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INTRODUCTION

PHY 361 Geophysics llis a three-credit unit course available to all
students to take towards their B.Sc. Physics, B28gsics Education and
other related programmes in the School of Science.

WHAT YOU WILL LEARN IN THIS COURSE

This course will introduce you to the four lawstbérmodynamics and
their applications; and also, will prepare youdtrer specialized courses
in physics like atmospheric thermodynamics, geojglysstatistical
physics and thermal physics among others.

COURSE AIMS

The aim of this course is to give you a comprehengeaching on the
principles and applications of geophysical methatis, also to prepare
you towards scientific advancement in atmospherityss,
thermodynamics, and thermal physics among others.

COURSE OBJECTIVES

To achieve the set aims, the course has a sefjeftoles. Each unit has
specific objectives which are included at the bemig of the unit. You

should read these objectives before you study tiite Yiou may wish to

refer to them during your study to check on youogpess. You are
advised to always look at the unit objectives aftanpleting the unit.

Below are the comprehensive objectives of the @By meeting these
objectives, you should have achieved the aims eftcthurse as a whole.
In addition to the aims above, this course se&toeve some objectives.
Thus, after going through the course, you shouldlde to:

. explain that seismic wave is the basic measuridgused in
seismic prospecting

. be familiar with the basic physical principles govag its
propagation characteristics and seismic velocities

. explain that seismic waves are generally referegktelastic
waves

. describe the characteristics of seismic waves amddtion of
other types of waves.

. identify the seismic sources

. discuss the usefulness of hammers in applicati@eisimic

waves



o state the uses of explosives in seismic works

) interpret simple seismic recorders

. identify seismographs

. describe common instruments used in seismic sigaatgding

o give a descriptive treatment of the more importaspects,
concentrating on the developing fundamental undedshg of
these methods and the physical principles on withiel are based

. identify the instruments used in this seismic syrve

. state the theory behind seismic reflection.

WORKING THROUGH THIS COURSE

To complete this course, you are required to ra@atl study unit, read the
textbooks and read other materials which may beiged by NOUN.

Each unit contains Self-Assessment Exercises aoerttin points in the
course you would be required to submit assignmémtsassessment
purposes. At the end of the course, there is adixamination. The course
should take you about a total of 17 weeks to cotaplasted below are
all the components of the course; what you hade tand how you should
allocate your time to each unit in order to compldhe course
successfully.

This course entails that you spend a lot of timeetd. We advise that
you avail yourself the opportunity of attending th#orial sessions where
you have the opportunity of comparing your knowledgth that of other
learners.

COURSE MATERIALS
The following are the major components of this seur

The Course Guide

Study Units

Tutor-Marked Assignments(TMAS)
Presentation Schedule

: References/Further Reading

STUDY UNITS

abrwdE

The study units in this course are as follows:
Module 1

Unitl Seismic Methods
Unit2 Seismic Sources
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Unit3 Detection of Seismic waves Unit4 Recordirgsgic
Signals

Module 2

Unitl Seismic Reflection

Unit2 Reflection Surveys

Module 3

Unitl Seismic Refraction

Unit2 Field Interpretation

Unit3 Limitations of Refraction Methods

The first unit of the Module 1 focuses on the basiecept and definitions
in seismic methods. The second unit reviews thehemaatical tools
required for better understanding of the coursdenthird unit focuses on
detection of seismic waves. Unit four is about rdew seismic signals.

Module 2 comprises two study units. Units one anal treat the seismic
reflection methods, surveying, profiling and its1sequences.

Module 3 comprises three study units. Unit oneniseismic refraction
methods, unit two treats field interpretation whileit three focuses on
the limitation of refraction methods.

Each study unit consists of three hours work. Estaldy unit includes
introduction, specific objectives, directions faudy, reading materials,
conclusions, summary, tutor- marked assignmentsA3)Mreferences
and other resources. The units direct you to warlexercises related to
the required readings. In general, these exer@ségyou on the materials
you have just covered or require you to apply game way and thereby
assist you to evaluate your progress and to reiafgour comprehension
of the material. Together with TMASs, these exersisell help you in
achieving the stated learning objectives of théviddal units and of the
course as a whole.

