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Free Advice

Group study . is strongly encouraged. Interaction with peers and
instructors is very beneficial to your learning and digesting the material.
Make good use of it. Discuss the problems with the TA.

Ask questions. It is recommended that you put in at least 2 hours of
study for each 1 hour of lecture. It is very useful to read ahead, before
the material comes up in the classroom. Feel free to ask questions,
make comments or just express your opinions.

Think . The assigned problem sets present an opportunity for you to
think about and apply the material presented in the lectures and in some
cases to learn new material. Start them early in the week so that you
can think about them and exercise your creative potential. Note that
solving a problem does not only consist of inserting numbers into
equations and crunching out new numbers. Strive for 100% on the
assignments utilizing all the resources and opportunities available to you.
Expanding your mind.  Learning is a process of expanding your mind .
This is attained by developing new connections between neurons in your
brain and strengthening selected neural pathways. Be persistent and
dondét give up when you come to the 1iIn
of you that might be at the beginning, for others the resistance might
increase with time. Hang in there.

Donot Copying.the solutions to assigned problems from other
sources is not only discouraged. It is not professional, it does not reflect
well on you as a future geophyscist and it is detrimental to your
character and professional career. It is an activity that shows disrespect
for you, for your classmates, and for your instructors. If you have
guestions, ask the instructor or the TAs.

If you follow the lectures, keep up with the homework problems, and
ask questions to your classmates, TAs and the instructor, you will be on
your way to mastering the material. Persistence and motivation are the
only prerequisites to success. Make it a game to master new skills and
knowledge. Be courageous in facing new challenges.

Measured objectively, what a man can wrest from Truth by passionate
striving Is utterly infinitesimal. But the strivi ng frees us from the bonds of
the self and makes us comrades of those who are the best and the
greatest. Albert Einstein




INTRODUCTION

Geophysics is an interdisciplinary physical science concerned with the
nature of the earth and its environment and as such seeks to apply the
knowledge and techniques of physics, mathematics and chemistry to
understand the structure and dynamic behavior of the earth and its
environment. The required sequence of Mathematics, Physics and
Geophysics courses is designed to provide a basic structure on which to
build a program with science electives normally selected from Geology,
Astronomy, Oceanography, Mathematics, Physics and Chstry courses.

Geophysics is the science which deals with investigating the Earth, using
the methods and techniques of Physics. The physical properties of earth
materials (rocks, air, and water masses) such as density, elasticity,
magnetization, and electrical conductivity all allow inference about those
materials to be made from measurements of the corresponding physical
fields - gravity, seismic waves, magnetic fields, and various kinds of
electrical fields. Because Geophysics incorporates the sciences ofPhysics,
Mathematics, Geology (and therefore Chemistry) it is a truly
multidisciplinary physical science.

The two great divisions of Geophysics conventionally are labeled as
Exploration Geophysics , and Global Geophysics . In Global
Geophysics, we study eathquakes, the main magnetic field, physical
oceanography, studies of the Earth's thermal state and meteorology
(amongst others!). In Exploration Geophysics, physical principles are
applied to the search for, and evaluation of, resources such as oil, gas,
minerals, water and building stone. Exploration geophysicists also work in
the management of resources and the associated environmental issues.
Geophysics contributes to an understanding of the internal structure and
evolution of the Earth, earthquakes, the ocean and many other physical
phenomena. There are many divisions of geophysics, including
oceanography, atmospheric physics, climatology, petroleum geophysics,
environmental geophysics, engineering geophysics and mining geophysics.
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Geophysi cal Exploration Techniques

Geophysical methods are divided into two types : Active and Passive

Passive methods (Natural Sources): Incorporate measurements of

natural occurring fields or properties of the earth. Ex. SP, Magnetotelluric

(MT), Telluric, Gravity, Magnetic.

Active Methods  (Induced Sources) : A signal is injected into the earth

and then measure how the earth respond to the signal. Ex. DC. Resistivity,
Seismic Refraction, IP, EM, MiseA-LA-Masse, GPR.

Common Applications

- oil and gas exploration

- mineral exploration

- diamond exploration (kimberlites)

- hydrogeology

- geotechnical and engineering studies
- tectonic studies

- earthquake hazard assessment

- archaeology



Table 1.1 Geophysical methods and their main applications

Geophysical Chapter Dependent physical Applications (see key below)

method number property 12 3 4 5 6 7 8 9 10
Gravity 2 Density P P s s s s ! ! s !
Magnetic 3 Susceptibility P PP s ! m ! P P !
Seismic refraction 45 Elastic moduli; density P Pm?©P s s ! I 1 |
Seismic reflection 46  Elastic moduli; density P Pm s s m ! | | |
Resistivity 7 Resistivity m m P P P P P s P m
Spontancous potential 8  Potential differences ' P m Pmmm ! !
Induced polarization 9 Resistivity;capacitance m m P m s m m m m m
Electromagnetic(EM) 10 Conductance;inductance s P P P P P P P P m
EM-VLF 1 Conductance;inductance m m P m s s s m m !
EM - ground 12 Permitivity;conductivity ! ! m P P P s P P P

penetrating radar
Magneto-telluric [l Resistivity s P Pmm ! ! ! | |

P = primary method; s =secondary method; m=may be used but not necessarily the best approach, or has not been developed for
this application; (!) = unsuitable
Applications
| Hydrocarbon exploration (coal, gas, oil)
2 Regional geological studies (over areas of 100s of km?)
3 Exploration/development of mineral deposits
4 Engineering site investigations

Hydrogeological investigations

Detection of sub-surface cavities

Mapping of leachate and contaminant plumes
Location and definition of buried metallic objects
Archaeogeophysics

Forensic geophysics
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CHAPTER 1

FUNDAMENTAL CONSIDERATIONS

- Stress - Strain Rela tionship
- Elastic Coefficients
- Seismic Waves
- Huygen and Fermat principles
- Snell's Law in Refraction

Problem Set 1 1 (1-3-6-8-11)



THEORY OF ELASTICITY

Stress is the ratio of applied force F to the area across which it is acts.

