflect the much lower accumulation rate (i.e. greater age at equal density) at tempera
tures only 1 to 2 degrees lower (Fig. 17a).

Anisotropy must also be considered, as shown by Bennett (1968). He reports compressional
velocities Vp (vertical) twice as large as Vp (horizontal) within 3mof the surface at the South Pole
and l'/2 times as large within 4mof the surface at Byrd Station. The difference between Vp vertical
and horizontal diminishes rapidly with depth, but is still detectable 28 mbelow the surface. The
large Vp(v/Vp,U) ratio is explained by structural anisotropy, which is also apparent from directional
permeability. It is astonishing that 7p vertical is larger than Vp horizontal which is the opposite
from what isusually found in layered media (Fig. 11). Larger horizontal than vertical velocity has
also been inferred from Rayleigh wave analysis on the Ross Ice Shelf by Robinson.158 Towards the
TSt7Jmm< T TiiCG'CFyStal orientation sets in, which may account for velocity differences of
ThoTs^ "^ (vertlcally and horizontally polarized shear wave) at large distances of refraction
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In the accumulation zone of a temperate glacier as well as a cold glacier at elevations where
considerable melting occurs the velocity distribution is very much different from the dry cold ice
caps.; Very, strong layering occurs, and the velocity distribution changes with season as the water
content of the snow changes. The increase of density with depth and therefore of velocity with
depth is faster than in cold polar snow, and it is quite erratic.; It is therefore necessary to determine
the velocity-depth relationship for each location.

A number of detailed studies, summarized by Mellor125 in Monograph III-AI, p. 21-23, have been
carried out on snow with sonic methods.; The results are usually presented in terms of Young's
modulus. The dependency of Poisson's ratio on density, deduced from seismic in situ measurements
and ultrasonic laboratory studies, is given in Figure 20.

Velocities in sea ice

Sea ice is a mixed substance with a complicated structure. The components are ice, brine, air
and, at low temperature, small quantities of crystallized salts of various chemical composition. The
structure is changing with time, and the changes depend on temperature. Age and temperature history
are therefore important factors in the study of sea ice. The brine content nb, which can in turn be
expressed in terms of salinity and temperature67 is a convenient parameter to which velocities in sea
ice may be related.; For practical reasons the air is often considered a part of the brine content116
since the bubbles are usually contained in thebrine, and air replaces brine when specimens are
partially drained. It would be clearer, however, to use brine volume nb for the liquid alone and refer
to porosity n when liquid plus air (na) are meant. However, it is no easy task to determine the
porosity of samples from which brine was partially drained if the temperature has changed as well.



32 SEISMIC EXPLORATION IN COLD REGIONS
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Figure 21. Young's modulus E of sea ice determined
by various dynamic methods, in function of total po
rosity n orbrine volume nb. Additional theoretical
curves and an experimental one for snow are given,
for comparison. (After Langleben and Pounder116;
Brown33; Anderson*; Abele and Frankenstein1; Frank
enstein and Garner63; Tabata, from Weeks and Assur133;
spherical hole theory: eq (IB-22/23); polar snow from

Fig. B-18b; author's data, unpublished.)

Body wave velocities in sea ice have been measured on floating sea ice by standard seismic
techniques and by ultrasonic pulse methods. Further information on the elastic parameters has been
obtained from plate waves, flexural waves (dispersion analysis and air coupled waves), and
resonance frequency tests on samples. Only in rare cases has it been possible to obtain two elastic
parameters on exactly the same ice under identical conditions, and with comparable accuracy. It is
therefore difficult to compare the results by different investigators when different parameters have
been measured.; From the rare cases where two parameters have been observed it is nevertheless
known that Poisson's ratio varies only between certain limits, say 0.2 to 0.4, and much less under ,
comparable conditions. Constant values of v = 0.33 (Pounder and Stalinsky147) and v = 0.295
(Langleben and Pounder116 and Pounder and Langleben149) have been used in the literature for con
versions, while in other cases the observed values were taken." If we compute Young's modulus
from P-wavevelocity Vp and an assumed value of v = 0.33, then a correction of up to 35% would
be necessary if Poisson's ratio varied between 0.2 and 0.4. When the computation is based on the
plate velocity VpL, then the analogous corrections would be less than 8%.

A summary of values of Young's modulus E versus total porosity n (in some cases brine volume
nb) is given in Figure 21. The average E versus porosity or E versus brine volume curves of the
various authors have primarily been replotted, but some of the individual determinations (or averages
ofgroups oftests) are given as individual points. The data by Langleben and Pounder, and Franken
stein and Garner, were obtained by means of ultrasonic pulse measurements on samples. In converting
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to Young's modulus Frankenstein and Garner have used a value of v = 0.25 for Poisson's ratio,
which gave them very high values for E. Curve 3 has been reduced for v = 1/3 at n = 0 and
v = 0.3 at n = 150°/00; curve 4 has been reduced for v = 1/3 throughout. (The resulting correction
is too large for part of the original data, because an impure P-wave has been measured in the more
slender specimens, ; The correct line for the Frankenstein and Garner results would therefore be
somewhat higher.) Brown's and Anderson's data are based on plate wave velocities and flexural
wave velocities measured in the field, and on sonic measurements on specimens, and Tabata's re
sults entirely on sonic measurements. The formerly unpublished data added by the author were
obtained from ultrasonic measurements in situ, which were carried out shortly before breakup in
North Star Bay, Thule, Greenland, in June 1959. Temperatures (between -0.5 and -1.4°C) were
also measured in situ with thermocouples, while the salinity was determined on cores, taking pre
cautions to lose as little brine as possible. The transducers were placed in 1 and lV£*-in. brine-
filled holes. The same type of transducers could be used in winter, frozen in at different levels.
They were used in this manner in glacier ice.164

In Figure 21a striking discrepancy is immediately apparent between the findings of different
investigators: at certain porosities the highest values are almost four times as large as the
smallest ones. On the other hand, the scatter of the results of individual investigators has been
found to be small. Various possibilities exist to explain the major discrepancies, none of them
being very satisfactory:

1. Use of the wrong value for Poisson's ratio. Even with extreme assumptions (which might
hardly be justified) the discrepancy cannot be fully explained.

2. Anisotropy. Anisotropy effects must be expected, since a preferred orientation of the ice
crystals exists (horizontal c-axes) and the sea ice structure is highly anisotropic (vertical plates).
The difference in horizontal and vertical directions observed by Frankenstein and Garner confirms
the existence of anisotropy. Anisotropy effects might cause differences in, say, Young's modulus
when different methods have been used, but hardly to the observed degree.

3. Frequency. ; It is noteworthy that all the high values of E have been obtained by ultrasonic
methods, while the lowest values were computed from sonic tests, plate waves in the low frequency
sonic range, and from air-coupled waves of much lower frequencies. Some of the sonic results, how
ever, fall into the range of the high values. Mobility of brine at high porosities may be a reason for
low velocities at low frequency.

4. Structure. Some structural effect has been demonstrated by Tabata (curves 5 and 6), but it
is doubtful that the very low values of Brown and Anderson could have been caused by structure
difference.

It is interesting to note that the high values of E from ultrasonic measurements are quite close
to those computed from P-wave velocities in glacier ice at equal porosities, and also to the results
of theoretical computations, particularly to the ones obtained with the "perforated plate theory","
approximated by a straight line. Apart from the influence of porosity Pounder and Langleben149 116
have found that biennial and older polar ice gave values of Young's modulus averaging 3.6% lower
than those for annual sea ice of similar brine content, a difference which is not very significant if
compared with the large discrepancies between various investigators.

The P-wave velocity is related to Young's modulus by Vp = 1.225 y/E/p if u = 1/3 is used
for Poisson's ratio. From the experimental results on Efrom Figure 21 it is found that Vp decreases
from about 3800 m/sec at n = 0 to about 3400 m/sec at 100°/00 porosity (brine volume), but that it may
be considerably lower.; The plate velocity is 13% smaller than,the compressional body wave velocity:
VpL = 0.87 Vp, again for u = 1/3, which gives 3300 ra/sec for n =0 and 2950 m/sec or lower for
n = 100°/00. Using v = 0.3 gives corresponding values for Vp and VpL of 3600 to 3200 and 3250 to
2900, respectively, or lower.
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The seasonal variation of the plate velocity in pack ice is shown in Figure 22. Table X gives
seismically observed values of Vph, Vp and Vs for the same pack ice at various dates, as well as
Poisson's ratio computed from eq 4 and a formula relating Vph and ^s:

= 1 (42)

Considering the relatively low salinity of pack ice and the low temperature in winter the figures for
Vp and Vph are low compared with the ultrasonic results. Lower seismic than ultrasonic velocities
in specimens have also beenobservedby Pounder and Langleben.149 Their values obtainedon
biennial ice near Isachsen in April-May supplement Table Xnicely: Vp = 3110 m/sec, Vph =
2920 m/sec, Vg = 1788 m/sec, v = 1 - 2(Vs/Vph)2 =0.254. Poisson's ratio is lower than
the value of 0.33 for freshwater ice, as in bubbly ice and snow. Lin'kov,119 on the other hand, has
reported high values of Poisson's ratio between 0.33 and 0.39, while Langleben and Pounder116 give
an average of 0.295 and Pounder and Langleben have found 0.299. Porous materials in general show
a low Poisson's ratio; however, if the pores are completely filled with a liquid, this does not affect
the shear modulus, while the moduli related to a volume change become larger. Thus Poisson's ratio
will be larger in the liquid-filled substance than in the air-filled one.

Table X. Velocities and Poisson's ratio in pack ice. (After Hunkins93.)

Date

P-wave

velocity
Plate wave

velocity

"PL
m/sec

S-wave

velocity
Poisson's ratio, computed from

HfVV " 1
1"WW.(Vp/V^-1

25-27 Aug 1957 2802 2457 1552 .278 .202

15-16 Sept 1957 2974 2541 1578 .306 .229

3-4 Jan 1958 3401 3181 1862 .290 .315

24-31 Mar 1958 3504 3129 1826 .312 .319

17-20 Apr 1958 3504 3088 1857 .312 .277
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When relating elastic moduli with velocity the density must also be known. Sea ice below the
water table contains a very small amount of air bubbles, and because of the brine content the den
sity is higher than in clear ice. Densities of p = 0.94 ±0.02 g/cm3 have been reported at -20°C,
and about 0.91 g/cm3 at -15°C.116 Lower densities between 0,87 and 0.91 g/cm3 have frequently
been reported for ice at the surface and for partially drained specimens.

The technical properties of sea ice, including the elastic properties, have been thoroughly,
reviewed by Weeks and Assur188 in Monograph II-C3. Further details on elasticity are contained
in their review.

Seismic Velocities in Frozen Ground

The seismic velocities in soils and rocks are affected by cold temperature only when there is

water to freeze. Since most soils and rocks contain water, they usually show a different velocity

below the freezing point than above it. The transition, however, can occur gradually below 0°C,,
when the water.is saline, or because of the interfacial forces in fine-grained soils.

Velocities in frozen soils or rocks are higher than in the same material in the unfrozen state.

The change of velocity that occurs in a given soil or rock type is a function of the degree of sat
uration, i.e. the ratio of ice-filled pores to air-filled pores, and of the ratio of frozen to unfrozen

water. In addition,; the distribution of the ice may be different (depending on the soil and rate of
freezing), and the different structure and texture adds an additional complication. No strict rules

km/sec v • can be given to predict velocities ex
actly or to relate velocities to type and

451 —i— 1— 1 • > condition of frozen ground. From ex
isting observations it is nevertheless

possible to form an idea of upper limits
and common values of Certain types of
frozen ground.

Compressional-wave velocities Vp
from seismic field observations have

been compiled by Barnes9 (Table XI).
The largest increase in Vp from the un
frozen to the frozen state occurs in the

unconsolidated quaternary sediments as

one would expect. Coarse-grained ma
terials show generally higher values

than fine-grained ones, especially at

temperatures close to 0°C. The high
est values go with the lowest tempera
ture. Velocities in hard rocks are

generally high for the rock type in

volved. The dry to slightly damp
weathered surface materials of Ant

arctica are listed as unfrozen, al

though the mean annual temperature
of the area is-20° C.

The temperature effect has been
more clearly demonstrated with lab
oratory experiments (Fig. 23 and 24).
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Figure 23. Sound velocity in frozen, synthetic cores of
various porosities (%) as a function of temperature (af

ter Muller,130 from Barnes9).
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P-wave velocities in Permafrost, (After Barnes 1965 with some additions).

Locality and ReferenceRock Types

Quaternary sediments
Silt and organic matter
Alluvial clay
Silt and gravel
Aeolian sand

Floodplain alluvium
Tundra silts, sands, and peats

( Gubik Formation, probably saline)

(Gubik Formation, probably saline)

(Gubik Formation, less saline)

Gravel

Outwash gravel
Glacier moraine
Unclassified sediments

Glacier outwash

Glacier till

Glacier till

Loess ( dry)

Exfoliated granite (dry)

Shattered rock (dry)

Mesozoic sediments

Mudstone (Ogotoruk Formation)

Mudstone (Ogotoruk Formation)
d.e

Shale and silt stone (Schrader Bluff
Formation)6

Shale and sandstone (Chandler
. f f

Formation). •
Shale and sandstone (Nanushuk

Group) e, g
Sandstone (Colville Group)

Sandstone and shale (Nanushuk
and Colville Group)

Sandstone (Isachsen Formation)
Paleozoic and older sediments

Shale ( Dundas Formation)

Sandstone (Narssarssuk Formation)

Quartzite (Wolstenholme Formation)

Dolomite (Narssarssuk Formation)

Metamorphic rocks
Schist (Birch Creek Schist)
Gneiss

Fairbanks Area, Alaska
•Northway, Alaska
Fairbanks Area, Alaska
Tetli n Junction, Al askac
Fairbanks Area, Alaskac

Barrow Area, NPR-4, Alaska
( Woolson 1962)

Skull Cliff Area, NPR-4, Alaska
(Woolson 1962)

Topagoruk Area, NPR-4, Alaska
(Woolson 1962) a

Fairbanks Area, Alaska
Tanacross, Alaskac
Delta Junction, Alaska
Isachsen, Canada ( Hobson 1962)
Thule, Greenland

(Roethlisberger 1961, 1961a)
Thule, Greenland

(Roethlisberger 1961, 1961a)
McMurdo Sound, Antarctica

( Ben 1966)
McMurdo Sound, Antarctica

(Bell 1966)
McMurdo Sound, Antarctica

( Bell 1966)
McMurdo Sound, Antarctica

(Bell 1966)

Ogotoruk Creek, Alaska
(Barnes I960)

Ogotoruk Creek, Alaska
(Barnes i960)

Fish Creek Test Well 1, NPR-4,
Alaska (Chalmers 1949)

Umiat Test Well 2, NPR-4,

Alaska (Legge 1947/48)
Simpson and Minga Wells, NPR-4,

Alaska ( Wiancko 1950)
Umiat Area, NPR-4, Alaska

(Woolson 1962)
Meade-Oumalik Area, NPR-4,

Alaska (Woolson 1962)
Isachsen, Canada (Hobson 1962)

Thule, Greenland (Roethlisberger
1961, 1961a)

Thule, Greenland (Roethlisberger
1961, 1961a)

Thule, Greenland (Roethlisberger
1961, 1961a)

Thule, Greenland (Roethlisberger
1961. 1961a)

Fairbanks Area, Alaska
Thule, Greenland (Roethlisberger

1961, ,1961a)

Seismic Velocity
(kilo ft/sec) (km/sec)

Frozen Unfrozen Frozen Unfrozen

5-10
7.8

7.7-10

8

8-14

8-8.8

7.4-8.9

8-12'
13.0-15.2

7.6-10

7.6-13.2
8.8

14.9-15.5

15.4-16.0

9.8-13.8

14.2

13.2

8.9-9.8

12.7

8.1-8.4

10.7

10-14

11.1

12.5-15

17.0-17.4

18.4-19

18.9-19.3

13-16

20-20.8

1.8-4

6.1-7

6-7.5

5-7

1.5-3.0

2.4
2.3-3.0

2.4

2.4-4.3

2.4-2.7

2.3-2.7

2.4-3.7

4.0-4.6
2.3-3.0

2.3-4.0
2.7

4.5-4.7

4.7-4.8

1.6-5 3.0-4.3

1

4

2.6-8

lld 4.3

4.0

6.6-7.6 2.7-3.0

3.9

2.5-2.6

3. 3

3.0-4.3

3.4

3.8-4.6

5.2-5.3

5.6-5.8

5.8-5.9

4.0-4.9

6.0-6.3

0.6-1.2

1.9-2.1

1.8-2.3

0.5-1.5

0.3

1.2

0.8-2.5

3.4d

2.0-2.3

1.5-2. 1

aObtained from H.G. Taylor, 1938, Report on geophysical work by the seismic method in placer deposits of Fairbanks District o
.Alaska, unpublished report to U.S. Smelting, Refining & Mining Co.
bUnpublished data from J.H. Swartz and E.R. Shephard, U.S. Geol. Survey. 1946 ,
^Data by author in 1952
The Materials Testing Laboratory, U.S. Army Engineer District, Alaska, tested cores from this well and found that 5 porosity
measurements averaged 6.\f and that dynamic measurements on unfrozen cores gave elastic moduli which may be used to comj
a velocity in the unfrozen rocks of about 11,000 fps

^Measurements by velocity logs ofwells; rest measured by refraction
"Porosity measurements of 44 cores from Umiat Test Well #2 averaged 13.5% (Collins 1958)
^Porosity measurements of 15 cores from Simpson Test Well #1 averaged 30.8 tf (Robinson 1959)
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TEMPERATURE IN DEGREES FAHRENHEIT

DYNAMIC MODULUS OF ELASTICITY
VS TEMPERATURE

a

TEMPERATURE IN DEGREES FAHRENHEIT

DYNAMIC MODULUS OF ELASTICITY
VS TEMPERATURE

b

TEMPERATURE IN DEGREES FAHRENHEIT

DYNAMIC MODULUS OF RIGIDITY
VS TEMPERATURE

C

TEMPERATURE IN DEGREES FAHRENHEIT

LONGITUDINAL WAVE VELOCITY
VS TEMPERATURE

SP — Peabody Gravelly Sand

SM — McNamara Concrete Sand

SEBT - East Boston Till

SNHS - New Hampshire Silt

SFS - Fairbanks Silt

NOTES

e

-10 -20

TEMPERATURE IN DEGREES FAHRENHEIT

TORSIONAL WAVE VELOCITY

VS TEMPERATURE

-

1 1 II .1

-

1 1

JriS^S^i^-L

/s*.

1 1 1
30 20 10 6 -10 -20

TEMPERATURE IN DEGREES FAHRENHEIT

DYNAMIC POISSON'S RATIO
VS TEMPERATURE

f

LEGEND

SYS - Yukon Silt

SBC - Boston Blue Clay

SFFC — Forgo Clay

SAP — Alaskan Peat

SI — Laboratory Frozen Ice

SI-P — Portage Lake Natural Ice

This figure summarizes all data obtained in this investigation.
Each curve represents test results of two to six specimens.

Curve of Poisson's Ratio vs temperature is based on values taken
from average curves in graphs b and c.

''igure 24. Summary plot of dynamic elastic properties of frozen soils and of ice versus temperature (Kaplar109).
if from flexural, EL from longitudinal vibrations of square prisms at the resonance frequency, Vf = VEf/p ,
rL = VEl/P . Gfrom torsional vibrations, VT =VG7F. The temperature gradient during freezing of the
•pecimens was perpendicular to the jprism axis in the horizontal and parallel to it in the vertical beams.
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Figure 25. Relationship of soil type and Young's modulus determined
by sonic tests, at-6.7^ (from Kaplar110).

The figures demonstrate further that the velocities KL and V? of the fine-grained
specimens are lower than those of the coarse-grained ones. Kaplar's109 experiments generally
show a much larger temperature coefficient of velocity at high temperatures than at low ones, and
this effect is more pronounced and appears over a larger temperature range for the fine-grained
samples than for the coarse ones. Similar results have been reported by Zykoy.196 Only one clay
sample in Miiller's experiment (Fig. 23) shows this effect, while the velocity in the sand samples
increases linearly with temperature. Figure 25 shows further the importance of the grain size of
frozen soil to Young's modulus, and thus for seismic velocity. At least a rough correlation be
tween grain size and velocity seems to exist, while plotting velocity vs ice content has so far not
been very successful.' "° The expression given by Muller130 for frozen quartz sand,

1

Vo

p +1-p
2500 6250

(43)

where p is the volume ratio of ice to total volume, is.a rough approximation which clearly gives
too low values for Vp at very high ice contents. Experimental data for the case where the liquid
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filling the pores is brine have been presented by Desai and Moore." In a brine-soaked sandstone
specimen the strongest velocity increase was observed over the temperature range from a few de
grees below 0°C to-16° C.

Very little information is available on anisotropy of frozen ground.; Barnes and MacCarthy8
have reported acase where Vp (vertical) was larger than Vp (horizontal).

Attenuation

Some little information is available on the attenuation coefficient a as defined by eq 16. At
frequencies of about 100 Hz in the cold ice of the Antarctic ice sheet Robin" has obtained an at
tenuation constant of 0.65 km"1, or 1 decibel per 356 m (p. 68). This is too large according to
Bentley"b who estimates a to be on the order of 0.2 km"1, at 100-150 Hz. Westphal191 has investi
gated the attenuation of pressure pulses at higher frequencies in a temperate glacier and has ob

tained values of 0.024 m"1 (0.1 dB/m)at 2.5 kHz and 0,43 m"1 (1.9 dB/m) at 15 kHz (half these
values in his definition of the attenuation, based on amplitudes). He has been able to show that
scattering at the grain boundaries is the dominant source of attenuation of high-frequency acoustic
waves. Millecamps and Lafargue126 have reported sound absorption of 3 dB/m at 65 kHz in tem
perate glacier ice.