ASSESSMENT

There are three aspects of the assessment ofuhgecd he first is made-
up of self-assessment exercises; the second cowosidte tutor-marked
assignments while the third is the written examordend of the course
examination.

You are advised to do the exercises. In tacklimgassignments, you are
expected to apply information, knowledge and teghes you gathered

Vi



during the course. The assignments must be sulohdtgour facilitator

for formal assessment in accordance with the deeslistated in the
presentation schedule and the assignment file.wWdr& you submit to

your tutor for assessment will count for 30% of ytatal course work.
At the end of the course, you will need to sitddiinal or end of course
examination of about three hours duration. Thisn@ration will count

for 70% of your total course mark.

TUTOR-MARKED ASSIGNMENT (TMA)

The TMA is the continuous assessment componenaf gourse. It
accounts for 30% of the total score. You will beegi at least four TMAS
to answer. Three of these must be answered bebtorarg allowed to sit
for the end of course examination. The TMAs will igen by your
facilitator and you are to return each assignmenyour facilitator/tutor
after completion. Assignment questions for the aumit this course are
contained in the assignment file. You will be albdecomplete your
assignment from the information and the materiaitamed in your
reading, references and study units. However,degrable in all degree
levels of education to demonstrate that you haae amd researched more
into your references, which will give you a wideew point and may
provide you with a deeper understanding of theesibj

Make sure that each assignment reaches your &aeilitutor on or before
the deadline mentioned by the course coordinatothén presentation
schedule and assignment file. If, for any reason,gannot complete your
work on time, contact your facilitator/tutor befdtee assignment is due
to discuss the possibility of an extension. Extensiwill not be granted
after the due date unless there are exceptior@alrostances.

FINAL EXAMINATION AND GRADING

The end of course examination for thermodynamidshei about three
hours and it has a value of 70% of the total cousek. The examination
will consist of questions which will reflect thelseassessment exercises,
practice exercises and tutor-marked assignmentshygwe previously
encountered. All areas of the course will be agskss

You are advised to use the time between finishegdst unit and sitting
for the examination to revise the entire courseau ¥uoght find it useful to

review your self-assessment exercise, tutor-markesignments and
comments on them before the examination.

PRESENTATION SCHEDULE

Your course materials have important dates forehdy and timely
completion and submission of your tutor-marked grssients and
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attending tutorials. You should remember that y@uraquested to submit
all assignments by the stipulated time and date. sfmuld guard against
falling behind in your work.

COURSE MARKING SCHEME

Assignmen Marks
Assignments 1- 4 | Four assignments; best three nodiutke four
count at 10% each — 30% of the course marks

End of course70% of overall course marks
examination

Total 100% of course mar

FACILITATORS/TUTORS AND TUTORIALS

There are 16 hours of tutorials provided in suppdrthis course. You

will be notified of the dates, time and locationtloése tutorials as well as
the name and phone number of your facilitator, @snsas you are

allocated a tutorial group.

Your facilitator will mark and comment on your agsinents, keep a close
watch on your progress and any difficulty you midgte and provide
assistance to you during the course. You are eggdotmail the answers
for the Tutor-Marked Assignment to your facilitatwefore the scheduled
date (at least two working days are required). Thdlybe marked by
your tutor and returned to you as soon as possible.

Do not delay to contact your facilitator by telepkar e-mail if you need
assistance.

The following might be circumstances in which yoould find assistance
necessary, hence you would have to contact youitdaaor if:

o you do not understand any part of the study oatdsggned
readings

. you have difficulty with the self-tests

. you have a question or problem with an assignmewith the

grading of an assignment.

You should endeavour to attend the tutorials. Thike only chance to
have face to face contact with your course fatditand to ask questions
which may/may not be answered instantly. You caserany problem
encountered in the course of your study.

To gain much benefit from the course tutorials,ppre a question list
before attending them. You will learn a lot fronrtpapating actively in
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discussions.