Strain_is the deformation caused in the body, and is expressed as the ratio of
change in length (or volume) to original length (or volume).

Triaxial Stress
Stresses act along three orthogonal axes, perpendicular to faces of solid, e.g.
stretching a bar:

Belore gelormation V, Comprassion
/-
" b
iy f'/"‘f/ |
’ et Extrmion
-F | - F
| , l /
- ' 91\ Taxial
= Afr oelormiion V, strain
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- LeAl mrroemncecsy
Change n volume =AY = Vy =V,
Pressure

Forces act equally in all directions perpendicular to faces of body, e.g.
pressure on a cube in water:
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Strain Associated with Seismic Waves Inside a uniform solid, two types of
strain can propagate as waves:

Axial Stress: Stresses act in one direction only, e.g. if sides of bar fixed:

—— |

R I /

No lateral
strain

1 Change in volume of solid occurs.
1 Associated with P wave propagation
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Shear Stress: Stresses act parallel © face of solid, e.g. pushing along a
table:

1 No change in volume.
1 Fluids such as water and air cannot support shear stresses.
1 Associated with S wave propagation.
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Stresses on a solid in 3 dimensions

X

Stress = Force applied to a body per unit area (s = F/d3.

The stress can be expressed in two sets of components:

-Normal stress (n), perpendicular to the surface of the body (c.f.
pressure) -

Shear stress (t) acting parallel to the surface

of the body For each surface one can define 3 orthogonal

components of stress. The surfaces themselves can be defined as 3
orthogonal components _ definition of 9 components of

stress (direction of the force and direction of the surface on which it acts).

For each body, it is possible to define 3 axes for which shear stresses are
zero and only the normal stresses exist (using geometrical
transformations). These axes are called the principal axes , and the
corresponding normal stresses are the principal stresses
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If all 3 principal stresses are equal, the body is subjected to a pressure
(lithostatic pressure in the case of solid rock).

Pressure = (sum of principal stresses) /3

Conventions for directions:

Stresses towards the /nterior. compression

Stresses towards the exterior. tension (extension, dilatation)

<«<——p
//
P
G, = 0ifi=j
G, =0ifi#]
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Hookeds Law

Hookebs Law essentially states that str
17 Atlowto moderate strains: Hookeds Law a
said to behave elastically, i.e. will return to original form when stress
removed.
elastic range stic
--------- )»:(-----—flf-—_------.).
: deformation
€ s 7
linear E elastic /] T
=1 range limit !
3 Hooke's Jaslure
2 proportionality X
g Limit /
vl /
!
/
/
/
[
¥
i/
/
strain \;’
/
Strain (&)

1 At high strains: the elastic limit is exceeded and a body deforms in a
plastic or ductile manner: it is unable to return to its original shape,
being permanently strained, or damaged.

1 At very high strains: a solid will fracture, e.g. in earth quake faulting.
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Constant of proportionality is called the modulus, and is ratio of stress to
strain,e.g. Yo ungos imtakial btrais.

Elastic Moduli ( Constants)

@ Youngos MdaEd dohgituglinal strain proportional to longitudinal
stress.
E=F/A = D//]/

P
(b) Bulk Modulus ( b)
(K) 7 describes the
change of volume —-V—
due to a change of |‘: v _F"}/
pressure. | < p

K=P +DV/V /"_/' _Lf)




(c) Shear Modulus ( 1 7)amount of angular deformation due to the
application of a shear stress on one side of the object.

1=t/ tan éNote: 1T = 0 in liquids (no
C
—
(c) e
! !
;‘ !
!
o /
! !
! !
i

(d) Axial modulus (Y) 1 response to longitudinal stress, similar to

Youngods Modul us:
Y=F/A = D/// exceptthat strain is uniaxial T no transverse strain

associated with the application of the longitudinal stress.

it
Y

}w A
,{

/N o

W LS )

I+4l
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Relationships between elastic moduli , Lamé coefficients

o

| ,and 1

ANY

I = shear modulus (as foee)

| =first Lamé coefficient (no direct physical interpretation)
Youngobs Medu@lus2i ) =1 717

Bulk modulus: K=l +2/37

Poi ssonodss=Ra?2{ &:)

Lamé 1 in terms of Poisson & Young

| =Es (1/+s)(17 2s)

Poisson's ratio  ( Dimensionless ratio) is the ratio of transverse contraction
strain to longitudinal extension strain in the direction of stretching force.
Tensile deformation is considered positive and compressive deformation is
considered negative. The definition of Poisson's ratio contains a minus sign
so that normal materials have a positive ratio

S = - €tans /e longitudinal

Poisson solidmaterial for whicH =7 , givings = 0.25
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SEISMIC WAVES

A. Body Waves
Seismic waves arepulses of strain energy that propagate in a solid. Two
types of seismic wave can exist inside a uniform solid:
A) P waves (Primary, Compressional, PushPull)
Motion of particles in the solid is in direction of wave propagation.
1 P waves have highest speed.