From these figures the following loss factors tan 5 are obtained: 0.004 (Robin), 0.0008-
0.0012 (Bentley), 0.0055 and 0.017 (Westphal) and 0.0063 (Lafargue). A smaller loss factor is to
be expected for cold polar ice than for temperate ice, so that from this comparison also Robin's
value appeals to be too high. Much larger values of tan 8 have been reported by Nakaya1" m for
snow, obtained by flexural vibration of small specimens. Only at very low temperatures can his
results be compared with those from seismic observations.

Akimov2 gives 10-15 dB/m at 100 kHz in frozen quick sand, and values orders of magnitude
larger in unfrozen materials. The attenuation figures by Johnson and Fischer99 obtained by differ
ent techniques are wrong, since the modes of vibration have not been properly identified (p. 111).
One of their experiments showed that shear waves in ice are strongly damped at a frequency of
80 Hz and below, less at higher frequencies.
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EQUIPMENT, LOGISTICS AND OPERATION

Seismic Surveys on Snow and Ice

Although the basic technique for seismic exploration work is the same in cold regions as in
temperate climates, and standard equipment is used as a rule, it is worthwhile to mention here a
number of instrumental and operational problems and special procedures a geophysicist without
previous polar experience may want to know before he goes to the field.

The best type of equipment is high frequency gear able to pick up frequencies between 30 and
500 Hz. Signals on the order of 100 to 200 Hz and higher have consistently been recorded in re
flection work even on thick continental ice sheets. But high frequencies are also encountered in
refraction work, higher than what is customarily experienced in a temperate environment. Simple
equipment is adequate for most glacier soundings; no automatic gain control, suppression and mix
ing are needed. A very small number of channels is adequate to provide satisfactory results, but i
it may of course be more economical to use a larger number of channels and save on the explosive.
Filters and double registration with two stages of amplification have always been a big asset.
(Kapitza and Sorokhtin107 for instance recommend a band pass filter of 150-200 Hz for reflection
work on the high Antarctic plateau; on the American traverses 215-320 Hz, the highest band pass
available, gave best results.) The Southwestern Industrial Electronics portable CP-15 high reso
lution reflection seismograph system has been used very successfully in most of the work done by

USA SIPRE and USA CRREL. In the IGY operations in Antarctica the portable 24-trace equipment
of the 7000 B series manufactured by Texas Instruments Incorporated (formerly Houston Technical
Laboratory) was equally adequate. Some of the very small shallow refraction seismographs for
engineering work which have recently come on the market may be adapted to glacier work, but they
usually cover a frequency band too low and a time span too short to be of much use unless they
are drastically modified. It is obvious that special equipment is needed for special applications,
like very low frequency seismographs to measure flexural waves of floating ice. For long refrac
tion profiles on thick ice sheets it may be necessary to have suitable radio communication for
transmitting the time break.

Considering the great homogeneity of snow and ice it is worth the effort to take special care
for a high accuracy in timing. To give an example, the fork in the unit used by the Ross Ice Shelf
traverse party" was found on calibration in the field to be fast by 2.5 parts per 1000. While this
would be of no concern in regular seismic work, and could certainly also be tolerated as far as
depth soundings are concerned, it could become important if an attempt were made to obtain highest
possible precision in, say, velocity determinations. Proper calibrations in the field have unfortu
nately not been carried out by all investigators on the assumption that the timing unit of commer
cial equipment is sufficiently reliable for the soundings, which it usually is. Standard frequencies
which can be used for calibration are broadcast by radio station WWV (FortCollins, Colo.) on
2.5, 5, 10, 15, 20 and 25 MHz, and by WWVH (Puunene, Hawaii) at 5, 10 and 15 MHz. Tones of
600 Hz and 440 Hz are alternately transmitted every 5 minutes for durations of 3 minutes on the
hour and 2 minutes thereafter.77

Most equipment is adapted to reasonably low temperature, but problems may develop in the
severe cold of polar ice sheets or in winter, especially in the mechanical parts, such as the paper-
driving mechanism, the time signal generator of the recorder, or the converter in the power supply
unit. Robin" has even experienced breakageof seismometer springs due to low temperature. Cer
tain geophones should therefore be equipped with a clamping mechanism when they are transported
at very low temperatures. In most traverses this has notbeen found necessary. Robin reports
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further that the amplifiers showed a gradual loss of capacity of electrolytic condensers, while the
galvanometers became difficult to focus owing to the different thermal expansion of glue and mirrors.
In the camera the rubber rollers became hard while distorted, which resulted in a movement of the

recording paper in jerks. A metallic roller helped.

Batteries become inefficient in the cold, lead-acid batteries less so than nickel-cadmium ones.
If temperatures are expected to drop below -10° C it is advisable to set up the instruments in a
heated tent or vehicle. Care has to be taken to avoid condensation; this is best achieved by put
ting instruments in a plastic bag when they are brought'from the cold into a warmer place.

Wind-induced vibrations have to be excluded by placing the geophones in shallow holes and
covering them with snow; marking flags and other objects which might stand nearby must be re

moved. Advantage should be taken of the fact that the ground noise is generally low. If there is a layer
of soft annual snow on solid ice the geophones are usually placed on the ice. Under melting-freez

ing conditions the geophones and electric lines may freeze into the ice, especially under strong
solar radiation, and may be lost if not disengaged before they are completely frozen in.

When setting up the instruments in cramped space, it is profitable to use some sort of a shock
mounting because of microphonic amplifiers: the mechanical vibrations produced by the recorder
timing system and power supply unit may be picked up by the amplifiers. Placing the amplifier
and recorder cabinets on a foam rubber mat and keeping them from touching each other is adequate.
The cabinets may not automatically be grounded, in which case it is very important to connect them
with a wire. Some investigators have cut down the noise by using separate batteries to isolate
camera, amplifier or power supply and by wrapping the camera in aluminum shielding.

A relatively large shot point distance from the spread is required for shallow reflection sound
ings on ice. A long telephone line from the blaster to the seismograph station is therefore neces
sary, as for refraction work. Relatively long spreads are often appropriate in addition to the long
shot point distance, so that geophone cables with a long outlet spacing from 20 to 60 m should be
taken.

Drilling is not necessarily required for placing the charges, which may, on solid ice, be put
right at the surface without any tamping. A more economical use of the explosives is made, how
ever, if they are placed in hand-drilled holes.... The CRREL l^-in. ice auger and 3-in. coring auger
are efficient tools, but a high grade steel pipe with four to six large, sharpened teeth rather strongly - ••'
offset alternately to the inside andoutside of the pipe will also do. On snow, the charges should
be set sufficiently deep to have good sound transmission, generally at 2-4 mdepth. Special prob
lems have been encounteredon the high Antarctic plateau, where Kapitza and Sorokhtin107 have
shown that shot hole depths of at least 40 mare necessary to avoid the strong seismic background
noise initiated by explosions closer to the surface (see also sample records in Bentley,23 p. 346).

For the study of physical properties, shear waves should also be recorded. Geophones which
can operate in the horizontal direction are therefore needed. Various techniques have been used
to intensify the shear wave at the source, such as striking a wooden post placed in an auger hole
with a sledge hammer in a direction normal to the line, exploding a blasting cap next to a steel
plate set vertically into the snow parallel to the line ofthe spread, blasting at the wall of a pit,
hitting the wall of a pit horizontally with a hammer or a suspended weight, or blasting with perma-
cord stretched across the line of the spread.20 9S177

The weight ofportable equipment is on the order of 200 kg; the accessories, augers, explo
sives, photographic supplies, generator for charging the battery etc. weigh about the same. A
total of 500 kg of technical equipment is a reasonable figure for an operation of a few weeks for a
reflection survey. The heaviest single piece of equipment is on the order of 25-30 kg.



42 SEISMIC EXPLORATION IN COLD REGIONS

TNT or equivalent military explosives, 60% dynamite (gelatin-based cold region type), and
Nitramon have most frequently been used for explosives. The weight of a single charge for a re--
flection survey varies from a fraction of a kilogram to about 1 kg of TNT or equivalent (50-200 g
of gelatin for distances of300 to 1000 mand ice thickness of 100 to 700 m, placed in drill holes
or a bare ice surface, according to Siisstrunk173). In Antarctica 1-lb charges have been almost
standard. In deep refraction work on continental ice sheets shots of over 100 kg have been fired
to cover distances of more than iOkm(250kg at 18 km, Behrendt13).

It takes at least two men to operate the seismic equipment - the operator of the amplifiers
and recorder,; and the operator of the blasting unit (unless the blasting is done from the seismo
graph station) - but it is not economical to work in very small groups. Siisstrunk173 figured that
it takes eight men (including the surveyor) for commercial reflection soundings with portable
equipment in the mountains. It is then possible to shoqt 30 to 35 records per day, furnishing about
100 reflecting elements of the glacier bed. Far fewer records are taken per day in reflection sur
veys on ice sheets where the station has to be moved after every few shots; while for refraction
studies one to two dozen records can be achieved. These figures may help to estimate the amount
of explosives/oscillograph paper and photo chemicals to take along when planning a seismic sur
vey.; Records are usually 0.5 to 1 m long depending on paper speed and depth.

Proper consideration should be given to climate-logical factors which might affect the quality
of the results when planning a seismic operation. This does not only mean to think about the
weather. It has been observed for instance at Byrd Station, Antarctica, that the surface noise was
considerably greater in spring (October) than in the fall (March).177 Weihaupt189 mentions that
Crary's party was able to obtain reflections in 1958-59 when traversing the old trail in warmer
months in an area of the Victoria Land Plateau where it had previously been impossible to get

results. Working on solid ice surfaces can become quite difficult when the first severe frost sets
in because of the cracking of the ice, as experienced by Crary52 on the shelf north of Ellesmere
Island. Snow at the surface may be beneficial in damping Rayleigh waves and giving protection
from high frequency vibrations induced by wind. Also, there are fewer open running melt streams
when there is snow at the surface. However, deep snow is a nuisance because the geophones
have to be buried.

Seismic Surveys on Frozen Ground

A seismic survey on frozen ground is similar to the normal operation, but what has been said
about the effect of severe cold etc. for the work on snow and ice is also true oh frozen grbuncL

High frequency equipment is advisable as in show and ice operations if the frost table is close
to the ground surface. For large scale seismic explorations, such as a survey for oil, a major

difficulty is putting the shot hole down, i.e. drilling in permafrost.1U Cooled compressed air was
found very satisfactory for returning the drill cuttings to the surface.194 One way of getting
around this difficulty is to blast in water; this is particularly easy when working offshore on the
frozen sea or on frozen bays and lakes, but there are other problems involved, such as rough ice
and interference of the strong multiple reflections between the ice cover and the bottom of the
water."

For shallow refraction work for engineering purposes there is no need to drill into frozen
ground, since at least under summer conditions it is fully adequate to place the charge at the
frost table. If there is a poorly saturated frozen surface layer it may be necessary to get the
charge down to denser material. But in summer the conditions are ideal since there is water-sat

urated material right above the frost table guaranteeing a good energy transfer into the high velocity
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permafrost. There is practically no weathering layer (except the thin active layer) to worry about,
this being the reason for the desirability for high frequency equipment.; Best results were obtained
with repeated shots in the same hole.; The amount of explosive necessary for surface shots is of
course relatively high: about 6 kg were used for a 1-km refraction shot16216S and 45 kg for 5.5 km."
A further disadvantage of the method is that a large area is hit by flyrock, which makes the method

quite impractical for standard reflection work. It seems, however, that Hobson" was not bothered
by this problem since he does not mention it.

A strong static signal on all traces, knocking them out for a period of time at the shot instance,
has been experienced by the author, probably related to the dry air and high insulation of the rock
outcrop where the geophones were placed. The signal interfered with the high accuracy velocity
determination the measurements were intended for.

A full appraisal of the effect of the cold regions environment for large scale seismic explora
tion in the Canadian Arctic Islands, containing various recommendations, has been given by
Hobson."
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REFLECTION SOUNDINGS

The Reflection Technique on Glaciers

There is a basic difference between regular seismic reflection work in stratified rock and

soundings on glaciers, because of the unique homogeneity of large ice masses, and also because
of a large change, as a rule, in at least one of the important properties (velocity and density)
at the glacier bed. The elastic body waves are in this case strongly reflected at the interface,
and reflection events of unusual sharpness can therefore be recorded in glacier work. Shortcuts
in processing seismic data, specific procedures, and special applications are widely practical,
which differ from the routine described in textbooks and manuals. Deviations from the regular

work are mainly considered here, and the description of the reflection method in this Monograph
is confined to soundings on glaciers, the standard application to multilayered rock strata being

covered by textbooks. ;

Because of the sharpness of the reflection, it is usually not necessary to use a large number

of closely spaced geophones as in oil exploration. ; Relatively long spreads are more appropriate,
with geophone spacings at 20 to 60 m. Shorter spacings of 10 m (which can always be obtained
with the same geophone cable) may be an advantage when the echoes are weak, as experienced by
Robin156 in a difficult area of Antarctica.

Common features of the boundary at the bed of a glacier are its irregularity and the fact that
it is often impossible to predict the direction of dip.; Rather than shooting two perpendicular lines,
it is common to use L-spreads or grid patterns (Fig. 26). The latter are used for detailed soundings
on valley glaciers, where the geophones are placed at the corners of squares or rectangles or in
the isometric pattern proposed by Vallon.183
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Figure 26. Patterns for geophone set-up for reflection soundings
on glaciers.
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Typical spreads which have been used on continental ice sheets for reflection soundings or
combined reflection-refraction work are:

12 geophones spaced at 30-m intervals, linear spread, shot point 60 m from each

end (Greenland, Roethlisberger et al."6)

2 x 12 geophones spaced at 30-m intervals, L-spread, every 4th geophone placed
horizontally in the direction of the line (W. Antarctica, Bentley and Ostenso21)

24 geophones at 30-m intervals, linear spread of about 700 m total length, shot
holes at 50 m from each end or at center (Ross Ice Shelf, thickness 100 to 700 m,
same setup with all detectors horizontal, Crary53)

6 geophones at 10 m, linear spread, shot distance usually 100 m; T-spread used
tentatively (Queen Maud Land, Antarctica, Robin136)

It may be noticed that geophones have sometimes been placed horizontally, sometimes in the lon
gitudinal direction of the line, sometimes in the transverse direction, depending on the objective.

It is usually known beforehand whether the ice is deep or shallow. This is important, because
a basically different shot point location is indicated depending on this condition. On deep ice the
shot is placed close to the spread, and the reflection is recorded after the surface waves (ground
roll) have decayed. On shallow ice less than about 200 to 400m thick, a wide-angle reflection
technique must be used where the shot is placed at a distance of about 1.2 times the depth, or
more, from the seismometers in order that the reflection signal be received before the arrival of
the direct shear and Rayleigh waves.

Even though we assume that it is known beforehand whether the ice is shallow or deep, the
actual depth can be within a large range. Proper identification of the reflection signal from the
first shots at a location is then the clue to a successful sounding operation. This is not always
simple, since there are a numberof events on a record to choose from.

On shallow ice a few shots are fired at variable distance, and a time-distance graph is
plotted, on which the proper identification can readily be made. Figure 27 gives an example ofa
normed graph, where the ratio of travel-time to vertical reflection time is plotted versus the ratio
of distance to ice thickness. Theoretical curves and observed travel times are given. The sys
tematic deviations in this example can be explained by a slight dip of the interface and anisotropy
of the ice, but disregarding the deviations thegraph gives proof of the proper identification of the
main event, the single P reflection. In addition to the direct P-wave and the single reflection
RP (which have both been recorded in great numbers but are not plotted), the direct S-wave. some
doubtful double reflections R2P and numerous shear reflections Rs have been identified, as well
as some reflections where the wave is converted at the interface from P to Sor Sto P. RPS and
R$p clearly deviate from each other in some cases because of the dip.

The surface wave arriving shortly after direct Shas been left out. It is doubtful that the
SPSt "internally refracted wave"26 has aphysical meaning: multiple PS/SP events were probably
taken for SPS where this signal has been reported to occur.; Erratic signals can immediately be
recognized from the graph and may then be traced to their proper source, like a reflection on a
crevasse (phase change) or an inner moraine, or spontaneous cracking of the ice. With a little
experience the reflection signal can then be identified without having to plot every record. Figure
28 gives an example of a typical good record on very shallow ice showing various events. Far
more complicated situations are encountered on ice shelves, where strong sea bottom reflections
and mulnple reflections within the water can make the identification of all the events very diffi-
cult indeed. ' J
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REFLECTION- (REFRACTION) CHART

FOR ICE, POISSON'S. RATIO=V3

t/to=tVp/2h

x = shot to geophone distance

h - ice thickness (depth)

t - travel time

Vq = travel time for vertical P-wave
reflection

Vp = velocity of P-wave
P = direct P-wave

• • S =» direct 5-wave

V^ V^ - velocities in ice and substratum

x/h

^1P - single P-wave reflection
Rgp = double P-wave reflection
RjiP = n-fold P-wave reflection

RnS -= ii-foid'S-wave reflection
&SP ~ S-wave reflected as P-wave
RpS ~ P-wave reflected as S-wave .

RSPS = internally-refracted wave (Berck^
hemer and Oliver26)

Figure 27. Reflection chart for ice, Poisson's ratio v = 1/3. (From Roethlisberger161\)

On thick ice the reflection signal can be obtained after the ground roll from the explosion has
decayed. This is the common technique, since less explosive is needed than for wide angle re
flections, and it is a much simpler operation when the shots can be fired close to the station than
far away. But good reflections can be obtained at larger shot point distances as well, as demon
strated by Joset and Holtzscherer102 and Bentley et al.20 (Fig. 29). Figure 30 illustrates the
events that have been identified in a survey on the Greenland ice sheet, ice thickness 1800 to
2000 m.
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Figure 30. Travel time curves from Site 2, Greenland, showing di
rect P and S wave, various reflected waves and refracted wave Pq.

(From Bentley et al.20)

There are certain conditions where the ground roll decays slowly, the danger then being that

the single reflection may be obscured and the double reflection taken as the single one. A thick
ness of twice the correct value will be the result. In many places great difficulty has been ex

perienced in obtaining the reflection signal at all, either because it was too weak or because of
sustained ground roll. A large variety of filter settings and shooting techniques then have to be
tried.

The shooting methods are especially important. Some authors recommend small charges com
bined with higher amplifier gain, others the opposite, claiming that a higher charge improves the
ratio of reflection to noise.; This may dependon snow conditions. In any event, a better energy
transfer is always obtained by setting the charge deeper. Robin1" has pointed out that the depth
could profitably be taken in a certain relationship to the wavelength to obtain constructive inter
ference rather than the opposite. In practice it was found that a depth of 1 to 2 m was satisfac
tory in Greenland,166 while 4 m was needed in the St. Elias Mountains,46 4 to 10 m in various
areas of Antarctica" and 40 min the interior of Antarctica." 10? The main difficulty in Antarctica
is the very strong sustained ground roll which decays only very slowly with time (Fig. 31). Some
times it helps to recharge thecavity of a former explosion (use of a "sprung" hole). This seems to
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Figure 31. Seismic reflection records showing: (1168) normal surface wave attenu
ation, (3002) prolonged surface noise, and (1353) reflection from a low velocity basal
layer arriving 0.2 sec before the main bottom echo. (From Bentley and Ostenso.21)

give a better energy transfer at the same time, up to a factor of five.177 But often only very deep
shot holes have given results. With shot holes 28 to 41 m deep, reflections from, excellent to poor
quality were identified at 11 stations out of 14 on the McMurdo - South Pole traverse."7 It can be
assumed that placing the geophones equally deep in drill holes would give a further improvement.
Air blasts have also been tried, for instance in a 7-shot pattern 2 m above the surface.21 It has
been observed that for a charge of fixed size, the air shot produced reflections with greater ampli
tude than the buried charge, but at the disadvantage of producing an air wave and increased sur
face wave disturbance.177

Where surface noise is a problem, the use of filters usually improves the reflection signal,
otherwise it is better to use a frequency band as wide as possible. Band pass filter settings of
30 - 215 Hz,189 40 - 90 Hz/6 70 - 140 Hz,142 75 - 300 Hz, 70 - 425 Hz166 and various other set
tings have been reported. The corrections for the filter delay can be quite large44 I42 and it is
therefore better not to use filters for high precision. Under the very difficult conditions of the
high Antarctic plateau a narrow bard pass filter of 150 - 200 Hz had led to an enhancement of the
signal from 3 to 4 times compared with the surface noise,107 but often still higher frequencies are
even better.23 ^
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Some special problems are encountered with the seismic sounding method when working on
mountain glaciers with a rugged bed. This type of work has some importance in relation to engin
eering applications. To determine the cross section of a valley glacier is a good.example. We are
dealing here usually with the shallow ice again, and the speciality of the soundings is that they
are truly three-dimensional. A pattern of squares is used to set up the geophones (Fig. 26), and
the shot points have to be located far enough from the geophones. (Since crevasses may cut off
most of the energy of the S- and surface waves, reflections may be obtained at shorter distances
than would otherwise be possible.) Because it is easier to move the shot point than the station,
a large number of shots are fired in various directions and distances around the station, so that
reflections from different places on the bed will be received. It is very important that proper con
sideration be given to the best location of each station setup, so that optimum information on the
shape of the bed can be gathered without having to shift the station too often.. No information can
be obtained about the bed directly under the station, which is obvious from the fact that no close
shots can be used. A fresh setup is therefore needed at least once for the survey of a complete
cross section, unless the station can be placed close to the center of the glacier and a whole
cross section can be covered by shooting a fan across the glacier either upstream or downstream
of the station.; Most researchers seem to have placed the shot points either on the main axes
through the gepphone gridor on lines through the diagonals.160 m 1M It is by no means necessary
to restrict oneself in the choice of the shot point location, however. The shots can be placed any
where on the glacier where a suitable reflection occurs, as further elaborated in the section on
depth computation.

For the arrangement and spacing of the shots, it is interesting to note further that a displace
ment by a fixed distance will result in only a small shift of the reflecting element if the reflection
occurs on a convex section of the bed (a knob), and in a large shift if it occurs at a concave inter
face (a bowl) (Fig. 32). Consequently, the blank zone under the geophone stations is small or
large depending on whether the station is located over a convex or concave section of the bed,
respectively. The most important principle to be followed in a survey is to check continuously
that reflections are obtained, and to evaluate part of them immediately to find out which areas have
been covered and which have been missed.