SUMMARY

PHY 361 is a course that intends to give a comprgikie teaching on the
principles and applications of electrical and elatiagnetic methods.
Upon completion of this course, you will be ableetlain each of the
four methods of the topics and also give the ingtlams and applications
of these methods. In addition, you will be ablatswer the following

types of questions:

what are seismic waves?

state the law of reflection

state the Snell'slaw

with the aid of a simple diagram, explain and shbev/following
concepts in seismic theory: —reflection, refracti@and head
waves

explain the following types of waves -primary washear wave
love wave, body wave, Rayleigh wave define theofeihg:
seismometers

hydrophones

noise

describe geophones with the aid of a simple diagram

differentiate between a geophones and hydrophones
differentiate with examples, between coherent namskrandom
noise

what is seismic reflection?

what do you understand by the term acoustic impesiaha
rock?

explain the following with the aid of diagrams:

multiple reflection

simple multiple

peg leg

intraformational multiples.

state the dix formular and define all the paransesed variables
what is normal move-out?

derive a move-out equation for a horizontal refleexplain the
following terminologies:

reflection survey

geometric distortion in relation to reflection sey write short
notes on the following in relation to reflection:

spread length

CMS - Common Mid-point Shooting

array
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o depth conversion.

These are, by no means, some of the questions hauldsbe able to
answer upon completion of this course. The basigtls to understand
all that you have learnt in this course and be abé&pply them in solving
different problems on the course.

We wish you a splendid study time as you go thraighcourse.
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MODULE 1

Unitl Seismic Methods

Unit2 Seismic Sources

Unit3 Detection of Seismic Waves
Unit4 Recording Seismic Signals

UNIT 1 SEISMIC METHODS
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 General Introduction
3.2 Seismic Waves
3.3 Types of Elastic Wave
3.4  Seismic Velocities
3.5 Velocities and the Time-Average Equation
3.6 Ray-Path Diagrams
3.7 Reflection and Refraction
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

In this unit, you will be introduced to the basioncept of seismic
methods, one of the geophysical techniques widetpleyed in
exploration work. Other geophysical techniques tlaae widely
employed for exploration work include gravity, magn, electrical, and
electromagnetic methods. Less common methods iavothe
measurement of radioactivity and temperature ahear the earth’s
surface and the air. Some of these methods are ems@ely in the
search for oil and gas.

Seismic methods are the most effective and the exgmnsive of all the
geophysical techniques used to investigate layenedlia. Features
common to reflection and refraction surveys ar® aiscussed in this
section.
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2.0 OBJECTIVES

At the end of this unit, you should be able to:

) explain seismic wave as the basic measuring rod insgeismic
prospecting

o discuss the basic physical principles governingrs& wave's
propagation, characteristics and seismic velocities

) discuss reasons seismic waves are generally rdfer@s elastic
waves

) describe the characteristics of seismic waves amddtion of

other types of waves.
3.0 MAINCONTENT

3.1 General Introduction

The geophysical techniques most widely employecekmioration work

are the seismic, gravity, magnetic, electrical, agldctromagnetic
methods. Less common methods involve the measutenoén
radioactivity and temperature at or near the eadhiface and in the air.
Some of these methods are used almost entireheis¢arch for oil and
gas. Others are used primarily in exploring foricsohinerals. Most of

them may be employed for either objective. Seismegnetic, and
gravity prospecting are the chief tools for hydmbcen exploration;

seismic and electrical methods are the two chielstased for mineral
exploration.

Seismic Reflection Method:With this method — by far the most widely
used geophysical technique — the structure of stdusei formation is
mapped by measuring the times required for a seisrave (or pulse),
generated in the earth by a near- surface aftkctefn from interfaces
between formations having different physical prdiper The reflections
are recorded by detecting instruments responsivgreand motion.
They are laid along the ground at distances fragmpthint of generation,
which are generally small compared with the depth reflector.
Variations in the reflection times from place tage# on the surface
usually indicate structural features in the straglow. Depths to
reflecting interfaces can be estimated from thengtimes and velocity
information that can be obtained either from théleoted signals
themselves or from surveys in wells. Reflectiormrfrdepths of 30,000
ft or more can normally be observed by combinirg rdflections from
the repeated source applications, so is the meatsageologic structure
can be determined throughout sedimentary section.
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With reflection methods, one can locate and maph sieatures as

anticlines, faults, salt domes, and reefs. Manyheke are associated
with the accumulation of oil and gas. Major conwarges caused by
depositional thinning can be detected from reftactisections. The

resolution of the methods is now approaching fisenadequate for
finding stratigraphic traps such as pinch outs acids changes.
However, successful exploration for stratigraphicaccumulations by

reflection techniques requires skillful coordinatiof geological and

seismic information.