1 Volumetric change
1 Sound is an example of a P wave.

Compression At rest
e A i s
A L R A0 T

Expansion
Fi
A (T A A A A I A ~

VA A S S S A TN
Fi A P A F 7 i
T O L S T Sy A 7 ST
| | _HHE _EE

| | HL
Direction of P-wave travel

A. P wave

T S S (7 L S A L A A
7 A e A A T T T T T ST SR o o I SO A o
N N A I A A N T A A

AT Y A T S .

v = K+43u A+ 2u
p P
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B. S waves (Secondary, Shear, Shake)
Particle motion is in plane perpendicular to direction of propagation.

1 If particle motion along a line in perpendicular plane, then S wave is
said to be plane polarised: SV in vertical plane, SH horizontal.

1 No volume change

1 S waves cannotexist in fluids like water or air, because the fluid is
unable to support shear stresses.

\ \
/

—

—

Direction of S-wave travel

BiSivave E—

Copynight 1893 John Wiley and Sons, Inc. All rights reserved

PYPREY 7 )
Vp  [2l-v Vp-21¢
p_ A-) andso, v=—~ E

- A _ Al 1))
Vg V1= E(PP-'/S '

vi s t he poi=sOsfaragedectiflladi so 8 -waves cannot
propagate through fluids. Poi ssonés ratio is theoreti
and 0.5 and for most rocks lies around 0.25, so typically V,/V . is about

1.7.

Vp/Ns ratios (hence Poissonds Ratio) <can

physical property, e.g.

-Fel sic rocks _ | ower Poissonbds Ratio
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-Mafic rocks _ higher Poissondés Ratio
-Parti al melt _ very high Poissonds Rati
affected by melt than P waves)

C. Surface Waves

On the surface between a solid or liquid and air the deformation of an
element is unconstrained in the direction normal to the surface. This
changes the equation of motion for elements or particles adjacent to the
surface and gives rise to another wave type commonly called the surface
wave. Water waves are familiar and are readily seen as having a much
lower velocity than a sound wave propagating through the bulk of the
medium. Further a particle moves up and down vertically as well as in the
direction of the wave. In detail a particle traces an ellipse with a prograde
rotation as shown in the sketch below.

The surface wave on an isotropic half -space is known as a Rayleigh

wave and it is similar in form to the surface wave on a liquid half -space
except that the particle motion is retrograde. Rayleigh waves carry a large
amount of energy away from surface sources and are the noticeable, or
0feltdéd, ground motion when one is stand
exploration seismology Rayleigh wave are known as ground roll.

1) Rayleigh waves

Propagate along the surface of Earth

Amplitude decreases exponentially with depth.

Near the surface the particle motion is retrograde elliptical.
Rayleigh wave speed is slightly less than S wave: ~92% Vs.

= =4 -4 -A

2. Love waves

Occur when a free surface and a deeper interface are present, and
the shear wave velocity is lower in the top layer.

¢ Particle motion is SH, i.e. transverse horizontal

20



1 Dispersive propagation different frequencies travel at different
velocities, but usually faster than Rayleigh waves.

Surface wave on fluid — prograde particle motion

NN M
----------------- LN/ N

\‘- — \\/ N , ’/ '\\h_‘_/{ . \\\

Propagation direction —

2N 2N
" S

................ S T N4 SO U

N NN AN AN

Surface wave on solid — retrograde particle motion

The velocity of a Rayleigh wave, V/, is tied to the S-wave velocity and
Poi ssonds r at iVpthrqughrihe soluteomte the fdllawing

equation (White, 1983)

. 1 1
(e s VL v s 202 272
‘2—|PV ! | ——1|1—!I-V | |1—IIV | =0
/s U Ve) Vs) |
For typical values of Poissonds rat.i

from 0.91 t0 0.93 V..

The amplitude of the particle displacement for surface waves

decreases exponentially beneath the surface and the exponent is

proportional to the frequency as well as the elastic constants and density of

the medium. Since it is observed that velocity generally increases with

depth, Rayleigh waves of high frequency penetrate to shallow depth and
21
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have /ow velocity whereas Rayleigh waves of low frequency penetrate to
greater depth and have Aigh velocity. The change in velocity with frequency
Is known as dispersion. For a typical surface source of Rayleigh waves the
initiating disturbance has a broad frequency spectrum so the observed
surface motion at some distance from the source is spread out in time, with
low frequencies coming first and high fr equencies coming later.