The accuracy of a survey is primarily limited by the accuracy of the determination of.the
travel time of the reflected wave, which in turn depends on the sharpness of the break. Under most
favorable conditions the break can probably be measured to 1/10 of a wavelength of the first cycle,
which gives, at a frequency of 400 Hz, a fiime accuracy of ± 0.25millisec corresponding to about
±1 min the reflected path, or 0.5 min depth.; This is an ultimate accuracy which can probably
never be realized.; Robin1" estimates the accuracy in the time measurement alone as 2 millisec
(corresponding to about 4 m) at some Antarctic inland stations to 10millisec (about 19 m). <3om-
bining these and various other sources of error, his estimates of accuracy range from +6 mat
250-rn ice depth to +47 mat 2000 mofice.;Bentley" estimates that ±10 mis a representative
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Figure 32. Shot point displacement SS' and shift ofreflect
ing element, a. over a knob; b. overa bowl.
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figure for the relative accuracy between two stations of the same area of a continental ice sheet,
while ± 40 mis the total error for thick ice of the surveys in west Antarctica in the areas where^)
there is a low velocity layer at the base*31 Kapitza and Sorokhtin estimate the error of seismic
soundings at 4 - 5%. For soundings on Valley glaciers Siisstrunk173 gives 1% error in the time
measurement and the spatial graphical solutions, and about 3% error due to irregularities of ice
and boundary. This latter figure was obtained by comparison of the seismic results with 16 sound
ings by thermodrill on the Corner Glacier in Switzerland, with ice thickness up to 500 m. Paterson
and Savage142 have reported differences of 3 to 7 m on Athabasca Glacier in a similar comparison.
Clarke44 estimates the error in depth on a wide valley glacier at ± 10 m, going up to + 25 m.(+ 10 m)
if a complete cycle is missed, while Vallon183 points out that on a deep narrow mountain glacier
with an irregular bed the individual sounding may easily be off by as much as 50 m. Further com
parisons of seismic soundings with drilling are given in Figure 52.

The seismic reflection method with standard equipment is limited in its application to ice
which has at least a certain thickness. If the glacier is too shallow then the reflection occurs too

soon after the direct pulse, of which the duration is at least a few cycles. A further increase of
the shot point distance in the wide angle reflection technique employed on shallow ice gives a
relatively high amplitude of the reflection, but also moves it still closer to the direct wave. A
depth of some 50 m is therefore the limit for a high frequency seismograph system, and more for a
system with a lower frequency band. The limit depends further on the character of the interface
and substratum. There is no reason that higher frequencies could not be used for still shallower
ice (sonar), but since the range of portable thermal drilling equipment extends from 0 to about 60 m
there is not much need for developing the technique.

It should finally be mentioned that the geophone and shot positions have to be properly sur
veyed to an accuracy which should be better than the one given by the time measurement, which is
+1 monice and ±0.3 mon firm snow (soft snow should be avoided anyway). For soundings
where no high precision is needed it is possible to obtain the shot distance from the travel time
and the velocity. Firing a cap in the air is another technique that has been used for quick distance
determination.20

Theory of Reflection Soundings on Glaciers

Homogeneous isotropic layer of uniform thickness

In the theory of both the reflection and the refraction methods the principles ofgeometric
optics are used, with the complication that two types of waves exist, P and S. In a homogeneous
isotropic medium the ray is a straight line normal to the wave front, i.e. identical to the wave
normal. The basic law describing how the ray ofa wave changes direction at an interface between
two homogeneous isotropic media is Snell's law:

jyi^ = sina1/sina2 . . * (44)

where Vl is the velocity of the incident wave, V2 the velocity of the emergent wave after reflection
or refraction, and ax and a2 the angles between the incident and emergent rays, respectively, and
the normal to the interface.; In the most general case an incident wave of one type (P or S) produces
four emergent waves, namely reflected P and Sand refracted P and S. The solid lines in Figure 33
illustrate the case of aP-wave in alow velocity medium incident at the boundary to ahigh velocity
medium. The same four paths are also followed by the three other incident waves given with
dashed lines.
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Figure 33. Reflection and refraction at
a plane interface.

sinap =' 2 sinas.

For our specific problem of reflections we
note that the angle of incidence is equal to the

angle of reflection for P reflected as P, or S re
flected as S, while for the wave which is con

verted at the boundary the formula

VP Vs
Siria, Sina,

(455

holds where ap and as are the angles of incidence
of the P- and S-wave respectively. Note that the

angles between ray and normal to the interface

are used, which are identical to the angles ber

tween wave front and interface. In ice the ratio

of Vp to Vs- is close to 2 (Poisson's ratio = 13)
and therefore

(45a)

The simplest case for the computation of depth is the plane-parallel plate.of thickness h.
Shallow and thick ice are treated as two separate cases because of the different technique in
volved as far as the shot distance is concerned-

Case 1. Wide-angle reflection on shallow ice (Fig. 34a). From simple geometric considera
tions the travel time of a reflected wave is given by . •

tr . 1 ^ + (2fc)2 (46a)

so that

><r>* - s* =|^?T7 (46b)

where h - depth, s - shot distance, tr = travel time of the reflected wave, f --. travel time of the
direct wave and V -- velocity (Vp or Vs). . For an n-fold multiple reflection the depth equation is
given by

h = ^^VtnT)2 - sfr
2n v

(47)

The condition that the reflection signal occurs on the record before the S-wave pulse fp.45) is
formulated bv

J- Vs* 4 (21^ A.
VP ' Vs

which leads, for Poisson's ratio of 1 3. i.e. Vp - 2V$, to

(48a)
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Figure 34. Reflection at a plane boundary parallel to the surface,
a.) Wide angle reflection (shallow ice), b.) Reflection of converted

wave Rps (solid line) and RSp (dashed line), c.) Reflection when
the shot distance is small (thick ice).

1.15/1
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(48b)

where A/Vp is the time needed to identify the Rp event. ; For the reflections where the P-wave
is converted to an S-wave at the interface or vice versa the trigonometric equations

s = ft(tanas + tanap). (49a)

arid

tpS = h.
Vs COSas Vp COSa.

(49b)

are obtained from geometrical considerations (Fig. 34b), while eq 45a gives an additional relation
between ap and as. No simple explicit solution for has a function of /3 and tps = tsp can be
given. The simplest way of finding depth fronrKpS = RSp is to use a chart (Fig. 27).

Case 2. Thick layer, shot point near the geophone spread (Fig. 34c). Equation 46b can be
written as

'^<fMJ'
and the approximation

7j -3 Vtr 1-^fl- ^r->M (50)
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is obtained. The term

AL = <^ (50a)
2tr

is the spread correction (stepout time); after subtracting it from the observed travel-time the depth
can be obtained from h = VtT/2 for all geophones of a spread. In an area of uniform thickness the
spread correction remains the same and can be tabulated for a whole survey; on thick ice it varies
from 0 to a few milliseconds. The same result as in eq 50 can be obtained from the graph in Fig
ure 34c, where

h = %(Vtr-8) (50b)

and

S = y/lh2 + s2 - 2ft (50e)

which can be approximated by

5 = §_ = _£_ = AtnK (50d)
4ft 2Vtr °

Three-dimensional reflections in a homogeneous isotropic mass

Glacier beds are seldom parallel to the surface; for the exact evaluation the coordinates of
the reflection point, dip and strike should be found. The linear arrays of the geophones are re
placed by L-spreads (sometimes T^spreads), or the geophones are set up in a tetragonal grid pat
tern (Fig* 26). Various approximate and rigorous solutions of the problem exist. The most prac
tical solution in a particular operation depends oh the application and on the available means for
computation or construction. All methods have in common that the reflection is assumed to occur

on a plane interface and that a single mirror image of the shot point therefore exists which is the
same for all geophones.

In the most general case the geophones are located on a sloping surface, the shot is arbitrarily
placed and the reflecting plane shows arbitrary dip and strike (Fig. 35). The mirror image is lo
cated on spheres with the geophone at the center, the radius of the spheres being given by veloc
ity multiplied by reflection time. The intersection of three spheres gives the spatial solution for
the mirror image. A completely analytical method has been described by Doell." First the three
simultaneous equations for the spheres are solved:

(xp-Xi)2••••+ (yp-yi;)2 +%zp -zt)2 = (Vti)2 i = 1,2,3 (51)

where Xp,yp, zp are the coordinates of the image point P* x;, yir zt- the coordinates of geophone
Gt, Vthe velocity and ti the reflection time observed atgeophone G,.. Subtracting the second
ofthe three equations (51) from the first and the third from the second yields two linear equations
in the unknowns xp, yp and zp. One or the other of the unknowns can now easily be eliminated,
and xp and yp are expressed by zp. Substitution for xp and yp in one of the equations (51) leads
to a quadratic equation in zp which has to be solved, taking into account that the reflection must
occur inside the glacier (positive value of the radical).
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a. 3-dimehsional space diagram. b. Diagram for calculat
ing dip, d, and direction

(azimuth) of dip, 4>.

Figure 35. Diagram for calculating three-dimensional reflection soundings.

The length of the line SP between shot point S and image pdint P is

SP = b = y/(xp-xs)2 + (yp-ys)2 +(zp-zs)2

and its direction cosines are

n = tip - xs)
m = (ypjzls*-

b
n = {ZP~^ .

b

The reflecting plane is the perpendicular bisector of this line, given in normal form as

: $J& -xs) +m(y -ys) +ti(z-zs) =••|'.

The line GjP (for example i = 1) whose equations are >

(x- xt) _ (y -yi) •-_• (z -z{i
(Xn-Xl) (yD -Vi) (Zn-Zl)

(52a)

(52b)

(53)

(54)

intersects the reflecting plane at ft, the point of reflection. Simultaneous solution of eq 53 and 54
yields the coordinates of ft. The dip of the reflecting plane is given by

l.
6 =' cos n

or for small 6 more appropriately by

cos
l zp ~ zs

b
(55a)
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x/57' xs)2 +<yD ' ys^
0 =• tan"-1 -? *- — . (55b)

zn- z0p s

The direction of dip (azimuth) relative to the x-axis is

y ~ y
<f> - ttan"1 — — when xs - x ' > 0 (56a)

x - x„ • * p
s P

y ~ y
$ - n = ttan"1 — when x -x < 0 \ (56b)

Xs -Xp
s p

where <f> is positive when measured clockwise (Fig. 35b).

The rigorous analytical method described above was impractical before the time of electronic
computers, and is still not satisfactory in the field where it is often important for a few preliminary
results to become available immediately. The mathematically most elegant method is not the
most useful one under field conditions. It is therefore appropriate to devote some space to the
earlier treatments of the problem of three-dimensional evaluation of reflections.

The distance to the reflector is often large compared to the geophone spacing, in which case
the rays are almost parallel at adjacent geophones, and the direction cosine relative to an axis

through two geophones given by V Atr/d where Atr is the difference in reflection time and d the
true distance between the two geophones. A second direction cosine is obtained relative to a • ' ~.
second axis through two geophones preferably at a right angle to the first axis. Using proper sign
convention and transformation equations the direction cosines are transformed into a rectangular
coordinate system (x, y, z) with horizontal x, y plane, and the coordinates of the mirror image point
are obtained from the true distance between geophones and image point (obtained by multiplying
the reflection time by velocity). This technique has been described by Roethlisberger,160 who also
gives the special transformation equations to be used when the geophones are placed on a steep
slope using a theodolite. (In this case the geophones may not form an exactly rectangular pattern
on the dipping slope, but the horizontal projection is rectangular.) The coordinates of the reflec
tion point and dip and strike of the reflecting plane are obtained from geometry (App. C), either by
computation (Fig. CI), or graphically (Fig, C2). When working with a square geophone pattern
it is an advantage to find a mean solution for all four geophones forming a square. This technique
has been described by Lliboutry.120 The full solution including the position of the image point can
be determined graphically (Fig. C2).

The computation methods are adequate when sufficient data are processed by computer. Graph
ical methods are more appropriate if only a few points have to be analyzed as under field conditions

where the essential objective is to appraise continuously the areas that are actually covered in a

detailed sounding operation over rough bed topography.

The main concern in evaluation, whether done analytically or graphically, is whether or not
the reflections at a group of geophones are received from the same area of the bed. A simple con
trol is to check whether the mean travel times of diagonal pairs in a geophone square are about
equal.'*0 Lliboutry120 has proposed using the tracesof the four planes determined by the intersec
tions of the spheres (eq. 51, i = 1 to 4) on a horizontal plane for a test. These traces form a
square, which should be small if the reflections occur on elements of the bed which are close to
gether. However, Vallon181 has shown that already a small error in reflection time can have a fairly
large effect on the size of the test square. He has found that an error of 1 millisec in time can
cause a side length of the test square as large as 500 mwith side lengths of the geophone square
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Figure 36. Reflections from different parts of the glacier bed as

a source of error. (From Vallon™3.)

of 30 m. In his work on a very deep, narrow valley glacier he has Concluded that only about 15 out
of 142 cases, showing side lengths of over 600 m, were definitely caused by inconsistent reflection
signals from widely different parts of the bed. On the other hand, as also pointed out by Vallon, it
can happen that the interpretation is in error in spite of a satisfactory square, if the geophones are
reached in pairs (Fig. 36). A comparison of the results from.adjacent geophone squares will never

theless reveal this type of error. It is sometimes possible to evaluate more than one single-reflec
tion impulse from one geophone location.44

The computation of depth and dip can be considerably simplified when the short shot distance
is used (deep ice). The angle a between one leg of an L-spread and the rock surface in a plane
normal to the interface is obtained from ,

Sina
(Vtr)2 - (Vt0)2 - s*

2 s Vu
(57)

where t is the reflection time at the shot point and tr the reflection time at distance s from the
shot; a is taken positive for a down-slope in the direction of the spread. This formula reduces to

sma V
tr - t, At - At

o (57 a)

when s and a are small;. AtQ and At are the normal and the observed stepout times, respectively.
The dip ft in the direction of the other leg of the spread is obtained accordingly. The true dip 0 of
the rock surface with respect to the snow surface and the direction <t> of dip with respect to the leg
on which a was measured, where ; n > \ft\, are obtained from the equations
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(Vtj)2 - s2

(VtJ2 -s2

cot<£ =

sin0 =

sina

sinjS

sina

COS0

and the vertical depth z is given by

z = h/cosd. (58c)

(The equations based on tangents by Thiel
et al';-177 are correct when the apparent dips

•«. „„ .. .A. . ,, ' . ' '• , '."•'.'-•:'•••• a and B* in vertical planes through the
Figure 37. Multiple reflections at a sloping inter- , , v s

face. (From Robin.1'*) sPread **e used->
Multiple reflections will now be con

sidered. Poulter 14S has developed the
theory for multiple reflections in a wedgershapedice body, and his results have been summarized

by Robin.156 The dip 6 of a plane tilted subsurface when the top surface is a horizontal plane
(Fig. 37) is given by

(58a)

(58b)

(59)

where V and s are velocity and shot distance as before and £j and tk are the respective travel-
times for the multiply reflected impulses of number i and k. For the first reflection ftx and the
first multiple R2 the travel-times are t± and t2, and the formula becomes

2cos0 =• -£' i; 2
ll yl-(s/VtJ

(59a)

When s/Vtx is small it is

COS0 =
2t,

(59b)

The true dip 0 determined in this way on a single leg of a spread can be combined by eq 58b with
the apparent dip a to find the angle <f> between the spread and the direction of true dip. The ac
curacy with which a and d can be obtained with short spreads is not sufficient to give a good value
of <p in this manner, however. Another representation of the problem of multiple reflections for
small relative shot distances has been given by Clarke.*6

Only the reflections of P- or S-waves have been considered so far, the latter being seldom ob
served. The converted reflections P to S or S to P also have some practical importance. The
problem of spatial converted reflections Rsp has been solved by Sandstrom."9 The solution is
presented in Appendix CI, eq 102. Solutions for ftps could be developed along similar lines.
Sandstrom has only observed converted reflections ftsp, while*Bentley et al.^haye concluded
that in their case it was the Rps impulse which was recorded, because it was usually only visible
on the traces from horizontal geophones. Roethlisberger161 has obtained both events in a case
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where the two signals were split up owing to dip of the interface, but Rsp was more consistent
and stronger (Fig. 28).

Depth computation when the velocity is a function of depth

The assumption of homogeneity throughout the ice mass is not justified when the top layer is
snow (firn) with variable velocity increasing with depth.; This is the case in most surveys on con
tinental ice sheets. On thick ice when the shot distance is small the rays are almost perpendicular
to the surface layer.; A reference horizon (datum plane) is chosen where the velocity becomes ap
proximately constant. The time td for travel across the layer above this horizon is taken into ac

count. (A correction in the shot distance also has to be made if this distance is large.) Because

of the depth of the charge below the surface a lesser time correction than td has to be made for the

time from shot to reference horizon, or the time interval td is used minus the up-hole time (time

from shot to detector at the surface directly above the shot). The time t^ 1S found by numerical

integration of

<d. - f g <«»
a

where d is the depth to the reference horizon and Vz is an empirical function obtained from a re

fraction survey of the surface layer.; The ice thickness is computed for a plate below the refer
ence horizon and the thickness of the surface layer is added:

ft = i^-ti)Vics +« ; ;; (61)

where V\ce is the mean velocity in ice. The case of a dipping subsurface is treated accordingly,

where a correction in td and d is only necessary when the dip is large. The snow and low velocity

ice layer is similar to the weathering layer in standard reflection work. Pratt150 has treated this
question in far greater detail than is done here or in textbooks, taking the curvature of the rays

into account.

Typical values that have been used for id and d in Antarctica are: td = 0.057 sec and

d = 200 m, and t<j =. 0.102 sec and d = 325 m." 157 The time t<j is approximately constant for

areas with equal depth-density relationship and can therefore often be used unchanged throughout

a survey in one area. Clarke44 has approximated the empirical depth-velocity relationship by a
simple funcliion where the velocity increases linearly with depth:

Vz = VQ+kz for Olzid (62a)

where VQ is the velocity at the surface,

V(z) = Vice for z^d (62b)

and therefore

k = ice" Q. (62c)
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a. P-wave velocity as a function of depth in snow, comparison of results
obtained from refraction data by numerical integration and an approxima

tion with linear increase of velocity with depth.

b. Vertical travel time as a function of depth for the velocity-depth curves
of Figure 38a.

Figure 3S. P-uMve velocity and vertical travel time as a function of depth
of snow. (From Clarke.*4!
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The time-depth function for a vertically traveling wave is given by

7 . •••-.-

t(z) .= f dz =1 In /l +^\ forO<z<d. (63)
4 v°+kz k \ v

The travel-time from the surface to the reference horizon is

td = d in ^, (64)
"ice K0 K0

A comparison of the time-depth function obtained by numerical integration and eq 63 is given in
Figure 38b for the true velocity-depth function and the approximate function with linear velocity
increase of Figure 38a. It is seen that the approximate integration gives very satisfactory results

for td.

Further velocity changes with depth may occur below the reference horizon with increasing
pressure and because of increasing temperature at greater depth. If the reference horizon is not
taken too deep the velocity will show a slight further increase and then slowly start to decrease,
the effect of temperature becoming larger than that of pressure.; The mean velocity in ice is
needed to compute the ice thickness below the reference horizon (eq 61). A standard procedure
in seismic work to obtain the mean velocity V is to plot tr2 against s2, where tT is the travel time
of the reflection pulse and s the distance between shot and geophone.; A straight line with slope

1/V2 is obtained when the reflecting interface is a plane and there is nb dip in the direction of
the spread (eq 46a). For higher accuracy, shot points in addition to the one close to the spread are
moved out along the axis of the spread. The mean velocity Vtnt of snow and ice together is ob
tained when plotting t2, and it has to be corrected to obtain Vice directly. The "TAT" method
described in geophysical textbooks serves when there is dip and the interface is not plane, and
sufficient shots are available for statistical treatment. Since the interface is hardly ever plane

under a glacier, a special reflection survey should be carried out for highest precision, keeping
the reflection point as constant as possible. Both shot point and geophone have to be moved
(see Dobrin,57 p. 122-123).

Mean ice velocities Vice depend on the depth chosen for the reference horizon and the tem

perature profile of the ice sheet, among further factors possibly influencing velocity at depth like
crystal orientation and inclusions. Typical values are:

3660 m/sec, Salmon Glacier, British Columbia58
3700 m/sec, Kaskawulsh Glacier, Yukon Territory
3820 m/sec, Ross Ice Shelf, Antarctica53
3845 m/sec, Site 2, Greenland20

3840-3870 m/sec, Antarctic Peninsula13
3905 m/sec, Polar Plateau, Antarctica157
3921 m/sec, Polar Plateau, Antarctica157

The question of the best values of velocity for Antarctica has been discussed by Bentley.23
Clarke44 has used mean ice velocities estimated from temperature at 10-m depth in Greenland.

Depth determination on ice shelves

Reflections occur at the ice/water interface and at the bottom of the sea. This leads to a

large number of possible combinations of single and multiple reflections (Fig. 39). The variety
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Figure 39. Schematic seismic record and notation for single and multiple
reflections at the bottom and surface of an ice shelf and at the bottom of

the sea. (After Crary et al.").

is even larger because of the occurrence of P- and S-waves in the ice. Crary et al." have listed
a number of ways to determine the thickness of an ice shelf from the travel times of all these vari

ous reflections, and they have applied many of them to the Ross Ice Shelf. The methods are:

1. The standard P-reflection technique of ice sheets is sometimes applicable, but often the
ice is too thin. Single (1^ and multiple reflections (12, /3, etc.) have been obtained and used to
determine the mean velocity on the thicker sections of ice shelves. On the Ross Ice Shelf

ft (in meters) = (— - 0.0345 f 3820 +100 (65)

gives the depth ft where t^ is the travel-time of the first P-reflection at the ice/water boundary.