While current technological improvements have méadpossible to

obtain usable reflection data in many areas whefieations were

formerly too poor to map, there are still placesvereflection does not
yield reliable information even though highly sogiidated data
acquisition and processing techniques are usexudh intractable areas,
other geophysical and geological methods must h@aymd.

Seismic Refraction Methods In refraction surveying, the detecting
instruments record seismic signals at a distarm® the shot point that
is large compared with the depth of the horizonbéo mapped. The

seismic waves must thus travel large horizontaladses through the
earth, and the times required for the travel atowsr source-receiver
distances give information on the velocities angthie of the subsurface
formations along which they propagate. Although risfeaction method

does not give as much information or as precise @mnmbiguous a

structural picture as reflection, it provides datathe velocity of the

refracting beds. The method made it possible t@cawiven area more
quickly and economically than with the reflectioetmod, though with a

significant loss of detail and accuracy.

Refraction is particularly suitable where the stmoe of a high-speed
surface, such as the basement or the top of atbmedayer, is the
target of geological interest. If the problem id&termine the depth and
shape of a sedimentary basin by mapping the basesuefiace, and if
the sedimentary basin by mapping the basementcgyrfand if the
sedimentary rocks have a consistently lower seissi@city than do the
basement formations, refraction was in the paste#fiective and
economical approach for achieving this objectivebérne magnetic,
and to some extent, gravity has replaced seisniraateon for such
purposes. Because velocities in salt and evapoaatesften greater than
in surrounding formations, refraction has been wis&h mapping
diapiric features such as salt domes. Under fal@m@icumstances, this
technique has been used to detect and determirghrihwe of faults in
high-speed formations, such as dense limestonbasement materials.
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Despite its advantages, refraction is now rarelypleyed in oil
exploration because of large-scale field operatietpiired. Also, the
reflection methods have developed to the point thaan now yield
nearly all the formation that refraction shootirayld produce as well as
relatively unambiguous and precise structural mi@tiion unavailable
from refracted waves.

3.2 Seismic Waves

A seismic wave is acoustic energy transmitted Hyration of rock

particles. Low-energy waves are approximately elakaving the rock
mass unchanged by their passage, but close tsmiseource the rock
may be shattered and permanently distorted.

3.3 Types of Elastic Wave

When a sound wave travels in air, the moleculeslascbackwards and
forwards in the direction of energy transport. Thressure or ‘push’
wave thus travels as a series of compressions aredactions. The
pressure wave in a solid medium has the highestitglof any of the
possible wave motions and is therefore also knosvtha primary wave
or simply theP wave Patrticles vibrating at right angles to the di@tt
of energy flow (which can only happen in a solidg@ate anS (shear
‘shake’ or, because of its relatively slow velocggcondarywave. The
velocity in many consolidated rocks is roughly itk P-wave velocity.
It depends slightly on the plane in which the pdes vibrate but these
differences are not significant in small-scale sys/

P and S waves atwody wavesand expand within the main rock mass.
Other waves, known dsove wavesare generated at interfaces, while
particles at the earth’s surface can follow eltgli paths to create
Rayleigh wavesLove and Rayleigh waves may carry a considerable
proportion of the source energy but travel veryvjo In many surveys,
they are simply lumped together as the ground roll.

3.4 Seismic Velocities

The “seismic velocities” of rocks are the veloedg at which wave
motions travel through them. They are quite distificom the
continually varying velocities of the individual@kating rock particles.
Any elastic-wave velocity\() can be expressed as the square root of an
elastic modulus divided by the square root of dgn@®). For P waves
the elongational elasticity} is appropriate, for S waves the shear
modulusy.
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The equations:

Vp =(i/p) Vs =(ulp)

Suggests that high density rocks should have laswse velocities, but
because elastic constants normally increase rapuily density, the
reverse is usually true. Salt is the only commockrbaving a high
velocity but a low density.

If the density and P and S wave velocities of & noass are known, all
the elastic constants can be calculated, since #neyrelated by the
equations:

(VPIVS)2 = AL - o)l(L1 - ) o = [2 - (VPpIVS)2)/2[1 - (Vp/VS)2]
i =q@ -o)/(L +0) (L - 2) u=q2(1 +0) K = g/3(1 - )

Whereo is the Poisson rati@ is the Young’s modulus aridis the bulk
modulus.