Seismic velocity, attenuation and rock properties

ARock properties that affect seismic velocity

Porosity

Lithification

Pressure

Fluid saturation
AVelocity in unconsolidated near surface soils (the weathered layer)
A Attenuation

Seismic surveys yield maps of the distribution of seismic velocities,
interfaces between rock units and, ideally, of reflection coefficients at these
interfaces. The velocities of crustal rocks vary widely as the following figure
shows.
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Velocity (Kft/s)

Ll 5 10 15 20 23
] T T T | | ¥ T 1 T T L T T T T T L T T T T T T T T

O Petroleam
0 Water
= Mud

mﬁmm—\s%
qﬁFMS%

[ Toal l?ﬂ‘fv Limestone o

0 Salt

209 [C———2olomite
— Gypsum and
— anhydrite

Igneous

L i i " 1 L 1 L 1 i i i i i
O 1 2 3 4 5 G 7
Velocity (km,s)

Generally, the velocities depend on the elastic modulii and density

(.4 —
K+745u

- | E - | 'H

Vp=,———— and Ve=_|—

P \‘l 0 anc 5 114 P

These elastic constants, and densities, in turn depend on the properties
that the geologist or engineer use to characterize the rock such as porosity,
fluid saturation, texture etc. A review of the relationships between the
intrinsic rock properties and the measured velocities or reflectivities is
needed before seismic survey results can be interpreted quantitatively in
terms of lithology. Many of these relationships are empirical 7 velocities are
found to be related to certain rock units in a given locale by actual
laboratory measurements on core samples of the rock or soil.

It is observed from seismic surveys that velocities generally increase
with depth. Densities also increase with depth so it must be that the bulk
and shear modulii increase faster than the density. In seismic exploration
there are many empirical relationships between velocity and depth of burial
and geologic age.
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The relationship between intrinsic rock properties such as porosity,
fracture content, fluid content and density and velocity underlie the
empirical relationships mentioned above.

Rock properties that affect seismic velocity

1) Porosity . A very rough rule due to Wyllie is the so called time
average relationship:

1 & 1-¢

Voulk  Vimid Vinatrix

where G is the porosity
This is not based on any convincing theory but is roughly right when the
effective pressure is high and the rock is fully saturated.

2) Lithification

Also known as cementation. The degree to which grains in a
sedimentary rock are cemented together by post depositional, usually
chemical, processes, has a strong effect on the modulii. By filling pore
space with minerals of higher density than the fluid it replaces the bulk
density is also increased. The combination of porosity reduction and
lithification causes the observed increase of velocity with depth of burial
and age.

3) Pressure.

Compressional wave velocity is strongly dependant on effective
stress. [For a rock buried in the earth the confining pressure is the pressure
of the overlying rock column, the pore water pressure may be the
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hydrostatic pressure if there is connected porosity to the surface or it may
be greater or less than hydrostatic. The effective pressure is the difference
between the confining and pore pressure.]

In general velocity rises with increasing confining pressure and then levels
of f to a Aterminal velocityo when the e
probably due to crack closure. At low effective pressure cracks are open
and easily closed with an increase in stress (large strain for low increase in
stressd small K and low velocity). As the effective pressure increases the
cracks are all closed, K goes up and the velocity increases.

Finally even at depth, as the pore pressure increases above hydiostatic, the
effective pressure decreases as does the velocity. Overpressured zones can
be detected in a sedimentary sequence by their anomalously low velocities.

4) Fluid saturation.

From theoretical and empirical studies it is found that the compressio nal
wave velocity decreases with decreasing fluid saturation. As the fraction of
gas in the pores increases, K and hence velocity decreases. Less intuitive is
the fact that V _also decreases with an increase in gas content. The

reflection coefficient is strongly affected if one of the contacting media is
gas saturated because the impedance is lowered by both the density and
velocity decreases.

Velocity in the weathered layer

The effects of high porosity, less than 100% water satur ation, lack of
cementation, low effective pressure and the low bulk modulus (due to the
ease with which native minerals can be rearranged under stress) combine
to yield very low compressional and shear wave velocities in the weathered
layer. Vp can be as low as 200 m/sec in the unsaturated zone (vadose zone)

i less that the velocity of sound in air!
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Attenuation

It is observed that seismic waves decrease in amplitude due to spherical

spreading and due to mechanical or other loss mechanisms in the rock

units that the wave passes through.

The attenuation for a sinusoidal propagating wave is defined formally

as the energy | oss per cycle (wave |l eng
content of the wave.

4= 4gelO ik

Mathematically, the propagating wave , get an added damping

- A= _%gfﬂ_?h'g_m'

o .
term ¢ . SO the solution becomes

2
[ We can apply this to the definition of

for the energy at two points at distanc
AE

find £

There are many theories for explaining attenuation in rocks. Friction,

included by including a velocity term in the governing differential equation

for the displacement does not explain laboratory measurement. Various

other damping mechanisms such as viscous flow (Biot Theory) have some

success but much important work remains to be done in this area

(especially for unconsolidated material where the attenuation is very high).

Some of the theories predict attenuation as well as dispersion (the variation

of velocity with frequency).

Experimentally it is found that the a ttenuation coefficient a depends on

frequency and that there is little dispersion. In fact to a good approximation

A

attenuation can be described by 4=4oe " With x in meters and f in

i
Hertz, a typical shale has a P=10"" 50 at one Hertz the amplitude falls to

A,/e at 10 km. But at 1000 Hz it falls to A /e in 10 m. The attenuation may

be as much as 10 times greater in unconsolidated sediments.
Another important attenuation mechanism is the reduction in amplitude of
a wave by the scattering of its energy by diffraction by objects whose
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dimensions are on the order of the wavelength. If a is an average linear
dimension of velocity inhomogeneities then the attenuation coefficient is

given approximately by:
1
i

o
El

Y

So attenuation increases rapidly with decreasing wavelength. Congder
attenuation is an unconsolidated medium with a velocity of 250 m/sec and

a frequency of 1000 Hz. 3'F<215@.fﬁhewéive =
would fall to 1/e of its initial amplitude when a = 157 m.