2.; The most consistently observed and strongest reflection is the one from the water/sediment
interface (IjR^).; The formulas relating distances and times, given below, are not subject to easy
application.

x = 2fti (tana/ + — tanaw)

2fti/ ft1 'secaj +
tiiwi yr\ hi • K,

(66a)

r)seca. (66b)

where x = distance between shot and detector, hf = ice thickness, hw = thickness of the water
layer, a* and aw = angle between the wave path and the vertical in the ice and water layers

respectively, and Vf and Vw = the mean P velocities in ice and water. On the Ross Ice Shelf
Vw = 1442 m/sec was used, taken from Hydrographic Office data. To evaluate the field data,
charts were made up using eq 66a, b and

V(tllwl)2 = (fti+ftj2 +x2. (67)

The mean velocity V also depends on the ratio of ice to surface layer thickness (snow and low
density ice) so that different charts had to be used for different ice thicknesses.; Pratt150 has also
treated the problem of sea bottom reflections in great detail, developing the equations in series*
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i2w, i,w2

Figure 40. Seismic reflection records from Ross Ice Shelf, a) Ice thickness - 377 m, water depth
= 376 m. b) Ice thickness - 694 m, water depth = 191 m. c) Ice thickness =• 384 m, water depth

= 244 m. (From Crary et al.5i)

In spite of a great effort to apply various corrections he found this method inaccurate. He shows
analytically that a large spread is required. Poulter145 has described a mechanical method to de
termine depth of ice and water.

3. Multiple reflections of waves traveling through both the ice and water layer can usually be
identified. By proper combination of two such waves the travel time for a path only in ice or in
water can readily be obtained (Fig. 39), for determination of the ice thickness with eq 65 it is

lil ~ ti 2w\" lnwi

i2w2 ~ iIh'2
(68)

'Hit »,H'j reflection follows shortly after the main 1^ reflection and is often obscured by reflec
tion noise, probably from sub-botlom reflettions, but both 1^ and l&W2 are usually well recorded
(Fig. 40a). Identification is done m a t' versus x2 plot wheie V is lnphei foi I2W{ and lowei lor
/A, than foi 1. W. or LW0. On good recoids identification is furthei helped by the phase relation-
ship. ;llWli l2 and 1{W2 are in phase with the direct P-wave, wlale l{ shows a 180 phase change.
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I2W2 shows the phase change or not, depending on whether it is only reflected at the water/sediment
interface and at, the surface, or also at the ice/water interface.; Interference effects are to be ex
pected in this case.; The analysis becomes more difficult when either the ice/water (eq 59) or
water/sediment interface, orboth, is dipping. Poulter145 gives a thorough mathematical analysis
of multiple reflections between non-parallel planes (p. 58) which is then applied to multiple re
flections between surface and sea bottom on the Ross Ice Shelf, albeit under erroneous velocity
assumptions.

4.; Converted PS or SP reflections at the ice/water interface have frequently been observed
(Fig. 40b) as in ice masses on solid ground. The conversion does not occur at vertical incidence
at the boundary, and the intensity of the PS event increases with distance from the shot point
accordingly. Identification of PS is alsoreadily possible from the t2 vs x2 plot which falls on a
curved line. Formulas of the form of eq 66 are obtained for the computation of depth (eq 49).
Charts for various average velocities of the P- and S-waves corresponding to various thicknesses
were used in the Ross Ice Shelf survey by Crary et al. to analyze the time and distance data ob
tained from the recordings. An approximation can be made by extrapolation of the time-distance

curve or t2 vs x2 curve to the intersection with the ordinate and using t at x '= 0 and Vp and Vs
for vertically traveling waves from surface to interface, or a chart of travel time versus depth.177
Sandstrom's method (App. C) might also be applied, with appropriate corrections for the low vel
ocity surface layer.

5.; S-wave reflections were observed, but still less frequently than the P-wave reflections. ;
The depth on the Ross Ice Shelf has been given by

ft (in meters) = [(ts/2) - 0.0525]1925 + 75 . (69)

6. At the edge of the ice shelf further combinations of waves are possible by shooting in the
water and placing the geophones partly on the shelf, partly at the foot of it on the bay ice.177

7. On relatively thin ice with no low velocity surface layer (ice island T-3) a strong signal
was observed in which the frequency could be related to thickness, the so-called Crary wave (p. 108).

The water depth below the ice is obtained from the very strong /^ reflection, using a vel
ocity of 1442 m/sec after subtracting the time spent in the ice. The dip of the water/sediment
boundary can easily be obtained too53 when the ice/water interface is horizontal, as is generally
the case. Sample records for various ice thicknesses and water depths are given in Figure 40. ;

Anisotropy

The assumption of an isotropic substance has been made in the equations for depth arid dip
up to this point.; This assumption may not be justified if the highest precision is wanted, since
the layered snow near the surface as well as ice with a preferred crystallographic orientation are
anisotropic. By taking the anisotropy into account it may also be possible to extract some in
formation on preferred c-axis orientation in big ice masses from a reflection survey.;

The simplest case is a horizontal plate of an axisymmetric medium with vertical axis of
anisotropy. Three types of waves must now be considered, the pseudocompressional P, the
horizontally polarized true shear wave St = Sh, and the vertically polarized shear wave S2 = Sv
(Fig. 6). Forreflections without conversion ftp, Rsh and Rsv the angle of incidence is equal
to the angle of emergence, as in. the isotropic case. The velocity however changes with direction
and the t2 vs s2 plot deviates from a straight line. The relation (Vt)2 = 4ft2 +. s2 (eq 46a) can
be used to determine the velocity as a function of direction.
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DISTANCE

Figure 41. travel time vs distance diagram for ice plate of 1 m
thickness. Solid lines for vertical c-axes orientation computed

with elastic constants by Bass et al."'' at -W0C, dashed lines
for polycrystalline isotropic ice with Vp = 2Vs =, 3823 m/sec.

(From Roethlisberger.16'')

65

For the converted waves PSV and SVP (SH is not converted) the relation between angle of

incidence and angle of emergence is given again by Shell's law, but for the velocities of the wave
normals instead of the rays. The horizontal components of the wave normals have, therefore to be
equated in the computation. ;This was done by Roethlisberger167 for an ice plate where all e-axes
are vertical (as is sometimes found in lake ice). The travel time vs distance diagram is given in
Figure 41. The maximum deviation in travel time from the isotropic case is about 4% for the P,
3% for the SH, 15% for the SV, and 3% for the converted PS reflection. The SV reflection is most
affected, but also the time difference between the P and PS reflections is quite sensitive to this
type of anisotropy, showing a reduction of 9% at large distances (Fig. 42). Similar effects but
smaller deviations can be predicted for highly oriented glacier ice where the c-axes are closely
grouped around a vertical, axis, but when they are evenly distributed in a cone of wide apex angle
(60G) the sign of the deviations changes.19

The computation of ray paths and travel times becomes far more complicated when the axis
of anisotropy is riot perpendicular to the interface.70 In the general case the incident ray, the
normal to the interface and the emergent ray are no longer in one plane. Further theoretical, dif
ficulties are encountered when the preferred orientation does not show rotational symmetry.; Con
sidering the smallness of the velocity differences to be expected in nature andthe fact that the
interface is seldom an ideal plane, there is little hope of solving a complicated case of anisotropy
by seismic reflection studies: but it should be possible to estimate the decree of anisotropy and
its general symmetry. The most, premising quantity to bemeasured is the travel time of the SV
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DISTANCE/lCE THICKNESS

Figure 42. Normed travel time difference for converted wave of type PS
and reflected P-wave as a function of shot distance. (From

Roethlisberger.16'')

wave versus fshot distance and the travel time difference between the P and PS or SP reflection

at large shot distances.

Energy of reflected waves

Some additional information is contained in the reflected pulse, besides the travel time and
the direction of the iqptibri, namely it's intensity, and this can be used to obtain information oh the
substratum below the reflecting boundary.; The energy Of a wave is-proportional to the amplitude
squared, or to the square of the amplitude of the measured component; if the direction of motion is
sufficiently constant in a set of measurements.; One has to be aware of the effects of automatic v
gain control (AGC) when using equipment where this cannot be switched off: only small amplitudes
can be used So that AGC does not Interfere.

The energy distribution around the source should first be neglected* Only the loss through at
tenuation and the loss by reflection then have to be dealt with, Two or more homogeneous isotropic
media are considered. 10 is the initial energy per unit solid angle (steradian) moving out in all
directions from a point source. Then if a is the attenuation constant, the energyV per unit area at
distance r from the source is given by eq 18:

1°
r*.2

The loss upon reflection perpendicular to a plane interface is given by

Eq. = AEij ' i (70)
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Figure 43. Ratio of the amplitude of first (Ax) and double

(A2x) reflections as a function of ice depth. The slope of

the main straight line shows the attenuation of P-waves in
ice, while the intercepts at zero distance indicate the aver

age reflection coefficients. (From Robin.lst)
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where £, is the energy per unit area of the incident wave and Ee the energy per unit area of the

emergent wave. K is the reflection coefficient given by

K '= (VV-Vp\
V'p+Vp)

(71)

where V is the velocity (Vp or Vs) and p the density as before, and the primed symbols are used
for the lower and the ©nprimed ones for the upper medium. (The product Vp>y pis termed the
acoustic impedance.) The energy per unit area at the surface of a plate of thickness ft for a
wave reflected once (shot at the surface) is

E(R) f,QK e-2ah
(2ft)*

and the energy of a doubly reflected wave

V K2
E(2ft) = _£_ e"4a*

(4ft)? .

which leads to the energy ratio for the first and double reflection of

E(R)
E(2R)
£(ft) 4 -2aA

= — o •

K

(72a)

(72b)

(73)

Similar equations are obtained for further multiple reflections. Robin156 has used the amplitude
ratios of first and double reflections at variable ice thickness to find K and a experimentally

(Fig. 43). He finds for the attenuation constant in Antarctica (-19 to -40°C) a value of
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Table XHa. Reflection coefficients for ice and various substances. (From Robin.156)

Specimen
Density

(P) 0
(g/cm3)

Velocity
VvP)

(m/sec)

Characteristic

acoustic

impedance
(p vP;

(g/cm% sec)

Reflection
coefficient

of energy K Remarks

Sea water 1.02 1450 1.5 x 105 0.16
'

Moraine (wet) 1.5- 2.4 1000 - 2000 1.5-4.8 x 10s 0-0.16 Estimated

Ice .0.9 3830 3.5 x 10s -

Moraine (frozen) 1.0- 2.5 3800 - 5000 3.8- 7.5 x 10s 0 - 0.13 Estimated

628 2.74 4520 12.4 x 105 0.31 Granulite

840 2.68 4610 12.4 x 105 0.31 Greywacke
647 (sedimentary) 2.70 4920 13.3 x 105 0.34 Siltstone

647 (sill) 2.88 , 6165 17.8 x 105, 0.45 Basaltic sill

841 2.81 5050 14.2 x 10s 0.37 Quartz microdiorite
397 2.68 5440 14.6 x 10s 0.38 Greywacke

62 2.93 5130 15.0 x 10s 0.39 Quartz diorite

388 2.77 5830 16o2x 10s 0.42 Slate

NN (Forstefjell sill) 2.94 6390 18.8 x 105 0.47 Dolerite

671 3.00 6520 19.5 x 10s 0.48 Dolerite

Table Xllb. Reflection coefficients for various combinations of substances.

(From Robin.156)

Moraine Moraine Sedimentary Gabbroic

Specimen Waver Jce (wet) (frozen) rock rock

Water 0.16 0-0.27 0.19 - 0.45 0.62 0.74

Ice 0.16 - - 0-0.16 0 - 0.13 0.31 0.48 ...

Moraine (wet) 0-0.27 0 - 0.16 - 0-0.19 0.20 - 0.62 0.37 - 0.74

Moraine (frozen) 0.19 - 0.45 0-0.13 0-0.19
-

0.06 - 0.28 0.20- 0.45

Sedimentary rock 0.62 0.31 0.20 - 0.62 0.06 - 0.28 - 0.05

Gabbroic rock 0.74 0.48 0.37 - 0.74 0.20 - 0.45 0.05 -

a = 6.5 x 10"4 m"1, or 1 decibel per 356 m. This is about three times as large as newer results
from Bentley.25 Typical values of Kaxe given in Table Xlla, b from which Robin has concluded:

"One point with practical application which is apparent from the table is that if the first
echo is weaker than a subsequent echo for a shot on inland ice, then the first echo al
most certainly originates from the top of a morainic layer. If the first echo is a little
stronger than the second it could come from the top of a layer of frozen moraine with sed
imentary rock below. Any echoes from gabbroic sills intruding into sedimentary rocks be
low the bed of the glacier will however be appreciably weaker than one of the earlier
echoes either from the bottom of the ice or of the moraine, so are unlikely to be mistaken
for'the primary echo."

Brockamp56 has concluded from the large reflection coefficient that ho thick layer of ground moraine
exists in .central Greenland.

At oblique incidence the energy of the incident wave is partitioned among .four emergent waves
(Fig. 33). This problem has been brought into a suitable analytical form by Nafe,134 and Roethlis
berger165 has used his equations to compute a wide variety of cases of ice in contact with solids.
Figure 44 gives a few examples. ;Similar figures have been presented by Crary50 for the ice/air and
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Figure 44. Reflection coefficients for plane waves in ice incident on a plane boundary between
ice (Vp = 3.6 km/sec, v = 1/3, p *= 0.9 g/cm*) and various solids with P-wave velocities of
Vp = 2.4 km/sec on left and Vp = 4.8 km/sec on right, and various Poisson's ratios u' and

densities p' as indicated in tables. (Numbers of curves in boxes.) (From Roethlisberger.1*')
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ice/water interfaces. The computation is only valid for plane waves, and it must be applied with
reservation where abrupt changes of energy ratios (reflection coefficients) occur. The following
conclusions can be reached based on the cases of Figure 44 and additional ones for Vp = 1.2,
3.6, 4.2 and 6;0 km/sec.; For the P-wave reflection the coefficients decrease at small angles of
incidence (90°- 5) with increasing angles and at 30° (5 = 60°) are in many cases about half the
value at 0° (5 =90°). At very large angles, approaching 90°, they approach unity, and they show
an additional peak at lesser angles if the velocity in the substratum is higher than in ice.* The
reflection coefficients of the S-wave drop more rapidly with increasing angle of incidence but be
come unity at angles beyond critical, and the energy ratios of the PS reflection are zero at 0° and
90° incidence of P and have one maximum if VP is smaller and two or three maxima if it is larger
than the P velocity in ice.;

This applies to single plane interfaces between solids. Robin156 also treats the ice/water
boundary for perpendicular and oblique incidence (see also Crary50) and gives equations for com
puting the energy ofreflected waves at the bottom of the sea and deeper interfaces below an ice
shelf.

Special phenomena are to be expected from irregularities of the interface, say an undulating
boundary about a plane, or thin intermediate layers. For example, at a layer thickness of 1
quarter wavelength and equal reflection coefficients at the two interfaces (and no phase change)
the two reflections will cancel each other.; Complicated interferences will occur with seismic
pulses containing a whole frequency band and with changing shot distances. Some specific cases
in relation to field observations have been discussed by Bentley et al.20 and Robin."6 It is also
noteworthy in this respect that a gradual change of properties, as may occur at a glacier bedby a
gradual mixing of ice and ground moraine, over a distance of several wavelengths does not give
rise to any reflection.41

The energy of reflected waves Is, within certain limits, proportional to the amount of explo
sives, and for a particular size of charge depends onthe conversion of explosive energy into
elastic waves, and on the distribution of the energy as a function ofdirection of the rays. Robin156
has treated both questions for the snow surface layer of Antarctica in great detail. He has ob
served that the energy of the P-waves caused by an explosion increased by a factor of about 50
for a shot at 12-m depth as compared to one at 2 m. Ashot in the air was comparable to the 12-m
shot in its energy conversion.

The energy distribution at some distance from the shot is then influenced by the velocity
change with depth. The energy per unit area at the reflecting interface is given by

Surface

Figure 45. Energy of
waves reaching the gla
cier bed (eq 74). (From

Robin.156)

E = -Jl fJL
r2W/

COS0

^l-[%/Vr)sm6V
(74)

where /0" is the energy per steradian asbefore, r the distance from the
shot, VQ = Vp at the shot depth, Vx = VP in ice at depth and 6the
angle of the ray at depth relative to vertical (Fig. 45). The term con
taining 6 does not vary much over the range of values normally en
countered (0° to 30°), so the energy at the reflecting interface varies
directly with the shot intensity and inversely with r2 (radiation law in
a homogeneous medium), and is proportional to (Y0/Vr)2 . That the "de-
focusing" factor (V0/Vr)2 is small near the snow surface and increases
rapidly with depth indicates that there is an additional advantage of

* The position and width of this peakhave been found to be in fair agreement with field observations by Dewart.
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placing the charge at some depth. Robin points out that with the "Poulter method" of air shooting,
where a plane wave is formed by shooting off simultaneously several charges suspended in the air

above the snow, not only is the normal "inverse square" loss reduced, but also the defocusing ef

fect will be absent. This does not take into account all the aspects of directivity of the plane
wave thus formed, namely that the area where the plane wave will be received is about equal to

the area of the shot pattern, and that with only a few geophones there is little chance of getting the

benefit from the outlined effects. This might explain why some investigators have been successful
with the "Poulter method" while others have not.;

Applications and Results of Reflection Soundings on Glaciers

Only a very general summary will be given of the worldwide application of reflection sound
ings on glaciers, concentrated on the applicability of the method, on certain difficulties encoun
tered, and on certain observations which have been difficult to explain, some of them still being
discussed.

Continental ice sheets

The first reflection soundings on an ice sheet were carried out in the early days of the seismic

exploration method by Brockamp, Sorge and Wolcken," on the Wegener expedition to Greenland in
1929 - 1931. A mechanical seismograph was used, and depths of up to about 2000 m were success
fully measured. Not until 20 years later (1949-1951) was the work of the Germans in Greenland
taken up by a French expedition, the Expeditions Polaires Francaises under the leadership of
P.E. Victor. The seismic work was carried out by Joset (who was killed in a crevasse in the op
eration together with the Danish glaciologist, Jarl) and Holtzscherer.* Over 400 soundings were
accomplished with new sensitive electronic equipment; the greatest depth measured was about
3000 m. A number of complete cross sections in a general east-west direction and some north-south
traverses were covered in the central and southern part of Greenland. Further soundings in the
northwestern part of Greenland in 1953 and since have been sponsored by the U.S. Army,3 ao 4S 91
and a few soundings were accomplished by the British North Greenland Expedition in 1952 - 1954.41
In 1958 a program was started in west Greenland by the Expedition Glaciologique Internationale au
Greenland (EGIG).55 S6 "' The position of these surveys on the map is shown in Figure 46.;

The first soundings on the Antarctic ice sheet were accomplished in 1951-52 by Robin92 155 156
during the Norwegian-British-Swedish Antarctic Expedition 1949-52 and by Imbert96 as part of the
activity of the Expeditions Polaires Francaises. In 1957 began the large effort by many countries
of the International Geophysical Year (IGY) and continuing projects, aiming at the determination of
the ice volume of the Antarctic continent as a whole. These surveys have been summarized by
Bentley.22 " 24 The greatest ice depth has been observed between Byrd Station and the Sentinel
Mountains. It is, according to Bentley and Ostenso," 4270 m(4335 mis listed in the table for
station 918, 80°23.6'S, 109°51'W, however). Ice thickness up to 4000 mhas also been reported
from east Antarctica by Sorokhtin et al.172 Figure 47 shows which areas have been covered by
seismic soundings.

It has been possible to apply the reflection method in most places, but sometimes with great
difficulty, and in some areas the quality of the reflections has been very poor. Northeast Green
land is the only large area in which no reflections have been obtained.41 It would be of consider
able interest to visit this area again with more sophisticated equipment and to try wide-angle
shots if no reflection can be recorded at vertical incidence. ;

The cold areas of the interioi of Antarctica have posed a major problem because of the strong
ground roll, which has been suspected by Robin156 to occur only when VP at the surface is less

* Ref. 89, 90, 92, 101, 102, 103.
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Figure46. Seismic traverses in Greenland.
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than the velocity of the surface wave, which is about equal to Vp at 7-m depth. That the phenom

enon must be related to a very thin surface layer is supported by the observation of seasonal
change of the intensity of the surface noise (p. 42). Bentley21 has discussed the problem in
view of dependency of the attenuation on frequency and temperature and the layering of the surface.

Reflections from more than one boundary have been reported frequently, and it has usually
been possible to distinguish between sub-bottom and later reflections from other portions of the
ice due to irregular topography, by analyzing frequencies, relative amplitude, and depth and dip
of the interface.12 13 Some attempts have been made to find the nature of the substratum from re
flection characteristics. Bentley et al.20 have tried to explain the relative intensities of ftp, Rsv,
and Rsh and the occurrence, only at certain distances, of along period (about 0.1 sec) constant
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frequency wave train. But there has been conflicting evidence as to whether the velocity Vs in
the intermediate layer is higher or lower than in ice.; The existence of a layer about 100 m thick
had been established independently by a difference in depth from reflection and refraction shooting.