It follows that:
] =K+ 4u/3

The equation above implies that P wave always Isafaster than an S
wave in the same medium. The Poisson ratio is avegs than 0.5 and
at this limit,Vp/Vs is infinite.

Most seismic surveys provide estimates only for @&av velocities,
which are rather rough guides to rock quality. Fégi.1 shows ranges
of velocity for common rocks and also theippabilities defined by
whether they can be ripped apart by a spike mouotethe back of a
bulldozer or not.

3.5 Velocities and the Time-Average Equation

Within quite broad limits, the velocity of a mixeiof different materials
can be obtained by averaging the transit times (dgwprocals of
velocities) through the pure constituents, weighésdtording to the
relative amounts present. The principle can be wseth when, as in
Example 1.1, one of the constituents is a liquid.

Example 1.1
Vp (quartz) = 5200 m$

Vp (water) = 1500 ms
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P-wave velocity in sandstone, 80% quartz, 20% wfited porosity, is

given by:

1/Vp = 08/5200 + 02/1500

= 0.000287

i.e.Vp = 3480 m3'

8] 1 2 3 4 5 5] i
| | | | | | | | R
............. ]| T SRS NDRSI .
[ 1 Rippable
___________ Sand| -
[ Marginal
e e e T
-Notri able
____________ Coal| ... i
.......... BHBIE Lo . 5 L S A
Sandstone e e, SATZIS
Limestone/
L= e —t R —.. .
Chalk
............. I s e A B S S S S a3 A S N S A W
TR FLTBE st e S P P S S P S o ————. .
Bazalt/
...... IS | e R .
....... ARG o o e e e e e e e e —
....... e T e RN oy
........ Bl S | e e ...
Other I O 0
Air Watar lce

Fig. 1.1: Ranges of P-wave Velocities and Rip aliies in Common
Rocks. The Vertical axis, for each Rock type, is tended to show
approximately the Relative Numbers of Samples thatvould show a
given Velocity

In dry rocks, the pore spaces are filled with &8r=330 ms?) rather
than water. Time averaging cannot be applied qizively to gas-filled
pores, but dry materials generally have very lowdae velocities. If
they are poorly consolidated and do not responstiedly, they may
also strongly absorb S-waves. Poorly consolidateatemsaturated
materials generally have velocities slightly gredtean that of water,
and the water table is often a prominent seisnmearfiace.

Weathering normally increases porosity, and theeefeeduces rock
velocities. This fact underlies the rippability g@s shown in Figure 1.1.
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Few fresh, consolidated rocks have velocities s han about 2200

ms?, and rocks that are rippable are generally alsdeast partly
weathered.

3.6 Ray-Path Diagrams

It is convenient to identify the important travelths by drawing seismic
rays to which the laws of geometrical optics can belied, at right
angles to the corresponding wave fronts. Ray-plagory works less
well in seismology than in optics because the mas#ful seismic
wavelengths are between 25 and 200m, and thus cabipawith
survey dimensions and interface depths. Wave aff@t be significant
under these circumstances but field interpretatan nonetheless be
based on ray-path approximations.

3.7 Reflection and Refraction

When a seismic wave encounters an interface betwe&endifferent

rock types, some of the energy is reflected andeh@inder continues
on its way at a different angle, i.e., is refract€de law of reflection is
very simple; the angle of reflection is equal te @ingle of incidence
(Figure 1.2a). Refraction is governed 8yell’s law which relates the
angles of incidence and refraction to the seisneloaities in the two
media:

sini/ sinr =V1/V2

If V2 is greater thaivl, refraction will be towards the interface. If sin
iequalsv1/V2, the refracted ray will be parallel to the intexd and some
of its energy will return to the surface athi@ad wavehat leaves the
interface at the original angle of incidence (Feur.2b). At greater
angles of incidence there can be no refracted nayadl the energy is
reflected. When drawing ray paths for either ra#@dcor critically
refracted waves, allowance must be made for refracit all shallower
interfaces. Only th@ormal-incidenceay, which meets all interfaces at
right angles, is not refracted.