It might be reasonable to expect inhomogeneities w ith a

characteristic dimension on the order of 15 cm in the overburden so it is
likely that the very high attenuation observed in near surface
unconsolidated sediments is due to scattering.

Constraints on Seismic Velocity

Seismic \elocities vary with mineral content, lithology, porosity, pore fluid
saturation, pore pressure, and to some extent temperature.

In igneous rocks with minimal porosity, seismic velocity increases with
increasing mafic mineral content.

In sedimentary rocks, effects of porosity and grain cementation are more
important, and seismic velocity relationships are complex.

Various empirical relationships have been estimated from either
measurements on cores or field observations:

1) P wave velocity as function of ag e and depth

v =1472ZD%

where Z is depth in km and T is geological age in millions of years (Faust,
1951).

27
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2) Time -average equation

LI N
vV,

where [ is porosity, V; and V,, are P wave velocities of pore fluid and rock
matrix respectively (Wyllie, 1958).

7 Usually Vi& 15 09 whie V, depends on lithology.

1 If the velocities of pore fluid and matrix known, then porosity can be
estimated from the measured P wave velocity.
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Waves and Rays

Considering a source at point O on a homogeneous half-space, the

resulting seismic P-wave propagates such that all the points of constant
phase lie on a hemisphere centered at O. The surface of all points of the
same phase is calleda wave front although the inferred meaning is that
the phase in question is associated with some identifiable first arrival of the
wave. A more rigorous definition is that the wave front is the surface of all
equal travel times from the source. A cross section of such a hemispherical
spreading wave is shown in the following cartoon for two successive time
steps, ¢,and 2¢,.
The vector perpendicular to a wave front is defined as a ray. The ray in the
cartoon is directed along a radius from the source, but this is not always
the case. Rays are useful for describing what happens to waves when they
pass through an interface

Source function
PN

J'II II| .'{_\\

I
|
|

III"\»’ 'I

I
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>

Distance =
(Velocity) e (Atr)

Velocity is constant:
t, =4 +Atl

Point sources

Wave front at 2

Huygenoés Principle

Every point on a wavefront can be considered a_secondary source of
spherical waves, and the position of the wavefront after a given time is the
envelope of these secondary wavefronts.
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1 Treat all the points on a wavefront as point sources that generate
secondary spherical wavefronts (o6wayv

A Given the geometryt,ohée priacipweanleef r ont a
used to construct the geometry of the wavefront at a later time ..

A Usef ul ingreflection, de&acton aachddfraction of
seismic waves.

{ySttQa [ o

A wave incident on a boundary separating two media is reflected back into
the first medium and some of the energy is transmitted, or refracted, into
the second. The geometry of refraction and reflection is governed by
Snel | 6whichralates the angles of incidence, reflection and refraction
to the velocities of the medium.

The cartoon below illustrates the ray geometry for a P -wave incident on the
boundary between media of velocity V, and V,. The angles of incidence,

refl ecti on ajedan dfraespectively arathe aagles the ray
makes with the normal to the interface.
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Velocity, V;

incident reflected

refracted

Velocity, V;

Snell’s Law states that:

Siny  Sing;  Sinb,
A

Snell 6s | aw requires that the angle of
incidence.

if V,is less than V,the ray is bent towards the normal
if V,is greater than V,the ray is bent away from the normal.

If V,is greater than V,the angle of refraction is greater than the ngle
of incidence. The latter result canleadtoaspeci al condi t,# on wher
90° . The angle of incidence for which this occurs is called tiréical angle, d..

6. = Sin~1
The critical angle is given by; E

J

—_

R
4

3|
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The geometry of this wave is correctly
of a wave that propagates along the interface is not so simple. The critically
refracted wave is a disturbance that propagates along the interface with

the velocity of the lower medium. As it goes its wave front acts as a moving

source of waves that propagate back into the upper medium with velocity

V, along rays which are parallel to the reflected wave at the critical angle.

This phenomenon is illustrated in the following cartoon.

When a P wave is incident on a boundary, at which elastic properties
change, two reflected waves (one P, one S) and two transmitted waves
(one P, one S) are generated.
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Angles of transmission and reflection of the S waves are less than the P
waves. Exact angles of transmission and reflection are given by:

sin f _smr _smg smog

P
Vn Vo Va Ve

p is known as the ray parameter.

There are two critical angles corresponding to when transmitted P and S
waves emerge at 90°.
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Head Waves

The interaction of this wave with the interface produces secondary sources

that produce an upgoing wavefront, knownasa headwave, by Huygenaos
principle.

The ray associated with this head wave emerges from the interface at the

critical angle.

P
Lower velocity material Head wave
V' V1
ic k /////\

Vs Vs l

Wavefrontin |

lower layer - |

Higher-velocity material /

This phenomenon is the basis of the refraction surveying method.
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Diffractions

Refl ection by Huygends Principle

When a plane wavefront is incident on a plane boundary, each point of the
boundary acts as a secondary source. The superposition of these secondary
waves creates the reflection.