A faint early reflection Re which has been observed in some areas in Antarctica is of partic
ular interest (see Fig. 31, record No. 1353). It was first thought to occur at the top of a layer in
which the P velocity measured from wide-angle reflection shooting is a few percent below the
velocity of cold ice," 21 but in view of Bentley's25 analysis of anisotropy the velocity in the bot
tom layer cannot be determined accurately.; The nature of the layer has been discussed by
Behrendt12 1S, Bentley25 and Lliboutry.* Ice containing rock inclusions or pure ice at the pressure
melting point or showing a sudden change of crystal orientation has been suggested. Bentley2sa
has, from a detailed study of a fair number of records showing the fte reflection, reached the con
clusion that by far the majority of cases can convincingly be traced to ice containing morainal
material. The strongest evidence comes from the reflectivity, which is often too high for a pure
ice boundary, from the duration of the echo which indicates the presence of diverse reflecting
layers, and from abrupt changes in the reflectivity and the layer thickness as well as the dip of
the reflector, which can locally and regionally be related to bedrock topography. This would not
be the case for a pure ice boundary. There is, however, one exception where there is a good pos
sibility that a temperature-controlled velocity boundary is the source of an unusually short and
regular Re reflection.;

While no Indication of anisotropy of the ice was obtained by Behrendt,12 "the ultrasonic meas
urements of Bennett19 on ice cores have shown that a slight variation of velocity with direction is
to be expected in the top few hundred meters of the continental ice sheets. Bentley25 has even
demonstrated in a very careful study of wide-angle reflections (combined with the analysis of the
refracted waves) that a very high degree of anisotropy is the rule in the still deeper layers of the
Antarctic ice sheet. Even converted P- to S-wave reflections occur occasionally at normal inci
dence. More than half, even as much as 90%, of the ice column consists of anisotropic ice in most
of the region studied. A model with a pronounced concentration of c-axes around a rotational axis
makes it possible to explain most observations, whereby the axis is inclined30° or more to the
vertical, and lies in or near the flow plane at the majority of the stations.; In this study use was
made of the proper theory of waves in anisotropic polycrystalline ice,19 while most discussions on
anisotropy in the earlier literature have been basedon the wrong assumption that the wave front of
a P-wave from a point source would be an ellipse.12 1B0

Some specialapplications of the reflection soundings onice sheets can be mentioned. Broc
kamp" has suggested measuring thickness variations in time byrepeated detailed surveys, while
Roethlisberger et al.166 have tried to observe the horizontal displacement. The accuracy was
found to be insufficient to furnish a value for the small displacement in 3 years at Site II, Green
land, over about 2000 mof ice, either from a comparison of the two maps (Fig. 48) or of the re
flections at identical and neighboring geophone spreads (Fig. 49). It has been estimated that
under more favorable conditions the method should give an accuracy of up to 30to 50mof hori
zontal displacement.;

Traverses have also been carried out on a smaller ice cap, the Vatnajokull in Iceland, by a
joint French-Icelandic team.104 Depths up to 1000 mwere observed. Reflections in this pre
dominantly temperate icemass were generally very good; in some cases more than one reflecting
interface existed. One specific problem whose solution was also attempted was the question of

* Ref. 120 (p. 700-702), 121.
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Figure 48. Travel time isograms (millisec) for detailed seismic reflection surveys carried out 3
years apart at the same location which was marked by surface flags on the Greenland ice cap
near Site II. No consistent shift is apparent. (From Roethlisberger, Bentley and Bennett.166)

whether there was a water body beneath the depression of Grimsvotn or not.; A negative answer
was given, but the opposite can now be stated with confidence, based on the knowledge that has
become available from the extensive work on shelves.; The records from point 27A in the report by
Joset and Holtzscherer should be reevaluated.; The survey was carried out in the spring of 1951,
and a jokulhlaup (glacier burst) from Grimsvotn with an estimated total discharge of 3.5 km*
took place in July 1954.

Ice shelves and floating ice islands

The first seismic soundings on an ice shelf (the Ross Ice Shelf) were carried out by Poul
ter144 145 on the second Byrd Antarctic Expedition in 1934-35, i.e. shortly after the first soundings
on a continental ice sheet had been accomplished in Greenland. More recently, intensive studies

have been made in Antarctica and on floating ice islands of the Arctic Ocean.*

* Ref. 50, 52, 53, 156, 178, 180.



76 SEISMIC EXPLORATION IN COLD REGIONS

1060 1090 1150 (msec)

'W*

^r^.r\}f\i^^
25 W(I959)

25 W(I956)

50 (msec)

— 25W (1959)

-21 W (1956)

Figure 49. Reflection impulses of two surveys three years apart - a. for identical spreads,
b. for adjacent spreads 200 ft apart - matching equally well in both cases. (From Roethlisberger,

Bentley and Bennett.166)

With short spreads Robin156 obtained a faint echo from^the bottom of the ice, which was often
missing. However, a strong sea bottom reflection was recorded followed by medium quality echoes
from lower interfaces and multiple echoes (Fig. 50). The ice-shelf thickness was determined from

the seismic reflections at 180 + 30 m, compared to 186 ±5 m given by Schytt from elevation and
density. A mean vertical velocity Vp = 3760m/sec was determined from vertical and oblique
ocean bottom reflections. (Poulter's very low velocity below sea level, explained by percolation
of sea water in the ice, was found to be incorrect by all the later surveys and the deep drilling at
Little America; the elaborate evaluation of multiple reflections in a wedge-shaped body therefore
can not have been correct.) Cook48 has been able to determine moderate ice thickness of around
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50 m by means of reflected SH waves (horizontally polarized shear waves) which he produced by
placing the charges against a verticalice wall lined up with the spread.

Crary et al.53 have worked with a large range of spreads on the Ross Ice Shelf on variable
ice thickness from below 100 m to over 700 m and have obtained a large variety of reflected im
pulses (Fig. 40). Table XIII gives some results obtained by using various methods of depth com
putation (p. 61-64 ). Where the comparison with the reliable P-reflection is possible, deviations
of 30 m in ice depth are common in the methods using waves through water, and some values de

viate more than 50 m. The seismic values have also been compared with ice thickness computed

from elevation arid estimated densities. A systematic deviation towards low seismic values was

observed, but it is not certain whether this has a physical meaning":or not. Thiel and Behrendt178
have used independent methods of ice depth determination at the edge of the Filehner Ice Shelf
to check the value of P and S velocities used in the survey from the edge inward. The methods
compared were those- where the wave travels in ice and water and those where it travels entirely
in water. - .-.'•• .•.-....•.•

The seismic reflection method for measuring water depth has also been applied on drifting ice
islands on the Arctic Ocean (T-3)49 50 and on old sea ice.48 95 197
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Table XIII. Ice and water depths determined by various computation methods from
seismic reflections (Ross Ice Shelf). (From Crary et al.5S)

Sta. Elev.

(m);

Ice thickness, various methods

PP

(m)
PS/SP

(m) '
vl

(m)
v2

(m)
M

(m)

Final

H

W

Qual.

H

Time

(sec)

Water

depth
(m)

Elev.

ocean

floor

(m)

Dip ocean
floor (deg)

Ami. \ True a**

LAS 43 257** Good 0.697 393 •607 N

1.0 197 415 - - - - 415 Good (on grounded ice) 1.0 315

2.0 48 367 374 - - - 369 Poor 0.354 104 -425 -

4.0 59 — — 336 - - (384) Poor 0.557 244 -539 -

5.0 49 — 328 333 - - • 328 Fair 0.765 416 -695 -'.

6.0 51 — — 344 • — .— 344 Poor 0.534 243 -536 -

7.0 46 — . 329 — — - 329 Poor — — — —

8.0 51 — 354 • — - 383 369 Good 0.917 510 -828 6.5 292v
9.0 53 — — 361 389 374 375 Good 0.778 407 -729 0.4 305v

10.0 51 — ' - — - - (369) — 0.465 184 -502 -

11.0 56 — 384 394 444t 373 384 Good 0.971 543 -871 N

12.0 59 — 380 464t 404 357 380 Fair 0.714 359 -680 N

13.0 62 — 366 334 371 363 Fair 1.045 604 -905 0.7 090v
14.0 60 — 354* 409 - 354 Poor 0.574 268 -562 0.8 348v
15.0 57 — 356 364 - 360 Poor 0.591 278 -581 N

16.0 - 57 — 331 333 353* 353 Good 0.820 446 -742 N

17.0 59 — 386 414 371 385 Fair 0.730 369 -695 N

17.2 58 ' —• 394 — 366 380 Poor 0.733 373 -695 N

18.0 60 — 384 364 369 376 377 Good 0.736 376 -693 N

18.2 64 • —' 389 .— 408 398 Poor 0.762 387 -721 N

19.0 65 — 424' 434 409 409 418 Good 0.764 381 -734 N

19.2 66 — 403 — — 403 Poor 0.770 391 -728 N.

20.0 66 — 366 434 408 404 Poor 0.798 411 -749 N

21.0 73 — — 442 469 — •456 Fair 0.711 . 329 »712 N

22.0 82 553 534 499 519 529 Good 0.698 291 -738 0.9 193v
23.0 96 627* 608' 628 635 620 627 Good 0.646 217 -748 N

24.0 98 660* 653 735 649 660 Good 0.550 136 -698 0.7 097V
25.0 103 694* 689' 663 695 695 694 Good 0.645 191 -782 0.8 074v

25.1 111 771* — — 753 771 Good 0.755 242 -902 -

26.0 99 681* 666' 697 745 668 681 Good 0.450 56 -638 N

In PS/SP column ' indicates reflection received with vertical geophone orientation,
records made with horizontal orientation but no reflections received.

— indicates

V. is ice thickness using average velocity in ice plus water obtained by least square of times on 12
longest distance geophones.

V~ is ice thickness using average velocity obtained fronrAT across entire record with shots fired at
ends of spreads.

Af is ice thickness as determined from multiple reflections.

t indicates a value not used in average for H.

* indicates that only this value was considered for H.

() indicates estimate only.

In columns giving dip ofoceanfloor Ndenotes negligible dip, less than 0.3°; —denotes that dip in
formation is not available; v denotes dip information available in only one direction.

** Ice thickness at Little America by drilling, Ragle et al.
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Valley glaciers

The earliest seismic soundings on ice were carried out with a mechanical seismograph on
valley glaciers in the Alps by Mothes in 1926-281" 129 in preparation for the Wegener expedition to
Greenland. Mechanical seismographs were used thereafter on many occasions before electronic
equipment became available. Table XIV gives a compilation of the early work in the Alps. Some
early soundings have also been carried out in North America in 1934 by Goldthwait,75 in 1948 by
Northwood and Simpson118 and in 1949 by Poulter, Allen and Miller.146 The more recent work ac
complished in many countries in almost every area where there are glaciers would be too numer
ous to be listed in detail. A review on Russian work on valley glaciers, mainly during IGY, has
been given by Borovinsky.29

The seismic reflection method has become a standard tool for glaciological and engineering ap
plications. Figure 51 gives a good example of the results of a detailed survey on a narrow moun
tain glacier, and Figure 52 illustrates the accuracy of a survey in a case where drilling informa
tion became available. The method is quite universally applicable with the exception of very
shallow ice less than about 50 m thick as explained above (p. 51) and in the case of particular
geometrical configurations such as a glacier which is deeper than half its width. Also a subglacial
gorge cut into a wider bed, a case of some importance for tunneling projects under a glacier, can
not be probed. Its existence can nevertheless be excluded if continuous profiling is possible, and
conversely the gorge probably exists when no reflections are obtained over a certain area.

Strangely enough, reflection from crevasses seems to interfere little with that from the bed, al
though bad conditions have been reported. The paths of the direct waves are known to go around
the crevasses, from the fact that very low apparent velocities are obtained for short distances, be
coming increasingly higher as the shot distance is increased. It must therefore be assumed that

Table XIV. Early seismic soundings on glaciers in the Alps.
(After Siisstrunk.173)

Years Glaciers Investigators

1926-28 Hintereisferner (Austria) Mothes

1929 Konkordiaplatz-Grand-Aletsch (Switzerland) Loewe, Mothes, Sorge

1929 Pasterzegletscher (Austria) Brockamp, Mothes
1932 Glacier du Rhone (Switzerland) Gerecke, Miiller, Jost, Occhslin

1935 Glacier du Rhone (Reflection soundings)(Switzerland) Kreis

1936-39, Glacier inferieur de l'Aar et Glacier du Finsteraar (Switzerland) Florin, Jost, Kreis, Renaud,
47. 48, 50 Siisstrunk

1943 Glacier du Morteratsch (Grisons, Switzerland) Florin, Jost, Kreis, Renaud,
Siisstrunk

1946 Glacier de la Plaine-Morte (Switzerland) Florin, Kreis, Siisstrunk
1947 Grand-Aletsch (transverse profile below Konkordia) Florin, Siisstrunk
1948 Glacier du Gorner (Switzerland) Siisstrunk with Florin, Pahud,

Renaud and Riva

1948 Glacier du Tsidjiore-Nouve (Valais, Switzerland) Siisstrunk with Bisig
1949 Glacier du Mont-Collon (Bas-Arolla, Switzerland) Siisstrunk
1949 Glacier du Z'Mutt (Valais, Switzerland) Siisstrunk

1949 Bodengletscher (lower part of Gorner) . Siisstrunk

1949-50 Mer de Glace (France) Siisstrunk
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A Refuge du Requin

a. Geophone arrays and shot points at the surface and dip and strike symbols with elevation in
meters at the bed.

b. Contour map of the survey area.

Figure 51. Detailed reflection survey on the Glacier de Tacul, France. (From Gallon183.)
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the reflected rays are also deflected around the crevasses. This will influence the accuracy of a
survey. The character of the impulse would probably be changed, by showing an emergent break,
i.e. a first wave cycle of low frequency.

On various occasions in the Alps and in Asia28 two reflections have been observed on large
temperate valley glaciers. The second one must be the reflection from bedrock, the first from a
boundary within the ice or from the interface between the bottom of the glacier and a thick layer
of glacial outwash and ground moraine. The first reflection is often as strong as the second. It
is thus much stronger than the early reflection event which has been reported from certain areas of
Antarctica (p. 74), but it is not less controversial. Depending on various conceptions one has of
processes in the glacier concerning ice flow, water circulation and sediment transport by water as
well as onglaciation history, both explanations of the first reflection sounding-occurring on an
intraglacial or on a subglacial boundary-can be more or less supported, Further detailed investi
gations on the early reflection horizon would seem to present a worthwhile research project. Doell58
has reported a different type of internal reflection from an area of the Salmon Olacier, B.C. The
reflecting surfaces here were found to strike transversely to the flow direction of the glacier, while
they appeared to be vertical near the surface and curved to near tangency with the bed at greater
depths. Up- and downslope dips were observed with respect to the glacier. Crevasses can be ruled
out as an explanation because of the distribution across the glacier and almost all the wayfrom top
to bottom, and because of their absence in other parts of the glacier. The shape of the reflecting
surfaces may indicate some association with stress conditions. No details on the energy of the in
ternal reflections and whether they occur as first or second reflections are given in the publication.

Reflection Soundings in Frozen Ground

The reflection method is not basically different in its application on frozen ground and on
ordinary rock strata, andit is therefore not necessary to describe it. Besides having certain im
plications for general operations (drilling difficulties!), a frozen surface layer may alter the fre
quency and particularly ground roll characteristics considerably. This is true for both seasonally
frozen ground and thin permafrost. The sounding of frozen ground is an application of special
interest in this Monograph but seasonally frozen ground is far too thin to be probed by the reflec
tion method, and so is thin permafrost.



SEISMIC EXPLORATION IN COLD REGIONS

a. Sample record showing wide angle reflection event of higher amplitude than the direct wave in
permafrost. Time lines in 5 millisec intervals.
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Roethlisberger.1*3)
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In thick permafrost the temperature increases with depth beloW the top layer of seasonal tem
perature variations, causing the velocity to decrease generally with depth. This situation is rare
in temperate areas and is hardly ever as pronounced as in cold regions. From what was outlined
above (p. 70) about "defocusing" of the seismic energy in snow where there is an increase of
velocity with depth it can be concluded that some benefit should be occasioned by the negative

velocity gradient in permafrost, in the way of a focusing effect. The rays are bent downwards, so
that more energy is directed towards the deep reflector.

This effect is also felt in the horizontal direction in the opposite sense, the energy being
directed away from horizontal transmission. This effect is particularly beneficial for the recording
of later arrivals, as further elaborated in the chapter on refraction, but it also has some important
bearing on wide angle reflections in permafrost as stated by Roethlisberger."2 l6t A reflection sig
nal from an extremely shallow interface at a depth of only 60 m was obtained near Thule Air Base.
It was observed that the direct wave (shot at the frost table; the thin active layer is neglected)

decayed very rapidly with distance, but that a somewhat later event took over with a sharp break
and high amplitude (Fig. 53a). When plotting the time-distance curve it was found that the later
arrival coincided very nicely with the hyperbola representing reflections at about 60-m depth (Fig.
53b). Results from a previous drill hole were available from this location, showing 62 m of frozen
gravel and sand (outwash) over shale, also frozen, with some frozen clay at the top of the shale
(Dundas formation). Since the refraction survey had given velocities of 4630 ±90 m/sec for the
outwash and 3960 to 4420 + 150 m/sec for the Dundas formation (Table XI), the interface is at a
discontinuity of high velocity to low, where no horizontally refracted wave occurs. There can
therefore be no doubt that the observed event was a reflection. The reverse shot did not show the

signal as clearly, however. Further studies with this promising technique are needed.

No successful reflection soundings of the base of the permafrost are known to the author,
with the exception of a single questionable reflection by Crowley reported by Barnes.9 This may
be due to an irregular interface and more likely to a gradational velocity change.. The best chance
to obtain reflections from this interface would undoubtedly be in porous sand or gravel, or in porous

sandstone. The wide-angle reflection technique would seem to be the most promising method to be
tried.

The change of velocity with temperature is a complication in deep soundings for oil. It causes
a time delay in thawed areas that, if not recognized, may cause an erroneous interpretation. The
absence of the permafrost where lakes exist or have recently disappeared can in this way produce a
relief in the seismic interpretation as large as 100 m.13S No satisfactory method was found for
computing a correction for velocity changes due to changes of permafrost thickness, in a survey in
northern Alaska.194
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REFRACTION SOUNDINGS

Method

The refraction method applied in cold regions is to a large extent the same as in a temperate
climate. Only the basic principles will be stated with a little more emphasis on those theoretical
details which have a specific application in either glacier work or soundings on frozen ground.

Velocity and depth in homogeneous layers

The theory of refraction is based on Snell's law (eq 44). Both P- and S-waves should in
principle be considered as in the theory of reflection, but in practice the P-waves are used almost
exclusively. In consequence, only the P-waves will be dealt with and V is used for the P-wave
velocity without the suffix P in this chapter.; The waves used are refracted from a low velocity
medium into a high velocity medium and back into the low velocity one. The basic condition for
the applicability of the refraction method is therefore that the lower-velocity medium must overlie
a higher-velocity substratum.;

The simplest case is a layer with velocity V^ of uniform thickness on a substratum with
velocity V2, where V^ < Vg. Ofall the reflected and refracted waves oneis refracted at the
critical angle y into the lower medium where it travels along the boundary, being continuously re
fracted back to the surface (Fig. 54). The Critical angle is defined by

siny = —
Y2

(75)

which is readily obtained from eq 44 for sinctg•"= 1. Because of the faster speed in the lower
medium, the refracted signal will eventually reach the detector before the direct signal traveling
entirely in the low speed upper medium, if the distance between the source and the detector is

increased. Plotting the travel time against distance gives a graph of the type shown in Figure 55
for the simple case of Figure,54. The depth A is obtained by the equation

h =

v2 > v,

Figure 54. Path of wave refracted at the
critical angle.

(76a)

Figure 55. Time-distance diagram of direct (A) and
refracted (B) waves.
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where xc is the distance at which the refracted wave overtakes the direct wave (critical distance)

found from the break of the travel-time curve (Fig^ 55), or from '

h = ± 7^4 (76b)

where tQ is the time intercept of the refracted branch of the travel-time curve at x = 0. The
velocities V^ and V2 are found as the inverse slope of the branches A and B of the travel time
curve. Equations for two or more layers and for a dipping interface are given in most geophysics
textbooks. In the latter case two different apparent velocities are obtained for the refracted wave
depending on the direction of the seismic profile relative to the dip; a value larger than V2 is ob

tained for the up-dip velocity V2\ a smaller one for the down-dip velocity V2 . The apparent veloc
ities are given by

V

.'•/«'.- iH^T (77a).

• •"• =w?) . ; :(77b).

where d is the dip.,

Special methods are available for certain typical configurations such as a low velocity surface
layer of variable thickness over a high velocity reflector. (The active layer is a good example.)
The depths can then be computed in a very simple way with delay-time techniques.10 176 19S For
more complicated configurations of the interface a pointwise interpretation is necessary. After .
the approximate depths of the different layers have been computed with the standard equations,

the interfaces are adjusted section by section to fit all the observed travel time data in both
shooting directions, using Snell's law and Huygen's principle. (Each point reached by a wave
front may be regarded as a new center of a spherical wave. A new wave front at some later
instant is then found as the envelope of all the spherical waves.) This leads to the wave-
front methods where the fronts of waves at different time lapses are constructed which origi
nate at the source (shot)." 181 (See also Fig. 69b.) These methods are particularly appropriate
for cold regions because of the ease with which later arrivals may be obtained (p. 100-103).

The refraction method gives more velocity information than the reflection method and there
fore serves to identify rock types as well as depth, and to furnish velocities which are used to
compute depth from reflections. Robin156 has made a study of velocities on the Antarctic ice sheet
using least-square analysis for the first impulse (first break) and first trough or peak. The stand
ard deviation was slightly less for the first peaks than for the first breaks, and the velocity was
slightly larger for the peaks. By plotting residuals it was possible to separate curvature of the
time-distance curve from random scatter. Roethlisberger162 has also used least squares to analyze
data collected on frozen ground at Thule, Greenland. By using the time differences between the
two directions of shooting rather than travel time it was possible to eliminate the scatter caused
by the inhomogeneities at the geophone locations and thereby reduce the standard deviation. This
method is particularly useful on frozen ground to eliminate the variations of an active layer which
shows negligible dip over the length of the spread.

The refraction method cannot detect layers of lower velocity under high velocity upper layers.
When the profile is made long enough that a still deeper layer with a higher velocity than the first
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layer will show up, a faulty depth will be computed. Since decreasing velocity with depth is a
typical condition of permafrost, the depth figures obtained are likely to be too high and must be
used with caution.