(m) S, Sz, ()

Fig.1.2: (a) Reflection and (b) Refraction: SimpleRfraction
Occurs at A while Critical Refraction Occurs at B
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4.0 CONCLUSION

A seismic wave is properly described in terms oWevéronts, which
define the points the wave has reached at a ghatant. However, only
a small part of a wave front is of interest in aggophysical survey,
since only a small part of the energy returns ® shrface at points
where detectors have been placed.

5.0 SUMMARY

When seismic energy is released suddenly at a poirgar the surface
of homogeneous medium, part of the energy propagdw®ugh the
body of the medium as seismic body waves. The mnmipart of the
seismic energy spreads out over the surface asmisesurface wave,
which is analogous to the ripples on the surfaca pbol of water into
which the stone has been thrown.

When a body wave reaches a distance ‘r' from itsr@® in a
homogeneous medium, the wave fronts (defined asutface in which
all particles vibrate with the same phase) hashersml shape and the
wave is calledaspherical wave. As the distance from the source
increases, the curvature of the spherical wavet flesreases. At great
distances from the source, the wave front is so tfiat it can be
considered to be a plane and the seismic wavelledcaplane wave.
The direction perpendicular to the wave front ilecathe seismic ray
path. The description of harmonic waves in plangesds simpler than
for spherical waves, because for plane waves, weusa orthogonal
Cartesian coordinates. Even for plane waves, thehenatical
description of the three-dimensional displacemearitshe medium is
fairly complex. However, we can learn quite a ltwat body wave
propagation from a simpler, less rigorous desaipti

6.0 TUTOR-MARKEDASSIGNMENT

What are seismic waves?
State the law of reflection
State the Snell’s law
With the aid of a simple diagram, explain and shiog/following
concept in seismic theory.
Reflection
Refraction
Heatwaves
Explain the following types of waves:
a. Primary wave
b.  Shear wave
C. Love wave

NT L

wo o
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d. Body wave
e. Rayleigh wave.
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UNIT 2 SEISMIC SOURCES
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 Hammers
3.2  Other Impact Sources
3.3 Explosives
3.4 Safety
3.5 time Breaks
4.0 Conclusion
50 Summary
6.0 Tutor-Marked Assignment
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1.0 INTRODUCTION
The traditional seismic source is a small chargéyolamite. Impact and

vibratory sources are now more popular but expessigre still quite
commonly used.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. explain clearly, the seismic sources

. discuss the usefulness of hammers in applicati@eisimic
waves

. discuss other impact sources

. highlight the uses of explosives in seismic works.

3.0 MAINCONTENT

3.1 Hammers

A 4- or 6-pound sledgehammer provides a versatilece for small-

scale surveys. The useful energy produced depenmdsground

conditions as well on strength and skill. Hammexs nearly always be
used in refraction work on spreads 10 to 20 m lbaog very seldom
where energy has to travel more than 50m.

The hammer is aimed at a flat plate, the purposehath is not so much
to improve the pulse (hitting the ground directhncsometimes provide

10
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more seismic energy) but to stop the hammer alyra@pitl so provide a
definite and repeatable shot instant. Inch-thickrahum or steel plates
used to be favoured, but are now being replacethick rubber discs
that last longer and are less painfully noisy. Titet few hammer blows
are often rather ineffective, as the plate need®éad down” in the soil.
Too much enthusiasm may later embed it so deeplyittinas to be dug
out.

3.2 Other Impact Sources

More powerful impact sources must be used in lasgeveys. Weights
of hundreds of kilograms can be raised by portabists or cranes and
then dropped (Figure 2.1). The minimum release Hieg about 4 m,

even if a shorter drop would provide ample enesgy;e rebound of the
support when the weight is released creates itss@igmic wave strain.
A long drop allows these vibrations to die awayadpefthe impact

occurs. Tractor-mounted posthole drivers, commadiaiming areas, are
also convenient sources. The weight drops downdeand is raised by
a pulley system connected to the tractor power-tdke

Relatively small (70 kg) weights falling in evacedt tubes have
sometimes been used. The upper surface of the tisigltposed to the
air, and effectively several hundred extra kilogsaofi atmosphere are
also dropped. The idea is elegant but the sourdéfisult to transport

because the tube must be strong and therefore haadymust be
mounted on a trailer, together with a motor-drivempressor to pump
out the air. Vibration sources are widely usedargé-scale reflection
surveys but produce data that need extensive angle& processing.