Diffraction by Huygends Principle
If interface truncates abruptly, then secondary waves do not cancel at the

edge, and a diffraction is observed.
Incoming wavefront

-

Reflected
wavefronts .

>
-

¥ B
- A
Incoming wavefront

(
Shadow zone

1 This explains how energy can propagate into shadow zones.

1 A small scattering object in the subsurface such as a boulder will
produce a single diffraction.

1 A finite-length interface will produce diffractions from each e nd, and
the interior parts of the arrivals will be opposite polarity.
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PROBLEM SET - 1

1. A steel beam is placed vertically in the basement of a building to keep
the floor above from sagging. The load on the beam is 5.8 x10* N and
the length of the beam is 2.5 m, and the cross-sectional area of the beam
is 7.5 x 10 m. Find the vertical compression of the beam.

2. A 0.50 m long string, of cross- sectional area 1.0 x10° m?, has a
Youngds ma.@xwlb’Pa. Byohbw much must you stretch a string
to obtain a tension of 20.0 N?

3. The upper surface of a cube of gelatin, 5.0 cm on a side, is displaced by
0.64 cm by a tangential force. If the shear modulus of the gelatin is 940 Pa,
what is the magnitude of the tangential force?

4. An anchor, made of cast iron of bulk modulus 60.0 x 10° Pa and a
volume of 0.230 m?, is lowered over the side of a ship to the bottom of the
harbor where the pressure is greater than sea level pressure by

1.75 x 10° Pa. Find the change in the volume of the anchor.

5. 1. AN ARKOSE HAS A DENSITY OF 2.62 G/CM, A YOUNG MODULUS OF 0.16X10
N/M, AND A POISSON'S RATIO OF 0.29 . TWELVE GEOPHONES ARE ARRANGED
ALONG A LINE AT 10 M INTERVAL. THE SHOT POINT IS LOCATED 5 M FROM THE
FIRST GEOPHONE IN THE LINE.

CONSTRUCT A GRAPH THAODILUSTRATES TIME OF ARRIVAAGAINST GEOPHONE
POSITION FOR THE RNAVE , SWAVE ANDSURFACE WAVE.

6. FROM SNELLO6S LAW, CALCULATE THE CHANGE I N DI
WAVE WHEN IT REFRACTED FROM A SANDSTONE STRATUM ( V = 4000 M/SEC

AND 350 M THICK) INTO ALIMESTONE STRATUM (V=6000 M/SEC ) FOR EACH OF

THE FOLLOWING ANGLES OF INCIDENCE 0, 15, 25, 35, 45, AND 60.

WHAT IS THE CRITICAL ANGLE.

WHAT IS THE MINIMUM DISTANCE FOR REFRACTION ARRIVALS

WHAT IS THE CROSSOVER DISTANCE

COMPARE THE VALUES OkaWITH THE THICKNESS OF SANDSTONE LAYER
WHAT IS THE NMO AND REFLECTION TRAVEL TIME
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7. THE VOLUM OF ALUMINUM BLOCK WAS PLACED UNDER HYDRAULIC PRESSURE IS

0.4 M3 A.
A. FIND THE CHANGE IN VOLUM OF THE ALUMINUM WHEN SUBJECTED TO PRESSURE

OF 2.1 X 10’ N/M?. THE BULK MODULUS IS 0.85 X 1011 N/MAND THE RIGIDITY

MODULUS IS 0.36 X 18" N/M2.

B. WHAT IS THE CUBICAL DILATATIOB.

C. FIND YOUNG6 S MODULUS, COMPRESSIBILITY, AND

8. A 15 HZ SEISMIC WAVE TRAVELLING AA5 KM/SEC PROPAGATES FOR 150D
THROUGH A MEDIUM WITH AN ABSORPTION COEFFICIENT OF 0.3 dB . WHAT IS
THE WAVE ATTENUATION IN dB DU E SOLELY TO ABSORPTION.

9. CALCULATE THE AMPLITUDE OF THE REFLECTED AND TRANSMITTENP S
WAVES WHERE THE INCIDENT-WAVE STRIKE THE INTERFRX FROM A WATER
LAYER ( PVELOCITY=2.5 K/S, 5-VELOCITY =0, DENSITY = 1.20 g/cc) AT 28
WHEN THE SEAFLOOR IS:

A. SOFT ( P=3KI/S, S=1.5 K/S. DENSITY2.Qg/cc
B. HARD (P=4 KI/S, 5=2.5K/S, DENSITY =2.5 g/cc

C. REPEAT FOR AN ANGLE OF INCIDENGE

10. A rock sample is taken to the lab and is subjected to a uniaxial stress (that is, it is
stressed in only one direction with the remaining directions free). As a result of the
stress, the length of the sample increases by 3% and the width decreases by 1%.

What is the ratio of the P wave velocity to the S wave velocity in this sample?
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11. A material has a shear modulus of 8.8x10° Pa, a bulk modulus of 2.35x10'° Pa, a

density of 2200 kg/m3 and a quality factor Q= 100.

a) What are the P-wave velocity and S-wave velocity of the medium, in units of km/s
byfaP-wave of frequency 10 Hz has a displ acemen
of 10 m from the source, what would be the wave amplitude at 100 m?

12. Near-surface fresh water in a Lake Superior has been observed to have a Pwave
velocity of 1435 meters/sec. Estimate its bulk modulus, assuming it is pure water.