The velocities in frozen materials are generallyhigh, and velocity differences between con
tiguous layers of frozen materials are usually quite small. This is the reason that very long re
fraction profiles are necessary to obtain the refracted impulses as first events. This inconveni
ence is partly compensated by the possibility of obtaining later arrivals, which shows that
equipment giving the full display of the waves registered by the geophones is superior to mere
timing of the first inpulse. Because some equipment has a limited recording time when using
Polaroid film for recording it may be interesting to ask what ultimate depth canbe obtained by
such equipment. On a glacier maximum ice thickness of about 100 to 200 m can be reached with
equipment having 0.3 sec as a time limit, depending on the type of bedrock.

Anisotropy, whether by preferred crystallographic orientation in ice or layering of frozen
ground, may have to be taken into account. Sneirs law has in this case to be modified to accom
modate the wave normal instead of the ray, as pointed out for the case of PS reflections (p. 65).
The subject has been treated in detail by Gassmann.70

The velocity obtained from travel-time curves can depend on the wavelength, more precisely
on the ratio of wavelength to layer thickness. Thyssen182 has discussed this question for the case
of glaciers and has given the empirical correction of

AV = 0.5e-9xl0"!fh (km/sec) (78)

where / = frequency, h = ice thickness; the correction has to be added to the observed velocity to
obtain the true body wave velocity. The correction in this form is not well founded if the travel
times are taken from first breaks, except for long distances many times the ice thickness. The
problem is similar to that of body waves in slender bars (p. 8), but more complicated because
of the solid/solid interface at the bottom of the ice layer. The distances to which the front of the
body wave can be detected should be even larger than in the case of rods or prisms. In practice
the travel-time curves are often affected at short distances by a crevassed or porous surface layer,
so that the velocity determination may be based oh rather long distances. This is probably the
main reason for the dependency of velocity on frequency found by Thyssen. His geometry factor
should not be applied rigidly to cases where the surface ice is sound, and particularly when the
travel-time curve is a straight line through the origin.

Continuous velocity increase with depth

A continuous velocity increase with depth is a typical condition for sedimentary deposits,
where the deepest layers are the most compacted ones because of highest overburden and the best
cemented ones because they are the oldest. The subject is therefore amply treated in the geo
physical literature. It is nevertheless presented here in some detail because of its great importance
on continental ice sheets, shelves andthe accumulation area (neve'fields) of mountain glaciers,
where a pronounced gradual velocity increase exists in the snow and low density ice.

A medium is considered where the velocity increases in the direction perpendicular to the sur
face, which may for convenience be assumed to be horizontal. It is further assumed that no changes
occur in the horizontal direction. The vertical direction is therefore an axis of rotational symmetry
(uniaxial inhomogeneity). Only the vertical rays"are straight in such a material; all other rays are
curved. The rays from the source to the receiver follow the path of minimum time, which is a
curve concave towards the surface. They will reach greater depths as the distance between source
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Figure 56. Travel time curve and paths when the ve
locity increases with depth.

and receiver increases (Fig. 56). The travel-time curve is convex in the direction of the time axis,
and the inverse slope of the curve at distance x1 gives the velocity Vxl at maximum penetration
zxl. The basic formula relating the apparent horizontal velocity, as received at the surface, to
the depth of penetration of the seismic wave was derived in the early part of the century through
the contributions of several authors, mainly Wiechert, Herglotz, Bateman and Slichter:

'xl

x=xi

-If
x=0

cosh"l -ii dx (79)

where Vx is the apparent horizontal velocity given by the inverse slope of the travel-time curve as
a function ofthe distance x. By numerical integration of eq 79 for variable xv the function V(z)
is evaluated. It is clear that errors result when the condition of continuous velocity increase is
not fulfilled, i.e., where intermediate low velocity layers are present. But this is riot the only case
where complications may be encountered. A marked increase in velocity followed by a smaller
though still positive increase can cause triplication in the travel-time curve which cannot be
identified correctly byfirst arrivals alone. This is true for P and S curves. Crary et al." esti
mate that the errors caused by this type of complication in the surface snow layers of Antarctica,
in assigning depths to the recorded velocities, do not exceed 1 meter.

The apparent horizontal velocity vs distance function is obtained from the travel-time curve.
There are several ways to proceed. The graphical determination ofthe slope of the travel-time
curve l/V is one way. At greater distances, where the curvature becomes small, a least squares
method has alsobeen used, giving a mean velocity for sections of 12 to 24geophones. Acom
puter program based on running means with a control that the velocity does not decrease with in
creasing distance is another alternative.
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Equation 79 is valid for shot points at the surface. Corrections on the travel-time curve
therefore have to be made when the depth of the shot point cannot be neglected. This problem is
treated in some textbooks and in more detail by Pratt190'and Brockamp and Pistor." The same
methods apply when use is made of a reference horizon (datum plane) below the surface layer of
variable velocity (weathering layer), either in the analysis of reflection or refraction data. An
alternative to numerical methods is the construction of a wave-front and ray-path diagram as shown
by Redpath.1"

A linear increase of velocity with depth is sometimes used as an approximation in place of
the empirical relationship. The velocity Vz is given by eq 62a:

Vz = VQ + kz

where VQ is the velocity at the surface. The penetration depth for a shot-to-detector distance
x is

zx = -° [^1 + (kx/2Vn)2 - 1]. (80)
k

Combining eq 62a and 80 gives

V2 = V2 = V2 + V* kzx2 . (81)

2 2 o
This is the equation of a straight line in the Vx versus x diagram with the slope x4/4 and ordi
nate V^ at x =0.' Astandard least-squares procedure is applicable to find the coefficients.

Clarke49 has used one surface layer of linear velocity increase with depth ("firn") followed
by ice with constant velocity, on the Greenland ice sheet. Although the approximation of velocity
vs depth looks crude (Fig. 38a), the vertical travel time t(z) versus depth from least-squares
analysis fits that derived by numerical integration very nicely (Fig. 38b). Clarke's method
is therefore very efficient for using refraction data to make surface layer corrections in reflection
work. Crary et al." have approximated the depth-velocity curve more closely by computing sec
tions of linear velocity increase at 5-m increments in Antarctica. The vertical travel time in a
layer from depth zt to zg is (see eq. 63)

t
dZ *8-*l'lw Vir oz ^2- z. v2

z z 2 rl '1
zl Zl

A very good approximation of longer sections of the empirical depth-velocity curve has been
achieved by Brockamp and Pistor*7 with an exponential expression and a power function. The
exponential expression is given by

Viz) = a - b>emCZ . (83a)

The coefficients b and c axe found from a lruW/dz) versus z plot (Fig, 57a), then a is determined
to give a best fit of V{z). Two sets of the coefficients a, b, c were found to be sufficient for the
complete depth-velocity curve on the Greenland ice sheet (Fig. 57a, b). The power function

Viz). = azP (83b)
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89



90 SEISMIC EXPLORATION IN COLD REGIONS

was found to be adequate for the depth range from 2.5 to 80 m in a number of cases, with /3 around
0.25 to 0.3. (A similar power function with /3 = 1/6 incidentally gives the velocity increase with
depth for regularly packed spheres.)

Errors of V{z) obtained from refraction have been determined from comparison with up-hole
time; on the Ross Ice Shelf the computed time was from 0.8 to 2.1 millisec larger than the measured
up-hole time. Robin156 has estimated that the error, when using eq 79 for numerical integration, was
about 5% in depth z, but less for V(z) for a given z. He has also pointed out that a systematic
error is to be expected for shallow depths, the reason being that, when the wavelength is large com
pared with the depth of penetration, a decrease in the velocity of the waves compared with that in
an infinite medium must be expected. Probably a more significant source of systematic error is the

strong anisotropy in the surface layer reported by Bennett.19

The problem of anisotropy is no easy matter. Only the simple ellipsoidal case will be con
sidered briefly where the wave surface (and also the index surface) is an ellipsoid of revolution,

and the axis of revolution is vertical. Too large values of zx are obtained with the isotropic

formulas (eq 79) if the velocity is larger in the horizontal than in the vertical direction. This is
obvious from consideration of refraction at the base of a single homogeneous anisotropic layer,
which must be thinner if the travel time is the same as in an isotropic layer, a statement which
also holds if the uniaxially inhomogeneous mass is approached by an infinite number of homogene

ous layers. Likewise, too small values of zx are obtained if the velocity is larger in the vertical
than in the horizontal direction. In the case of linear increase of velocity with depth and constant
ratio of V(h/V(V) the rays are sections of ellipses instead of sections of circles as in the iso
tropic case.71

When the refracted wave reaches the surface it is reflected to follow a path similar to that
which it has traveled before. A multitude of refracted waves is therefore traveling between two
surface points A and B (Fig. 58). P = Pj is not reflected except at the end point and arrives first.
PP = Pg is reflected once at the mid-point C, PPP = PQ twice at 1/3 of the distance AB, etc.
The surface reflected waves are also referred to as multiply reflected or as multiply refracted,
undergoing repeated reflections at the surface. A seismic record showing typical surface reflec
tions is given in Figure 59. Multiple surface reflections have an application when for some reason
the time break is missing at large distances (Bentley et al.20). The time difference between the
multiple reflection arrival PD andthe first arrival P1 at the distance D serves to find the travel
time of the latter if the travel-time curve is known to the distance D/n. It is

lD = ntD/n ~ 5« (84)

where Sa is the time difference between P^ and P„, which may be determined either from first breaks
or later corresponding peaks. No phase reversal appears to take place in spite of the surface re
flections (Fig. 59).

Figure 58. Paths of surface reflected waves. (From Robin.1S6)
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Figure 59. Section of a refraction record showing surface reflected waves
Pn (Antarctica). (From Crary.5*)

91

It is further worth noting that PD makes it possible to measure the velocity at maximum pene

tration with considerable accuracy from one shot, since for large enough distance where the travel-

time curve is straight, and for small enough n, 5fl+1 - 8a is the time intercept of the straight
travel-time line, whereas the various P„ give a number of points on that line."

Velocity decrease with depth

A decrease of velocity with depth is typical in permafrost below a certain depth because of
the increasing temperature, and for the same reason it also exists in large cold glaciers, especially
ice sheets and ice shelves. Only the velocity at the top of the layer of decreasing velocity can be

obtained by refraction. The average velocity for depth computations of deeper layers is uncertain
and has to be obtained by other means (wide-angle reflection profiles or well-logging) or estimated
from the temperature gradient and the nature of the strata. A complication when using the tempera
ture gradient in frozen ground is that saturation may change along with temperature.175

Depending on the thickness of the zone of maximum velocity below the frost table, in relation
to the wavelength, the refracted wave in the permafrost decays very rapidly with distance. This
wave arrives first except for the direct wave through the active layer at very short distances and

deeper refractions at much greater distances., Because of the rapid decay of the permafrost wave
the signals of deeper refractions can be obtained easily as later arrivals, a condition hardly
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ever exDerienced in temDerate regions (Fie. 53a. 69). For continuous profiling of depth measure

ments of the active layer this rapid decay of the refracted wave in permafrost is less favorable,

reducing the length of applicable spreads.; The question of rapid decay of the permafrost wave
has also been discussed in some early Russian literature. ; Riznichenko154. tries to prove that no
"shadow" zone is to be expected, because of the surface-reflected waves traveling entirely
above the velocity inversion, but does not take into account that there is a difference between
first arrivals and vibrations in general. It may well be that the strong surface-reflected waves he
predicts because of the ducting effect of the low velocity surface layer exist if the active layer
(plus warm surface layer of the permafrost) is thick compared with the wavelength, but is absent
when the active layer is thin.; The velocity in the active layer being very low, conditions for re
fraction work will still be very favorable even if the "direct" (active layer) wave does not decay

rapidly with distance. ;

Energy of refracted waves

Only some specific problems will be discussed without ^oing into the basic theory for which

the pertinent geophysical literature has to be consulted.

A case of some interest is a thin high velocity layer embedded in low velocity material. Ah

isolated ice layer in snow or a thin layer of frozen ground fits this model. The rule in such a
case is that a refracted wave can be registered when the thickness is at least A/6 where A is the
wavelength in the high velocity layer.us

A specific problem of importance in glacier work is how the energy is distributed in the sur
face layer of snow and low density ice where the velocity increases with depth (see also p. 66).
It has been treated in detail by Robin."6 He has analyzed the variation of energy of refracted
waves with distance in theory and experiment using his own data from Queen Maud Land, Antarc
tica, and data of the French expeditions to central Greenland. The energy Ex per unit surface

area at distance x from the shot is

Ex = ± -°- L ^ (85a)
/' V2 1 dVx

x v3
X A--%'V2 dx

where ll is the initial energy per unit solid angle as in eq 18 and 72, VQ the velocity at the sur
face and Vx the velocity at maximum penetration (which is equal to the velocity at distance x).

Good results were obtained with this equation at distances from 100 to 1500 m, but not in all

cases. The curvature of the earth, or more generally of the surface, has to be taken into account

at larger distances:

•o I • * . -f \V2
x X

K+ i"
X U%/Vx)-(x/2R)]2 dx 2fl

(85b)

where R = curvature of the surface.; From this formula and allowing for attenuation, Robin has
computed the curve given in Figure 60. Extrapolating from the experience of the French party in
Greenland, who used 20 kg of explosive at 9.4 km, 200 kg would be needed at 12.4 km and 2000 kg
at 15.7 km, which indicates that there is a limit for the application of the refraction method.; Re

sults have nevertheless been obtained to larger distances with far less explosive than indicated

by Robin's theoretical considerations, his attenuation figures being too large as pointed out
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Figure 60. Energy of the refracted wave on a continental
ice sheet as a function of distance from the shot. (From

Robin.156)

elsewhere (p. 39). Robinson158 has carried out a similar study with the recent data from Antarctica
and has obtained practically no attenuation, contrary to Robin.

The energy of the surface-reflected waves Pn has also been discussed. Bentley et al.20 and
Robinson158 have shown how the amplitude at first increases with the number of multiple reflec
tions and then decreases.; Robin156 has discussed attenuation and reflection losses and has tried
to explain why under certain conditions the very strong surface noise experienced in Antarctica
may develop.

Applications

;93

Glaciers

Although the refraction method can in principle be used for depth soundings, it has only
occasionally been applied on glaciers, because the reflection method is faster, more accurate and
requires less explosive when it works, i.e. when the ice is thick enough.; Refraction soundings
for the mere purpose of obtaining ice depth are limited therefore in practice to shallow ice, par
ticularly on neve fields, and may also be the solution on somewhat thicker ice when only low fre
quency equipment is available.; In the very early work on glaciers80 " 72 the basic phenomenon of
refraction was of interest, and it had first to be established that the principles of geometrical
optics were applicable to elastic waves. It is noteworthy that Gerecke and Muller" have identified
refracted S-waves with their mechanical seismograph.

The most extensive refraction work was accomplished on various Austrian glaciers by a
Munich group with Fortsch being the chief investigator.62 " 6*69 7S Refraction lines up to about
1 km in length were arranged along the main axes of the glaciers and on a few cross sections. On
the Hintereisferner the P-wave velocity below the equilibrium line (firn line) varied between 3500
and 3850 m/sec with a mean of 3680 m/sec, the S-wavevelocity between 1600 and 1925 m/sec,
with a mean of 1730 m/sec; Poisson's ratio, based on mean Vp and Vs , was 0.36. The depths,
reaching maximum values of around 200 m, were computed partly from reflections at the near geo
phone stations, but mainly by the refraction method (wave-front method) along the line. The re
sults have been presented in longitudinal and cross sections. A thick intermediate layer is quite
consistently shown with velocities Vp between 4000 and 5000 m/sec followed by bedrock showing
velocities higher than 5000 m/sec.
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Figure 61. Long refraction travel-time graph from the Antarctic Peninsula. Arrival
times are corrected for elevation and topography. (From Behrendt.1S)

The intermediate layer was first inter

preted as frozen ground-moraine, but it is

questionable whether the seismic events were

properly identified to begin with. No PS/SP
arrivals were reported.by the authors, so that
one may suspect that they interpreted this

type of reflection signal erroneously as a re

fraction event. Berzon et al.27 have reported
Vp = 3500 m/sec for moraine from Tuyuksu
glacier in an environment where permafrost

would be more likely to be found than in the
Alps. As to the subsequent interpretation as
a densely packed moraine this view is equally
difficult to accept because no one else has
reported comparable velocities in loose materi
als. The question of an intermediate layer at

the glacier bed deserves further investigation, since a second reflection which has occasionally
been observed on temperate valley glaciers lacks a satisfactory explanation (p. 81).

The above discussion already shows that the refraction method has a much wider application
than for ice depth measurements alone, since it allows investigation of the sub-bottom structure
of a glacier. This can be done on a small scale, as was demonstrated at the margin of the Green
land ice sheet.(Fig. 69), or on a large scale in the middle of continental ice sheets. ;In Greenland,
Joset and Holtzscherer102 have picked up three refracted signals under 1370 m of snow and ice giv
ing information on the thickness of two and the velocity in three sub-bottom layers. As many layers
have been identified by Behrendt12 15 on the Arctic Peninsula (Fig. 61); Figure 62 summarizes

Figure 62. Velocity columns in Antarctica from
refraction soundings. (From Bentley.25)
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further results from long refraction studies in Antarctica. Although it is not possible to identify
the rock types directly from the velocity, it has usually been possible to get a fairly good idea
by taking the nearest outcrops and data from magnetic surveys into account as well as the reflec
tion coefficient if available from reflection soundings (Brockamp86). A velocity between 4 and 5
km/sec has been found in some places directly under the ice. If this layer is thin it may consist
of ground moraine which is frozen, or it might be sedimentary rock, basalt or gneiss." ,6 102
Bentley et al.20 have obtained an ice thickness of 1820 m at Site II on the Greenland ice sheet by
reflection and 1930 m by refraction, which they explain by an intermediate layer of about 100 m
thickness (depending on its velocity) (p. 73).

By extensive wide-angle reflection-shooting it was shown in the above case (Site n) and by
Behrendt12 for the Antarctic Peninsula that anisotropy of the deeper ice layers may be neglected, <
but Bentley29 has shown that anisotropy effects are far more common than expected before. They
should be taken into account in refraction soundings, which are more sensitive to.errors in the

velocity than reflection soundings.

Refraction soundings have most frequently been applied in polar glaciology to investigate
snow and ice layers near the surface in areas of net accumulation, where there is a gradual in
crease of velocity with depth.; The primary result of the refraction survey is the velocity vs
depth relationship, which is needed for the reflection soundings.; A summary of results from a

number of places is given in Figure 63a, b. ;The velocity increases with depth at a diminishing
rate (with the exception of the semi-temperate Hubbard Glacier) to reach the maximum at a depth

of 40 to over 200 m. The distance at the surface is plotted against depth of penetration of the

curved paths in Figure 64, which gives an idea of the length of refraction lines needed to reach
a certain depth.; The velocity at the depth of maximum penetration can be determined with very
high precision with sufficiently long refraction lines, and since it could be shown that in the

majority of cases the anisotropy is weak at this depth19 23 25 the maximum velocity depends on
temperature only. Seismic refraction results therefore yield temperature information at the depth
of maximum penetration (eq 39). It should be noted that this is true for the P-wave only; the
S-wave velocity is much more .affected by the weak anisotropy present in the layer in question
(Fig. 65).;

Because of the close correlation of velocity with density (Fig. 17) the depth-density relation
ship can be extracted fairly accurately from the depth-velocity results. Temperature differences
may be allowed for by using the temperature coefficient (1 - 0.00061A T) of eq 39. ; A refraction
survey can thereby replace pit studies and core drilling as far as average density increase with
depth is concerned, but not for studies of stratigraphy. The density at a certain depth depends,«
among other factors, on temperature and accumulation rate.; If these two were the predominant
factors it should be possible to infer the accumulation rate from known depth-density data and
temperature; and because of the close correlation of density and velocity, it should then also be
possible to obtain accumulation rates directly from velocity information and temperature. For
equal accumulation rates the velocities at a given depth should decrease with decreasing tempera
ture, and for a fixed temperature the velocities should increase with decreasing accumulation rate.
This is to be expected because the snow will be more compacted at higher temperatures, because
the rate of densification is high, or at lower accumulation rates, because it takes longer for the
amm/fa ceafih.[th& fixed depth.; In Figure 66 observed velocities at the 50-m level below the sur
face are plotted against temperature, and accumulation rates are stated in g/cma yr where known.;
A set of equidistant straight lines has beendrawn representing lines of equal accumulation, to
fit reliable data near the periphery of the group of points, and using a geometric progression for
the accumulation intervals, following Gow79 in his analysis of temperature and accumulation for
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Figure 63. Wave velocity as a function of depth.
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Figure 64. Depth of penetration of P waves Figure 65. Section ofa refraction seismogram from Byrd Sta-
is a function of shot point to seismometer tion showing different polarized shear waves. Total travel
distance in two locations in Antarctica. time about 6.6 sec. The charge was 135 kg at 12.5 km.

(From Robin.156) Timing lines are 0.01 sec apart. (From Bentley.23)
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the three locations with similar depth-density profiles, namely Southice, Byrd Station and Camp
Century. A temperature difference of 6.5°C was obtained in this way to correspond with an ac
cumulation factor of 2, as compared to 4°C given by Gow. The suspected general relationship be
tween velocity, temperature and accumulation rate is confirmed by the graph, but if the nomogram
is used for extracting accumulation rates from known velocity at 50-m,depth the accuracy is not
very high in some cases.; The wide scatter of the results from the Victoria Land Plateau in
Antarctica is somewhat discomforting, but may in fact reflect a large variation of accumulation
rates depending on local surface topography as shown by Gow and Rowland78 for the Byrd Station
area. Original density differences, dependency of the densification process on original snow
structures, and horizontal strains may further help to explain the large scatter. Although the mean
horizontal strains on the Victoria Land Plateau are very small (Crary,54 Table 15), larger strains
may occur in relation to the surface undulations; but also relatively large accumulated strains are
to be expected even at very small strain rates when the accumulation rate is very small, due to
the old age of the deeper snow layers.; The nomogram of Figure 66 can be expressed by

z=50
= 5460 + 38.2 T - 809 loglo a (m/sec) (86)

where T = temperature in °C, and a = accumulation rate in g/cm2 yr.; The coefficients of this
equation should be reevaluated by a least-squares analysis based on the best available data.

In spite of the many factors which influence the depth-velocity, i.e. depth-density, relation
ship, it has still been possible to derive useful information on accumulation from velocity data.
Behrendt1114 has been able to obtain a fair correlation between accumulation rate and density at
a depth of 40 m for an area of uniform temperature (±2.6°C) and variable accumulation rates from
20 to 50 g/cm2 yr in Ellesworth Land and the southern Antarctic Peninsula, using density data
resulting from refraction work.; The standard deviation from an empirical linear relationship ob
tained by least-squares fit through the data was ±4.7 g/cm2 yr and was less than from a more
sophisticated curve based on densification theory. Equally small standard deviations were ob
tained for regression analysis of accumulation versus velocity Vx of the velocity vs distance curves,
at fixed distances from the shot point. This information is far more readily obtained than velocity
at a fixed depth. Results for x = 50 m, 100 m and 200 m have been presented, the distance of 200 m
giving the smallest standard deviation (+4.5 g/cm2 yr) in the accumulation rate (Fig. 67). ;The ap
parent velocity Voqq at tne surface corresponds in this area to Vp at about 40-m depth.;
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Figure 67. Accumulation rate as a function of the P-wave

velocity Vs at a distance ot 200 m. (From Behrendt.")
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Crary54 has even extracted average accumulation rate from the area of worst scatter, the
Victoria Land Plateau, by averaging temperature and density gradients dp/dz obtained from veloc
ities for the 25-m level (p = 0.6 g/cm8) and applying densification theory. In earlier work by Robin
the depth-density data obtained from seismic refraction were used to test densification theory.;

A still further and highly promising method for obtaining the accumulation rate from seismic
data has been developed by Bentley29. It is based on the time intercept tQ of the straight section
of the travel-time curve corresponding to propagation in the fully densified ice at the depth of maxi
mum penetration. ;The time intercept is obtained from long refraction lines directly, or by means of
the travel-time difference of surface-reflected waves (p. 91). It is a measure of the total travel
time through the region of firn densification and is small when the density increases rapidly with
depth (high temperature and low accumulation rate), and vice versa. Byleast squares analysis a
temperature dependency of

tjj'. = tQ + 3.42 (T + 26.1) (87)

has been found, where t'Q is the time intercept corrected to the temperature of -26.1°C. The re
gression line has then been forced through the point from Byrd Station, the only place where fully
reliable information on the accumulation rate a is available, yielding

a = 14.4 + (2.91 ±0.17)(tQ - 46.1) g/cma yr.; (88)

Bentley's conclusion is that a long-term mean accumulation rate can be estimated more accurately
from this formula than from pit measurements, provided it is possible to recognize anomalousvalues
of tn.; A deviation can be caused by anisotropy or by the effect of strain.

There appears to be a systematic difference in depth-density and therefore depth-velocity re
lationships on shelves and glaciers compared with inland plateaus which are to a large extent re
lated to horizontal strain." 18° Crary et al.53 have been able to correlate the firn densities at 40-m
depth obtained by seismic refraction profiles to strains on the Ross Ice Shelf. A deviation from
the ideally horizontal velocity structure almost universally found has also been reported on this
shelf.;

The increase of density and velocity with depth is less regular at temperatures close to the
melting point than in polar snow. This is due to the infiltration of meltwater from the snow surface
when melting occurs or when it rains. Ice layers form at various depths, some thick enough that
they may be picked up by refraction.160 The depth-velocity diagram of Figure 63a from the Hubbard
glacier is a typical example for temperature very close to the melting point. The correlation be
tween travel time at a fixed distance and firn facies in Greenland has been discussed by

Brockamp.86 S7

On truly temperate snowfields there is always some water present at sufficient depth below the
surface, the amount depending on the season. No unequivocal density-velocity relationship exists
because of the presence of the liquid phase. A velocity of Vp = 3000 m/sec has been reported

from brine-soaked snow on the McMurdo Ice Shelf,15 which is the only record known to the author
of the velocity in dense snow saturated with liquid. Since the snow is saturated with water at the r
transition zone from snow to glacier-ice on temperate glaciers it would be interesting to know more

about the velocity in such a material.* Joubert106 has found the water table at a depth of 33 m on
the neve of Vallee Blanche in the French Alps, and the water-soaked layer was only about 3 m

thick. The glacier ice below contained less than 1% of water. Thicker water-soaked, layers have
to be expected on larger snowfields with no crevasses, however.

* See ref. 56a,

158
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Frozen ground

Barnes9 has summarized the application ofthe refraction method on frozen ground in his review,
Geophysical Methods for Delineating Permafrost. Probing for permafrost bodies in unfrozen strata
or for unfrozen material in permafrost is one of the foremost applications of the refraction method in
frozen ground environment. The principle of the method is based on velocity differences which de
pend on the frozen or non-frozen state of interstitial water. No such effect is therefore found in dry
material. The frozen state, and not temperature, controls the velocity differences, so that the low
velocities may persist at temperatures considerably below 0°C in the case of saline interstitial
water or in very fine-grained rock, where the freezing point is lowered by interfacial forces.

The depth to the frost table can be measured ideally by seismic refraction as shown in early
Russian investigations and by Swartz and Shepard.174 It may frequently turn out in practice, how
ever, that simple probing rods are much more economical when the permafrost table is shallow.
Barnes estimates that the seismic method may become competitive at depths below 1.8 m. Using
delay-time techniques the thickness at each geophone location can be determined for each shot.
Proper care has to be taken to place the geophones under comparable local conditions, such as are
offered by the centers of fines in patterned ground.162168 In addition to determination of thickness,
velocity changes in the thawed surface layer may be successfully interpreted to yield other informa
tion, as in the case of agroundwater layer above permafrost (Fig. 68). In areas of discontinuous
permafrost it is usually possible to identify the frozen bodies, especially in the case of unconsoli
dated deposits, but it may not always be possible to distinguish them from bedrock, frozen or
nonfrozen.

The bottom ofthe frozen layer cannot be determined by the refraction method and likewise
talik cannot be identified.

Various attempts tomeasure the thickness offrozen unconsolidated deposits on bedrock have
been made with variable success. The best results were probably obtained at very low temperatures,

TOO" 200 300 400 500 ft

0 30 60 90 120 150 m
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Figure 68. Seismic travel-time curves near Fair-
banks, Alaska, from a refraction profile on 4 6 m
ot dry alluvium, overlying about 12 m of water-

saturated sediments above permafrost (Vp =

3280 m/sec). (From Barnes.9)
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where the permafrost extends far down into the bedrock, as in the Thule area.162 16S Figure 69
gives an example, in this case with 30 m of ice over the frozen till. Second arrivals could fre
quently be identified very- shortly after the first arrivals due to the'rapid decay of the latter (p.

91). Figure 69c shows a typical example of such a record. The best results were obtained when
two shots were fired, a strong one for first arrivals and a weak one for the later events. (On one
occasion in the Thule area the second arrival was identified as a wide-angle reflection rather than
a refraction signal, where the underlying bedrock was'shale with a lower velocity than the frozen
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a. Time-distance curves from soundings through ice and frozen ground
to bedrock near Thule, Greenland. Light solid and dashed lines show
first approximation with topographic and top-layer corrections. Heavy
dashed and dotted lines show alternative, and more elaborate, inter

pretations.
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b. Interpretation of the travel-time curves of Figure 69a with wave fronts originating at A and E
showing as index numbers the time, in millisec, elapsed after the shot. The solid, dotted and

light dashed interfaces represent different interpretations.

Figure 69. Refraction soundings through frozen ground to bedrock. (From Roethlisberger.162)
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Figure 69 (cont'd). Refraction soundings through frozen ground to bedrock. (From
Roethlisberger.162)
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pretations of refraction data in the Thule

area. (From Roethlisberger.165) .

ioutwash (p. 83);] The rapid decay of the perma
frost wave has also been reported by Barnes and
MacCarthy8 at the much higher temperature of the
Fairbanks area where the permafrost was about
24 m thick. The pronounced damping of the perma
frost wave in the Thule area is much more remark

able than on thin permafrost, since one would ex

pect the maximum velocity layer to be quite thick

and the velocity gradient at the top of the inver
sion to be very small indeed from temperature

alone. The fact that there was only about 50%
i saturation in the TUTO permafrost tunnel178

while it is 100% at the frost table a short distance

above implies a large gradient of ice content and

thereby a relatively large negative velocity gradi
ent with depth.

The rapid disappearance of the permafrost
wave makes accurate velocity determinations
sometimes quite difficult and leads to consider

able uncertainty in the depth results (Fig. 70).
The possibility of the presence of ice bodies makes
the interpretation even more uncertain.

At temperatures close to the melting point and in areas of discontinuous permafrost the inter
pretation of the seismic data becomes more difficult because of velocity variations in the uncon-.
solidated deposits. This is particularly true when the latter consist of fine-grained material. A
refraction surveyfor placer deposits in the Fairbanks district by L.D. Leet and H.G. Taylor in
193898 was not successful because ofthe above reasons and because of the small velocity differ
ence between frozen muck and gravel and the [underlying schist bedrock. Even in thawed areas the
accuracy was low because of deeply weathered bedrock, probably due to former frost action.
Barnes and MacCarthy9 and Sellmann170 carried out successful refraction soundings in selected
spots.

Bush and Schwarz42 have found that the effect of thin zones of frozen material jin the overbur
den upon the seismic data is small, but the effect of thick zones is much larger. They have been
able to outline generally the lateral limits of areas of moderate to thick lenses of frozen overbur
den, based onthe observations that high-frequency, high-velocity early arrivals attenuate rapidly
into lower-frequency, lower-velocity energy, and that the total times from reversed refraction pro
files are not the same, indicating that the waves travel along different paths depending upon the
direction traveled. The early refraction arrivals from frozen ground were usually of higher fre
quency (in excess of 30 Hz)than those from bedrock (less than 20 Hz). Depth to rock calculations
through frozen overburden have been found to be reasonably accurate but generally less accurate
than those made over unfrozen overburden.

Bell" has measured the thickness of the dried-out surface layers in an ice-free area of McMurdo
Sound, Antarctica, by refraction, and has used the results to estimate the minimum age of a moraine
from assumptions about the diffusion of water vapors through till.

It canbe concluded that the refraction method cannot be generally recommended for mapping the
bedrock surface under frozen unconsolidated deposits, but that a survey may prove useful if care
fully cabledout under favorable circumstances. The accuracy of a refraction survey is hard to
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assess because of the decreasing velocity with depth: the velocity determined by refraction in the
horizontal direction at the top of a layer is higher than the average velocity of the waves going
across the layer. A strong anisotropy has further been reported98 with an effect in the same sense,
both resulting in a larger computed depth than the true one. Particular care has to be taken with
the interpretation when there is a chance of an unfrozen unconsolidated layer between frozen ground
and bedrock.
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SURFACE WAVES AND WAVES IN THIN FLOATING ICE

Surface Waves

Two types of surface waves are mentioned in textbooks: Rayleigh waves showing a retrograde
rotational motion of particles in a vertical plane in the direction of propagation, and Love waves
showing particle motion in a transverse direction in the horizontal plane. No Love waves exist in
an infinite homogeneous medium with a free surface. In layered structures both types of surface
waves are dispersive. Vertical geophones are insensitive to the Love wave motion, but pick up
the Rayleigh waves; for a study of their complete motion the horizontal longitudinal component
must also be measured, however. Rayleigh waves have been investigated in some detail by
Jobert97 and Bentley et al.20 on the Greenland ice sheet. Bentley found some systematic deviation
between observation and theory of dispersion, while Jobert obtained an excellent fit. She has
described an additional surface wave showing rotational particle motion in the opposite sense to

the Rayleigh wave, arriving before the latter. A compressional pseudo surface wave has been re
ported from the Ross Ice Shelf by Robinson,158 who has explained it by constructive interference
of low-frequency (25 to 35 Hz) components of multiply surface-reflected compressional waves. A
corresponding wave train is absent on the records from the polar plateau because of different
characteristics of the wave guide.

No practical use has been made of the surface waves since the information which might be
gained on the parameters governing them is more readily obtained by refraction. It might neverthe
less be feasible to study near-surface anisotropy (or with very low frequencies, even anisotropy
at depth) by means of surface waves.5 6 Robinson158 has indeed been able to show a significant
difference between Rayleigh wave dispersion on the Arctic Plateau and the Ross Ice Shelf. While
an isotropic model was satisfactory in the first case he had to assume about 20% of anisotropy on
the shelf. (His other statement, that the base of the wave guide would be deeper with lower veloc
ities in the vertical than in the horizontal direction.is not correct; see p. 90). Anisotropy effects

have been observed by Robinson for the Love wave also. ^

In regular seismic work, the surface waves can become detrimental when they are strong and
not much attenuated, as on the high Antarctic Plateau at temperatures below -30°C. Robin156 has
discussed the general conditions under which a strong energy transformation from P- to surface
waves may occur.

Surface waves can be propagated as flexural waves when a thin, high velocity layer overlies
a low velocity medium, a typical condition in permafrost. Attempts were made to use flexural-wave
dispersion to measure the thickness of frozen alluvium near Fairbanks, Alaska55 98 but no satis
factory interpretation was possible. Dispersion measurements require that uniform permafrost
thickness and elastic properties extend for such long distances that the method does hot provide-
sufficient resolution for most site selection problems.9 The basic problem is similar to that of
flexural waves in floating ice in the following section.

Waves in Thin Floating Ice

The theory of waves in a thin floating ice sheet (sea, lake and river ice) has been treated for
an isotropic infinite plate,59 61 14° 151 as well as for an anisotropic (transversely isotropic) infinite
plate,56 and experimental work has been done on lake and sea ice.* The simpler of the many

* Ref. 4, 38, 48, 50, 59, 60, 93, 148, 151.
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Figure 71. Dispersion curves of the lowest modes of elastic wave propagation in sea ice.
(From Anderson.6)

different waves that are theoretically possible are presented in Figure 71. Only a few are of prac
tical interest: those which can easily be observed with commercially available equipment. Low-
frequency or preferably wide-band seismic equipment is needed. At verylow frequency (when in
vestigating the waves related to moving vehicles) special deflectometers havebeen used.4

The waves that can easily be identified are described on the following pages.

Body waves

The P-wave can be measured only at relatively high frequencies and short distances. In pack
ice about 3 m thick it has been observed to a distance of 90 m. The velocity of the S-wave is the
same as that of the SH plate wave, which can usually be measured to greater distances. Body
waves can serve to determine elastic parameters.; They tend to give selectively high velocities,
because the wave traveling in the layers with the highest velocities will arrive first.; Body waves
are also measured in most ultrasonic tests.

Plate waves

The compressional (longitudinal) plate wave of velocity VpL = y/E/p (I-*/2) (eq 9),
is the first event on the records at longer distances. On 3-m-thick pack ice it showed frequencies
of about 100 Hz at 100 m from the shot point, and 25 Hz at 1000 m. A horizontally polarized shear
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wave Sj/ occurs as a plate wave (isotropic media: Vs = VG/p ); it canbe excited strongly by
a hammer blow to a vertical pit wall, the string of geophones being laid out in the direction of the
wall. The plate-wave velocities are averaged over the thickness of the plate, probably weighted
in favor of the faster velocities.

Flexural waves

The flexural waves are dispersive. The relation between the flexural wave phase velocity
and the elastic constants is59

syKsp -$i1 +

where C = phase velocity ,

h = thickness of ice

/ = frequency of wave

Vpl ••= velocity of compressional plate wave

g • = • acceleration of gravity

\Q = C/f = wavelength
pi = density of ice

pw •= density of sea water

Vw = velocity of sound in water.

The group velocity U is related to C by:

U=C+(M\dc/d|) . . (90)
Long trains of flexural waves are produced by placing the charge under the ice.; While observed
dispersions (velocity vs frequency) agreed well with computed ones on lake ice, a considerable
discrepancy existed on sea ice. Part of the discrepancy is probably due to anisotropy,5 but
there is another reason. In flexural waves the elastic behavior of the entire sheet is important

again, as in plate waves. However, in the flexural deformation a layer close to the center is in a
neutral position, and the elastic reaction of the layers above and below is more important the
further away the layers are from the neutral surface. Therefore the top and bottom layers of the
ice have a much larger weight in the average elasticity controlling the flexural waves. The same
is true in the case of flexural strength, and the flexural waves are therefore well suited to deter
mine elastic parameters when the bearing capacity of ice is concerned. Determining the ice thick
ness from dispersion data and measured plate velocity is less satisfactory.

Air-coupled waves

These waves are a special type of flexural wave which are strongly excited by shooting at
the ice surface or in the air. They consist of a train of vibrations of constant frequency preceding
the arrival of the air blast. The frequency is found from eq 89 by setting C = Va, where Va is the
velocity of sound in air. (The gravity term can usually be neglected.) The frequency of the air-
coupled wave is easily measured, and so are the other parameters of the equation. If Va is not
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Figure 72. Elastic waves produced in sea ice by a surface explosion. (From Hunkins.95)

directly observed, it may be computed from

V*a = 331 + 0.60 T (m/sec) (91)

where T = air temperature in °C. Other parameters are (for the Arctic Ocean): Vw = 1440 m/sec,
p^/p2 = 0*878, and Vpi varies, usually between 2000 and 3200 m/sec. If a fair estimate can be
made of Vpi,, then it would be sufficient to observe the frequency of the air-coupled wave to obtain

the ice thickness. The method might be used to determine ice thickness from the air if a simple
radio-equipped geophone could be air-dropped and a bomb were exploded at an appropriate distance.
When used on the ground, the air-coupled wave is better suited to determining elastic parameters
in flexure than ice thickness, as pointed out for the regular flexural waves. The length of the train

of air-coupled waves depends on the distance from the shot or from open leads between shot and
station. A record with typical flexural and air-coupled waves is given in Figure 72.

Reflected waves

A strong pulse at distances very many times the ice thickness has been observed on the float
ing ice island T-3.50 It is known as the SV, or Craryi wave, and it appears shortly after the compres
sional wave with an almost constant frequency which was found to increase very slightly with time;
a phase velocity close to VPLi was measured. The occurrence of the wave has been explained by

constructive interference of Sy waves which are totally reflected at the upper and lower boundaries

of the ice sheet at the critical angle y, where siny = V*s/V> . The frequency / is simply related to
the ice thickness ft by the equation:

ft = Vs
/cosy

(92)

The explanation of the Crary wave by multiple Sy reflection (more correctly P refracted as Sy and
then multiply reflected) leaves the change of frequency with time unanswered, and it is therefore
more likely that interference of multiple converted reflections of type PS occurs. This question
should be more closely looked into.; Very strong single and multiple PS reflections of ultrasonic
pulses have been observed in a lake ice sheet (Fig. 73). In this case the lake ice was used for
seismic model studies in an anisotropic medium."7
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Figure 73. Multiple converted reflections (PS) of ultrasonic pulses in
lake ice. (From Roethlisberger.167)
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SOME SPECIAL APPLICATIONS OF ELASTIC WAVES

Elastic waves have applications other than standard seismic surveys* Different, frequencies
can be used in various ways. Some special techniques and applications have been mentioned in
relation to seismic methods. A few further procedures and experiments are described in the fol
lowing paragraphs.

Echo sounding

Soundings by meansof repeated sonic or ultrasonic pulses have become a standard technique
for measuring water depth, and by using specific pulse sources it has been possible to penetrate
lake and ocean bottom sediments as well. There is no reason why the method should not work on
shallow ice, but there has been no need for much effort in this direction so far, since mechanical
drilling is adequate for small depths. The use of high frequency sound waves at greater depth is
limited by attenuation, which increases rapidly with higher frequency, as shown by Westphal.191

Akimov2 has given examples of the successful use of echo sounding techniques in perma
frost, in particular for delineating subaquatic permafrost on the shore of a lake.

Only the top of permafrost furnishes reflections. There is no sharp boundary at the lower sur
face. The shorter waves of the echo pulses are therefore even less likely to be reflected than
regular seismic waves.

Well-logging by ultrasonic pulses

The measurement of travel time of ultrasonic pulses over fixed distances is one of a number
of commonly used procedures in well-logging.; It can be a particularly powerful method to distin
guish between the frozen and unfrozen state of the soil or rock.2 56 Information can be extracted
not only from velocity, but also from attenuation characteristics.

Glacier-flow studies by an ultrasonic pulse technique

The basic idea developed by Millecamps and Lafargue118 126 127 is to install ultrasonic ceramic
transducers permanently in the ice. They serve alternately as transmitters and receivers, and the
travel time between pairs of them can be measured. The positions of the transducers within the
ice can be found from travel-time measurements if the transducers are placed on a suitable grid,
and provided that the elastic wave velocity (V» is constant or changes with direction and location
in a regular fashion. Changes of travel time can be interpreted in terms of displacement of the
transducers, ue. ice deformation, and possibly changes of velocity, when the survey is repeated
after a given period of time. The French research group has installed their transducers on an Al
pine glacier in four vertical drill holes forming a rectangular column in order to obtain a simple
cubical grid. The side of their unit cell has been 10 m, and they have estimated that changes in
length of the order of 1 cm could be detected. The evaluation has been found to be extremely
cumbersome, and no final report seems to have come out.

Satisfactory results were obtained in Greenland with a similar technique in the much simpler
two-dimensional case of ice flow around a rectangular ice tunnel by Roethlisberger.164

Acoustic surveys of the frozen zone around a freezing shaft

Travel-time measurements are well suited for observing the progress of artificial freezing for
excavations in unstable ground as demonstrated by Muller.150 He has used blasting caps as a
source and well-geophones as receivers and has placed charges and geophones at variable depth
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in drill holes to measure velocities in the horizontal direction. A favorable geometrical setup is
described. The correlation between velocity and strength is discussed in a later paper.183

It is conceivable that ultrasonic techniques similar to those used for glacier flow studies,

where the inexpensive ceramic transducers can be left in place, could be adapted to the above

problem of observing the extent of freezing shields. Too strong an attenuation of the pulses might
be a major obstacle, however.