2. A laboratory has determined that the Gabbro has the following properties:

Bulk modulus= 0.952130 X 10*? dyne/cm2

Shear modulus=0.403425 X 10" dyne/cm2

Density=2.931 gm/cc

Determine the (a) shear wave velocity, the (b) compressional wave velocity, and

(c) Poisson's ratio for this rock.
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CHAPTER 2

SEISMIC REFRACTION METHOD
- Fundamentals
- Two Horizontal Interfaces
- Dipping Interfaces
- The Non ideal Subsurface
- The DelayTime Method
- Field Procedures & Interpretation

Problem Set-2 ( 171 37 47 6-7)
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Seismic Refraction

A signal, similar to a sound pulse, is transmitted into the Earth. The signal
recorded at the surface can be used to infer subsurface properties. There
are two main classes of survey:

1 Seismic Refraction : the signal returns to the surface by refraction
at subsurface interfaces, and is recorded at distances much greater
than depth of investigation.

Source Reflection Refraction

1 Seismic Reflection : the seismic signal is reflected back to the
surface at layer interfaces, and is recorded at distances less than
depth of investigation.

Applications
Seismic Refraction

1 Rock competence for engineering applications
1 Depth to Bedrock
1 Groundwater exploration
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¢ Correction of lateral, near-surface, variations in seismic reflection
surveys
¢ Crustal structure and tectonics

Seismic Reflection

1 Detection of subsurface cavities

1 Shallow stratigraphy

1 Site surveys for offshore installations
1 Hydrocarbon exploration

1 Crustal structure and tectonics

Refraction surveys use the process ofcritical refraction to infer interface
depths and layer velocities. Critical refraction requires an increase in
velocity with depth. If not, then there is no critical; refraction: Hidden layer

problem.

I--—O Cfiset x

Diact ray

’
). Cntical

Crncaly refracted
@ refloction rays
v,
L . L v
Crtcally refracted ray :
(V;>vi)

1 Geophones laid out in a line to record arrivals from a shot. Recording
at each geophone is a waveform called a seismogram

1 Direct signal from shot travels along top of first layer.

1 Critical refraction is also recorded at distance beyond which angle of
incidence becomes critical.
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Example
For a shallow survey, 12-24 vertical 30 Hz geophones would be laid out to
record a hammer or shotgun shot.

First Arrival Picking

In most refraction analysis, we only use the travel times of the first arrival
on each recorded seismogram.

As velocity increases at an interface, critical refraction will become first
arrival at some source-receiver offset.

direct ray "ave
K ro”’

\/ / refracted ray »
V2> ]

First Break Picking

The onset of the first seismic wave, the first break, on each seismogram is
identified and its arrival time picked.

Example of first break picking on Strataview field monitor
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Travel Time Curves

Analysis of seismic refraction data is primarily based on interpretation of
critical refraction travel times.

Plots of seismic arrival times vs. sourcereceiver offset are called travel time
curves.

Example

Travel time curves for three arrivals shown previously:

1 Direct arrival from source to receiver in top layer
1 Critical refraction along top of second layer
1 Reflection from top of second layer
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\ Cnbcally refraciea
Critical N/ arnvals
reNection /-/«/.\L Secondary

{Slope = “Vz)

Crbcal
Reflection destance !

inercep) [

brne

L
Refracton
intercept
time

Crossover
distancs

e " -

Offset distance (x)

Critical Distance
Offset at which critical refraction first appears.

¢ Critical refraction has same travel time as reflection
1 Angle of reflection same as critical angle

Crossover Distance
Offset at which critical refraction becomes first arrival.

Field Surveying
Usually we analyze P wave refraction data, but S wave data occasionally
recorded

Interpretation of Refraction Travel time Data

After completion of a refraction survey first arrival times are picked from
seismograms and plotted as traveltime curves
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Interpretation objecti ve is to infer interface depths and layer velocities
Data interpretation requires making assumption about layering in
subsurface: look at shape and number of different first arrivals.
Assumptions

1 Subsurface composed of stack of layers, usually separated byplane
interfaces

1 Seismic velocity is uniform in each layer

1 Layer velocities increase in depth

1 All ray paths are located in vertical plane, i.e. no 3-D effects with
layers dipping out of plane of profile

Analysis based on considering critical refractionray paths through
subsurface.

[There are more sophisticated approaches to handle non-uniform velocity
and 3-D layering.]
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1. Horizontal Interfaces: Two Layers

§ B cecusrvosvasacosvs wsess ar I meace sanesUseosreResnse *G
/‘7
‘ |
T [
i "l
| |
’ |
| |
z : . '
| I
: |
]
: L A |
. :
b h iV
e v,
(V,>V)

A v, B

For critical refraction at top of second layer, total travel time from source S

to receiver G is given by:
Tio™ Teg* Top + T

Hypoteneuse and horizontal side of end 90°-triangle are:

Z/ .
€937e and respectively.