Attenuation measurements have been scarce. ;• From the little information available it seems
nevertheless possible to gain some insight into the structure of the materials penetrated by elastic
waves by interpreting attenuation. Westphal191 has been able to correlate the dependency of atten
uation on frequency with average grain size in ice, using small explosions as a source and a pres
sure transducer in a water-filled drill hole as a pick-up. The Russians are making use of the fact

tthat the frozen or non-frozen state of soils has a much stronger effect on attenuation than on vel
ocity. Furthermore they are relating attenuation to heat conductivity.2 196

Particle motion has been investigated occasionally in relation to surface waves and flexural
waves. Furthermore a systematic deviation of the direction of particle motion has been reported
for body waves from the very early seismic work on glaciers with mechanical seismographs. It
was attributed to ice structure.72

Continuous seismic waves

Johnson and Fischer99 have experimented with continuous seismic waves (CSW) excited by
special transducers in ice and permafrost, measuring velocities of elastic waves by observing
phase shifts with distance, and observing attenuation.; In addition they have observed transmission
of pulsed waves. It seems that only shear waves and very slow surface waves, possibly related to
surface conditions, have been observed, contrary to the interpretation given by the authors, which
is unacceptable. The attenuation figures given are therefore useless, since it is not known to
which mode they apply. The investigation shows that this type of work is extremely tricky since
not only P- and,S-waves but also various types of surface waves must be considered.

Some elastic wave pulses in ice have a natural origin, such as the formation of cracks.
Vibrations related to cracking may be clearly heard on glaciers in cold weather in the fall when
the surface freezes, and they may be sufficiently abundant to interfere with seismic work.

A different type of tremor has been investigated on a glacier in Spitzbergen by Oelsner.139
This work was done in summer, when thermal crac&ing must have been scarce or missing, at least
at the lower station. Pulses of 0.3 to 0.5 sec duration showing a predominant frequency of 60 Hz
(probably a local resonance phenomenon?) were observed, presumably originating from cracking
related to the flow of the glacier. Pulses were counted at three stations over part of the month of
August, and the frequency of the occurrence of the pulses was analyzed using pulse rates per
three-hour period. With autocorrelation methods the pulse rate was not only correlated to tempera
ture, but also to water discharge from the glacier. This is interpreted to indicate jerky motion of
the glacier depending on water lubrication at the bed. The way the statistical methods are applied
is subject to severe criticism and the conclusions reached are therefore highly questionable.
Doubtless there is a strong diurnal variation of pulse rate with a certain time lag as compared to
temperature, which may mean that a diurnal variation of glacier motion related to meltwater v-



112 SEISMIC EXPLORATION IN COLD REGIONS

drainage causes a daily variation of the intensity of surface cracking. Further investigations in
this field would be of interest. (For a detailed account of further work see ref. 56a.)

Tremors in sea ice have also been observed.51 They are probably caused by pressure from

moving pack ice.
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•• "-APPENDIX A: COMPUTATION OF'-RAY VELOCITY AS A FUNCTION OF DIEECTION"

•FOi ttMSAXBALLY ANISOTROPIC RflEDKA

(Roethlisberger167) ,.

The problem of the propagation of elastic waves in anisotropic media was mathematically

treated by Rudziki as far back as the end of the last century and, more completelyVin 1911. More
recent treatments followed by Musgrave,131 132 Miller and Musgrave, Postma, Helbig,86 Buchwald,
and Gassmann.70 Beryl, which is very similar to ice in its elastic anisotropy, is often used as an
example for hexagonal symmetry, i.e. uniaxial anisotropy.

Helbig's presentation served as a guide to set up programs for a Bendix G-15D electronic
computer.* The following equations were used to compute ray velocities from the elastic constants

Cll° °33' C44* C12 and C13 and the densitv P* witn c66 '= ^°11 ~ G12^2' A = C13 +'C44» B = Cll~
c44. C = c33»c44 and E2 = BC - A2:

.(1)2
P.Z+ _£_

CAA44

(1)2

'66

,(2)2

.(2)2

.(2)

CwW+Aw^2

AcAA +(c,'cnn - c2 - A2)w^ 4- Ac
'44 11 33 44 '44

(2)2
IV

A+BwW
Ac a- (r r —r2 _ 42W(2) , Ac w(2)2
^C44 + VC11C33 C44 ' +/1C44»V

(2)
44

><*> = ni8) C44 +

C +2AwW + Bw(2)2

£2^(2)2

C +2Aw^ + Bw^2

CwW + Aw^2

j_

Vp

.(3)2

,(3)2

,(3)

,(3)

AC33 +(CUC33 -C2,+A2)w^+AcnW^2

A + Bw(3>

Ac33+(C11C33-C44+A2)iy(3)+Acll
(3)2

= n
(3)

Cll" l
C+ 2AwW +Bw^2 ly/p

.(3)
C33 ~

E2w^2

C + 2Aw^ + Bw^2 J VP\.y/B

(93)

(94)

(95)

(96)

(97)

* Some misprints were discovered in his paper. The second line of his equation 74 should contain C33 in
stead Of ci\. In equation 75, c^ should replace C44 in the numerator and [B <= (E^/c^)] replace [B +
(E2/C44)] in the denominator, and the whole expression must be multiplied by C11/C33.
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The expressions zV and Zg are components of the ray velocity in cylindrical coordinates, where
z^ is parallel to the crystallographic c-axis (nx and n3 are similar components of the index
vector). The index it i = 1, 2, 3, corresponds to three Different types of waves, namely (1) a true
shear wave Sx polarized perpendicular to the plane through the ray and c-axis, (2) and (3) a quasi-
transverse wave S2 and a quasi-longitudinal wave P respectively, polarized in the plane through the
ray and the c-axis. The parameters w(2) and w(3) can be arbitrarily chosen and vary in the inter
val 0 .< W(lJ < oo.
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APPENDIX B: VARIOUS METHODS FOR DETERMINING ELASTIC AND SEISMIC

PROPERTIES OF ICE, IN PARTICULAR THOSE APPLICABLE ON FLOATING

ICE SHEETS

(From Anderson4)

Elasticity — Methods of Measurement

/. Laboratory (Small Scale) Methods
A. Static determinations — stress-strain re

lations measured directly

1. Linear extension, contraction, and

"bulging" due to load

2. Volume change due to confining
pressure

3. Bending or flexural tests
4. Torsion or twisting

B. Dynamic determinations
1. Natural (resonant) frequencies of

transverse, torsional, flexural, and
longitudinal vibrations

2. Direct seismic velocities through

small samples

//. Field Methods

A. Static

1. Deflection of beam, plate, edge or
sector under a load.

(a) Measurement of deflection
(b) Measurement of "wavelength"

of deflection

(c) Measurement of deflection
dish profile

(d) Measure to maximum moment
(breaking point)

B. Dynamic.
1. Moving load

(a) "Wavelength" of deflection
(b) Wave shape

(c) Amplitude of deflection

(d) Resonance curve, critical vel

ocity

(e) Flexural wave dispersion

(0 Forced vibration of sheet to

obtain resonant frequency

2. Seismic measurements

(a) Velocity
(1) P wave
(2) S wave
(3) Surface and flexural

waves

(b) Dispersion and frequency
measurements

^ (1) Flexural wave disper
sion

(2) Air-coupled flexural
wave frequency

(3) Multi-reflected' waves

Internal Friction - Methods of Measurement

L Laboratory Methods
A. Decay of oscillation of freely vibrating

specimen
B. Sharpness of resonance curve under forced

vibration

C. Heat produced when specimen taken around
a stress cycle

D. Attenuation of stress wave when it travels

through a solid
E. Spreading of a stress pulse as it propa

gates

F. Viscoelastic dispersion of seismic wave
G. Viscous coupling
H. Phase lag of strain to stress on cyclic

loading
I. Dynamic stress-strain measurements

//. Field Methods

A. Deflection measurements

1. Decay of free oscillation-sudden load
ing and unloading

2. Amplification at resonance

3. Forced vibration of sheet to obtain

natural frequency, damping and shape

of resonance curve

(a) Vibrator
(b) Moving load

4. Sag of sheet under load, recovery
after load removal

B. Seismic

lv Attenuation, spreading and shifting of
pulses
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APPENDIX C: SPATIAL SOLUTIONS FOR REFLECTION SOUNDINGS

Analytical Method for an L-Spread on a Gently Sloping Surface1

The method is based on the assumption that the reflections come from a plane rock surface.
The extended ray paths of the reflected waves to all geophones intersect in a point which is the

mirror image of the shot point with respect to the reflecting plane. The reflection times of three
geophones are used for the analysis, say the ones at the apex (G0) and at both ends of the L-
spread (Gu, Gv), of which the horizontal projection is rectangular. It is assumed that they are set
up on a fairly level surface. An approximately rectangular coordinate system (u, v,w) is introduced
with the origin in G0. and the u and v axes through Gu and Gv respectively. The rectangular co
ordinate system (x, y, z) has the same origin G0, vertical z-axis, and x and y are the horizontal

projections of u and v respectively. The following additional symbols are used (Fig. Cl).

S =' shot point

P = image shot point

R = reflection point

c = distance G0GU = G0GV

8U = angle from x to u measured in the (x, z)-plane = slope of u-axis, positive for
down-slope

angle from y to v measured in the (y,z>plane = slope of y-axis, positive for
down-slope

distance between 0 and S

distance between 0 and P = VtQ
distance between Gu and P =. Vtu

distance between Gv and P = Vtv

velocity Vp or Vs (for converted PS-reflections see below)

8V =

s =

P =

r =

9. =

V =

COSau -

cosav =

COSa^ =

COSax =

COSay =

cosaz =

direction cosines of the ray G0 RP in the (u, v, w>system

direction cosines of the ray G0 RP in the (x,y, z>system

The direction cosines of the ray from G0 to the image point P are given by:

p2-r2 +c2 _ V(tu ~to).
cOSau

cosav =

2pc

p2 - q2 +c2 '_ V(tv - t0)
2pc C

COSaw = \/l - COS2au - COS2av

(98)
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Gu= Gi
Gv= G2

APPENDIX C

a. 3-dimensional space diagram for reflection cal
culations when using an L-shaped geophone spread.

b. Diagram for calculating
the position of R.

c. Diagram and symbols for calculating an SP reflection.

Figure CI. Diagrams for analytical solution for 3-dimensional reflection soundings.
(Alter Sandstrom169)

if c « p, q, r and | tu - t0\ « t0t or, in the (x,y, z) coordihate system from coordinate transforma
tion, by

cosax = cosau cos5u - cosaw sin§u

oosay = cosav cos§v ~ cosaw sin6V \ . •

cosa. - JT- cos2ax - cos2ay

(99)
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The coordinates of P in the (x, y, z) system are:

Xp = P COSctx

yp = p COScty

Zp = p COSaz

131

(100)

The coordinates of the reflection point R are found from eq 53 and 54, or explicitly from further
geometric considerations (Fig. Clb), based on the common angle of the triangles OSR and OSP.

where

xr = KXp

yr = Kyp

zr = Kzp

* ' P I b* +pc -s*

b2 = (xs-xp)2 +(ys -yp)2 +(zs-zp)2.

p2-s2

(101a)

(101b)

(101c)

(It may be noticed that the shot point enters only now into the computation and not before, ana that
placing it at a certain relation to the spread, i.e. on one of the axes, is only a minor simplification.)
The dip angle 6of the reflecting plane and the direction of the dip <f> are found from eq 55 and 56
(see Fig. 35b).

For the solution of the problem ofthe converted reflection Rsp equation 101a for the reflec
tion point has to be replaced by (see Fig. Clc)

where

and

xr = K'xp

y'r = *'yP

Zr .= K Z„

K' = 1
2a' since Vp = 21^

Kd V\3/Cp/ 3 V K I3Kp V\3/Cp/

with f =p2 - s2 and K from eq 101. For dip and strike an additional point P" is computed:

(102a)

(102b)

(102c)
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where

tp = K Xp

y'p = K"yp

z" = rY"z„

(103a)

• -K" = 1-rl (103b)
../.- •. '.2p .'.;. ' - ••".•' •'.

and dip and direction of dip are computed with eq 55 and 56, where the coordinates of P are re
placed by those of P". Equations similar to 102 and 103 can be developed for Rps.

Graphical Method for 4 Geophones on a Plane of Arbitrary Slope

The projections G^, Gg, Gg, G4 of the 4geophones Gv G2, G3 and G4 form a square in the
horizontal x, y plane in the illustration (Fig. C2), but this is by no means a requirement for the ;
graphical method. With only slight modifications it can be applied to a group of only three geo
phones, which must not be on one line, however. The following is one of many ways to proceed
in the geometrical construction of reflection point, dip and strike. The method is shown in mul

tiple steps, but in practice all the construction can be carried out on a single sheet. The steps
are:

1. Construct the intersection (a) of the plane containing the geophones with the x, y plane;
find the azimuth ^»0, and the slope 6>o of the geophone plane (Fig. C2a).

, 2. Construct in the geophone plane: the true position of the geophones; the intersections of
the spheres/j*r2, rg, r4 with each other and the "square" determined bythe intersections (test
square of Lliboutry graphically solved; it is not exactly a square because the geophones are not
located on a square); and the center C of this "square." Construct further in the plane perpen
dicular to the geophone plane through O and C: the depth g of the image shot point P below the
geophone plane (Fig. C2b).

3. Construct in the plane perpendicular to (a) through C: the new position of P and the inter
section of this plane with the x, y plane, read zp; construct the projection P' of the image point in
the x, y plane, read x^ y , (Fig. C2c).

4. Plot S" (xs, ys) in the x, y plane and indicate the direction <f> of the dip = direction (P'S');
construct the true distance ST in a vertical plane through S' and P' and indicate the dip angle 6
(Fig. C2d).*

5. Determine the true distance OS in a vertical plane through O and S'. Construct the tri
angle OSP in the tilted plane containing the three points from the true lengths, and find R at the

intersection of OP with the median perpendicular to PS. Find the coordinates of R, zr in the
vertical plane through O and P', xr and y> in the x, y plane (Fig. C2e); plot strike and dip at the pro
jection R'.

* S is in no way related to the geophone array and can therefore be chosen in a survey, without complication
for the graphical solution as presented here.
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Figure C2. Graphical solution for 3-dimensional reflection soundings. (Explanations see text.)
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APPENDIX D: GLOSSARY

(Pratt150)

The technical terms used in seismic work need explanations, both for the bentfit of the layman
who has not the least idea what any of them mean, and also for the expert who knows only too well
that different writers use them with different meanings.

Arrival

Arrival correction (ATa)

Arrival velocity (7a)

Camera

Central geophone

Central ray

Central time (TQ)

Channel

Correction

Direct wave

Dip

The first arrival of a pulse of seismic vibrations at a geophone. As
there are many possible routs by which a pulse can travel from a
shot to the geophones, one shot will give many successive arrivals;
the very first of all these is termed the "first break."*

The arrival itself is rarely measurable on a record; some later event
nearer the middle of a pulse of vibrations has to be measured. The
arrival correction allows for the difference in time between these

two. [See ref. 150, Pt. II, Sect. 2.2.]

The velocity with which a single pulse of vibrations travels along
a line of geophones.

The part of the apparatus which actually produces a paper record
photographically. It comprises far more equipment than the purely
photographic device suggested by the name.

A geophone very close to the shot point, and intended to record re
flections like all the others. It is very rarely used in the field, but
appears mainly as a useful concept in interpretation. Not to be con
fused with the up-hole geophone (q.v.).

A ray from the shot which is reflected back along its own path so as
to be recorded by the central geophone.;

The time for an arrival to reach the central geophone

One of a number of identical sections of the apparatus, comprising

one or more geophones, an amplifier with various filters, etc., and

a galvanometer with optical parts in the camera. , >

An adjustment made to a time read from a record, so as to bring it
into line with the idealized conditions envisaged during interpreta

tion. Positions of geophones and of the shot may also have correc
tions applied to them for the same reason.

A wave which goes from the shot to a geophone without going deep
enough to encounter a refractor, that is, a bed at the top surface of
which abrupt refraction can occur. Although it therefore always re
mains comparatively close to the surface a direct wave has rio con
nection with surface waves (q.v.).

This differs from the geological usage, which normally means the
angle at which a bed or surface slopes down, measured in the direc
tion for which the slope is steepest.; In seismic work the dip does

not usually mean this greatest value of the slope, but a lesser one
measured in a plane normal to the bed and which contains the geo

phone line.

* Not in this Monograph, where "first break" is used for the onset of a signal.
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First break

Geophone

Geophone string

Intercept time (Tj)

Jumper

Line

Mix

Moveout

Multiple geophones

Noise

Offset

APPENDIX D

The very first arrival of a pulse of vibrations at a geophone. It al
ways corresponds to a ray which has suffered refraction but no

reflection. (See footnote on p. 135.)

A device for converting seismic vibrations into electrical oscilla

tions. A common design resembles a moving coil microphone in

principle, but is made for much lower frequencies.

A set of geophones permanently connected together by lengths of
wire.

An extrapolated and hypothetical arrival time for the central geo

phone position beside the shot point. The extrapolation is carried
out from the times of refraction arrivals recorded by more or less

distant geophones.

A short length of cable with plugs, sockets or clips on its ends so
that it can be inserted into the apparatus to make a connection that

is only occasionally required.

A line marked out with a series of positions for geophones and shot

points, so designed as to be covered continuously by a succession

of spreads.

The combination electrically of the outputs of two or more channels.
The apparatus provided for several different ways of doing this mix

ing, the one required being selected by a switch. Mixing seeks to

achieve the same sort of effect as the use of multiple geophones

(q.v.), and has the advantage of easy control by a switch. Its dis

advantage is that relatively few kinds of mixing can be built in to

the apparatus, and that far better results can consequently be ob

tained by multiple geophone arrays designed on the spot to suit
local conditions.

The increase in time needed for a reflected pulse to reach a distant
geophone as compared with one at the shot point;

A group of geophones all connected to the input of the same channel^
the group is usually wired up into a permanent geophone string (q.v.)
with a single pair of connectors brought out, so that the whole lot can
be treated as a single unit. The object is to lay out the geophones
forming the group in a suitable pattern so as to strengthen the re
ception of a reflected seismic pulse more than the reception of noise.

Unwanted vibrations which tend to cover up reflections and refrac
tions on a record, and which make the important arrivals difficult

to pick. This term describes something closely analogous to noise
in a street or a crowded room, which makes it difficult to hear faint

but interesting sounds.

The horizontal distance covered by a seismic ray which is not fol
lowing an interface between two layers. For example, the horizontal
distance between the point where a ray leaves a refractor, and a
geophone where it ends on the surface, is known as the geophone
offset.



Overburden

Peak

Pick

Reflection

Reflector

Refraction

Refractor

Shot point

Shot signal

Spread

Spread cable
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The medium lying on top of a seismic reflector or refractor. Quite
often the term refers to a. simplified version of the true medium - for
instance, an imaginary bed having the same dimensions as the real
overburden but with a constant velocity throughout. In such a case
the constant velocity is in the nature of an average of all the vel
ocities in the real overburden, its value being chosen so as to re
produce some important seismic property; this average is termed the

"overburden velocity" VQ or Vif it is especially desired to empha
size that it is an average and not anything physically real.

A point on a record where a trace rises towards the top of the paper
andthen falls again. Depending on the type of geophone and the
rest of the circuit it may represent the instant when the ground is
moving down fastest, when it has its greatest upward acceleration,

or some other such situation.

To choose an event or series of events on a record with a view to

measurement and interpretation of their significance.

Three meanings are current, (i) The turning back of a pulse of
seismic vibrations when it meets a discontinuity, etc., in accordance

with ordinary ray- or wave-theory, (ii) A system of seismic prospect
ing based on the study of pulses which have undergone reflection in
the above sense, (iii) The disturbance which shows on a record
when a pulse reaches the geophones after being reflected.

A discontinuity or region of rapidly changing properties which is
able to reflect seismic pulses.

Two meanings are current, (i) The bending either gradually or
abruptly of a seismic ray as it traverses regions of changing propa
gation velocity, in accordance with ordinary ray- or wave-theory,
(ii) A system of seismic prospecting based on the studyof rays
which have not undergone reflection.

Two meanings are current, (i) An interface across which abrupt re
fraction can occur, (ii) A bed whose top surface can act as a re
fractor in the first sense.

A position marked on the surface of the ground at which, or under
neath which, an explosive charge is to be fired.

An electrical signal originated by the shot-firing apparatus at the
exact instant of the explosion, and which is used to make a mark of
some kind on the record.

A complete layout of all the apparatus needed to record a shot. In
the case of reflection work, where the shot point is in amongst the
geophones, the shooting arrangements are also included in the
spread.

A long cable containing many pairs of insulated wires, used for con
necting the recording apparatus to the geophones laid out on the
spread. The spread cable incorporates suitable electrical connectors
at the ends and at intervals along its length where the geophones are
placed.
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Surface wave

Take-out

Time break

Time break correction (ATt)

Timing lines

Trace

Trough

Two-way time

Up-hole geophone

Weathering
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A type of wave motion which can only exist in the neighborhood of
a free surface; not to be confused with direct wave (q.v.).

A point along the length of a spread cable at which connectors are
fitted for joining to a geophone.

The mark produced on a record by the shot signal.

On a record times are measured from a quite arbitrary origin; this

correction adjusts the times so as to make them refer to the instant

of firing the shot. [See ref. 150, Pt. II, Sect. 2.1.]

Lines placed right across a record at regular intervals of time.

A line running along the length of a record and which constitutes
a graph of the signal passing through one channel, or of mixed sig

nals from two or more channels.

A point on a record where a trace falls towards the bottom of the
paper and then rises again. It is the opposite of a peak (q.v.).;

The time needed for a seismic pulse to go from a shot to a reflector
and then back up to a geophone, as distinct from one-way time which

covers only the journey from the shot to the reflector.

A geophone placed close to the opening of a shot hole, and intended
only to pick up the first vibrations which have travelled almost
vertically up to it. No attempt is made to record any later event by
means of this geophone.

A region extending not very far below the surface in which abnormal
ly low seismic velocities predominate. It has nothing to do with the

surface decay as implied by weathering in geology or physiography.
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