So, as two end triangles are the same:

2Z (X -2Ztani,)

T.. =
= Vicosi, v,
X 22 7.
==+ "= (1~ Lsini,
v, Vicosi, 7,
N
sini, =—
At critical angl e, v,{,fial 0s | aw

|
Substituting for V1/ V,, and using cos?’] + sinl = 1:
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Zwooon
This equation represents a straight line of slope 1/V, and intercept

1
, - 2Zcosic _ YA
' " e

Interpretation of Two Layer Case

X

Fad LY

v,

From travel times of direct arrival and critical refraction, we can find
velocities of two layers and depth to interface:

1. Velocity of layer 1 given by slope of direct arrival
2. Velocity of layer 2 given by slope of critical refraction
3. Estimate t; from plot and solve for Z:

LN,

2 _ 12
2 N

Z=
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Depth from Crossover Distance
At crossover point, traveltime of direct and refraction are equal:

f:_ 2
aoss o “taoss o 2z V2 Vl

X X
£ V2 "W

Solve for Z to get:

[Depth to interface is always less than half the crossover distance]

Xeriicart = Minimum distance for refraction arrival

=22z tan i
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2. Dipping Interfaces : Two Layer Case

When a refractor dips, the slope of the traveltime curve does not represent
the "true" layer velocirty:

1 shooting updip, i.e. geophones are on updip side of shot, apparent
refractor velocity is higher

1 shooting downdip apparent velocity is lower

To determine both the layer velocity and the interface dip, forward and
reverse refraction profiles must be acquired.

Time Reciprocal time

Slope = "V,

‘.__.-—_q
\
o~

Offset distance x
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Note: Travel times are equal in forward and reverse directions for
switched, reciprocal, source/receiver positions.

Geometry is same ashorizontal 2-layer case, but rotated through [, with
extra time delay at D. So traveltime is:

Xcosww (2, +Z,)cosin
Tipen = +
2 2

Formulae for up/downdip times are (not proved here):

_Xsin(&+ @) 2Z,cos8 _ X

¥

+¢

4 " /3
T _ Xsin(f— @) | 2Z,c05 & -£+ta
£ 4 vy

where V,/ V4 and t,/ t 4 are the apparent refractor velocities and intercept
times.
< a2l ' . al %
Gt w=sin| 2| A-a=sm| 2
Va ). Vs

Can now solve for dip, depth and velocities:
1) Adding and subtracting, we can solve for interface dip I and critical
angle ¢

i) 4] -3 =

[V is known from direct arrival, and V , and Vy are estimated from the
refraction traveltime curves]

o
Va= Yoin &
2) Can find |l ayer 2 Tty from Snell
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1. Can get slant interface depth from intercept times, and convert to

vertical depth at source position:

e 4 .2 s

Z, =—2_— 2=
2c08 & .

COS @ 2C0S &% oS ¥

3. Faulted Planar Interface ( Diffraction )

<10 ——

If refrac tor faulted, then there will be a sharp offset in the travel time

curve:
t
} =1
3 Slope = 1y,

-
-
ae”
-
-

-
>

bt -
o —

Offse! distance x
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Can estimate throw on fault from offset in curves, i.e. difference between
two intercept times, from simple formula:

o AW,

Delay Times in Refraction

For irregular travel time curves, e.g. due to bedrock topography or glacial

fill, much analysis is based on delay times.
Total Delay Time . Difference in travel time along actual ray path and

projection of ray path along refracting interface:

tf =TH-T@‘
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Total delay time is delay time at shot plus delay time at geophone:

- AB CB] [DE DF

=dg+dg ~Tyy -

2

For small dips, can assume x=x and:

Refractor Depth from Delay Time

If velocities of both layers are known, then refractor depth at point A can
be calculated from delay time at point A:

Using the triangle to get lengths in terms of z:
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Vicosd V)
__Z [ hsns
Vicos & 7
Using Snell 6s | aw to express angles in
2
d,= £ i [1- 5,;
= V.
o AN
A 1-7
v
Simplifying:
1
_Zw -
i
So refractor depth at A is:
5 - _ a4,
2 2 -
v -ne
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Blind layer problem

Blind layers occur when there is a low velocity layer (LVL) . Head waves
only occur for a velocity increase. Thus, there will be no ref raction from
the top of the LVL and this layer will not be detectedon the timedistance plot.
This is shown below.

Hidden layer problem

Hidden layers result when there is a velocity increase with layer depth, but
the head wave from the top of one layer is never the first arrival on a
time-distance plot. Head waves from a deeper layer arrive at the detectors
before the arrivals from this layer. Two factors can cause hidden layers: 1)
the layer is very thin or 2) there is only a small velocity increase at the top
of the layer. This is shown below. It is sometimes possible to recognize
hidden layers by looking for arrivals after the first arriving energy.

Layers may not be detected by first arrival analysis:
A. Velocity inversion produces no critical refrac tion from layer 2

B. Insufficient velocity contrast makes refraction difficult to
identify

C. Refraction from thin layer does not become first arrival

D. Geophone spacing too large to identify second refraction
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PROBLEM SET - 2

Q1. Consider a case where there is acontinuous velocity increase

with depth, asis commonly observed in the Earth. The propagation of
seismic waves can ke investigated by assuming that the subsurface is made
up of infinitely thin layers of uniform velocity. Sketch the expected ray

paths and travel time curve.

Remember that Snell s Law requirBs
=sine/ v
- > V
4
Z
L
A
» X
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2. Given the reversed refraction observations (travel time vs. distance curves) shown
below, calculate the velocities and depths to the interfaces. Calculate the dip angles of
the interfaces.

3. Given the following schematic travel-time curve, describe a subsurface structure
and/or velocity changes that may explain them.
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