3.3 Explosives
Almost any type of (safe) explosive can be used deismic work,

particularly if the shot holes are shallow and targes will not be
subject to usual temperatures or pressures.

11
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Fig. 2.1: Impact Source

A half-ton weight being dropped from a portablengraluring a survey
of the low-velocity layer

Cord explosives, used in quarry blasting to inte®ldelays into firing
sequences, are rather safer to handle than norelighige and can be
fed into shot holes prepared by driving metal rodgrowbars into the
ground. Detonators used on their own are excefleatces for shallow
reflection surveys where high resolution is needefiien, much of the
energy delivered by an explosion is wasted in shati rock near the
shot point, and seismic waves are produced mucte refficiently by
shots fired in a metre of water or so. This effeo marked that, if shot
position is not critical, it can be worth going $ear even hundreds of
metres away from the recording spread in orderutotipe charge in a
river. In dry areas, significant improvements canobtained by pouring
water down shot holes.

Electrical firing is normal when using explosivest bwith ordinary
detonators there is a short delay between the nihsid which the
filament burns through, which provides a time refee, and the time at
which the main charge explode&ero-delay detonators should be used
for seismic work and total delays through the ensiystem, including
the recorders, should be routinely checked usingingle detonator
buried a few inches away from a geophone.

12
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Explosives involve problems with safety, securityldoureaucracy.

They must be used inconformity with local regulaipwhich usually

require separate secure and licensed stores fonatets and gelignite.
In many countries, the work must be supervised hgeased shot-firer,

and police permission is required almost everywhé&espite these
disadvantages, and despite the headaches thatséaatly produced if

gelignite comes into contact with bare skin, exples are still used.

They represent potential seismic energy in its npastable form and

are virtually essential if signals are to be deteécit distances of more
than 50 m.

A variety of explosive-based methods are availafech reduce the
risks. Seismic waves can be generated by devicahvine lead slugs
into the ground from shotgun-sized cartridges,tbatenergy supplied is
relatively small, and a firearms certificate maynseded, at least in the
UK. Another approach is to use blank shotgun acigés in a small
auger which incorporates a firing chamber, comlgrtee shot hole and
the shot. Even this seldom provides more energy thdlow from a
well-swung hammer, and is less easily repeated.

3.4 Safety

Large amounts of energy must be supplied to thergtaf refractions

are to be observed from depths of more than a fewes or reflections
from depths of more than a few tens of metres,saruth operations are
inherently risky. The dangers are not greatest wkplosives nor is it
safe to stand beneath a half-ton weight droppiogfa height of 4 m.

Explosives should only be used by experienced fangerly licensed)
personnel. Even this does not necessarily elimidatger, since experts
in quarry blasting often lack experience in thecgeconditions of
seismic surveys. If there is an accident, much e blame will
inevitably fall on the party chief who will, if his wise, keep his own
eye on safety.

The basic security principle is that the shot-firaist be able to see the
shot point. Unfortunately, some seismographs haaenkdesigned so
that the shot is triggered by the instrument operatho can seldom see
anything and who is in any case preoccupied witttkimg noise levels.
If such an instrument is being used, it must astléa possible for firing
to be prevented by someone who is far enough frenshot point to be
safe but close enough to see what is happening.CHEm be achieved if,
after the shot hole has been charged, the detoisatost connected to
one end of an expendable cable 20 or 30 m longy @hkn the shot
point is clear should the other end of this caldebdnnected to the cable

13
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from the firing unit. Firing can then be preventdany time by pulling
the two cables apart.

Unless “sweaty” gelignite is being used (and thight of oily nitro-
glycerine oozing out of the packets should be eidffit warning to even
the least experienced), modern explosives are mahbp insensitive to
both heat and shock. Detonators are the commoaases of accidents.
Although their explosive power is small, they havaused loss of
fingers and even hands. If fired on their own ag émergy sources, they
should always be placed in well-tamped holes, sta®age or serious
injury can be caused by fragments of the metahgasi

3.5 time Breaks

In any seismic survey, the time at which the seiswave is initiated
must be known. In some instruments, this appeartherrecord as a
break in one of the traces (tlshot breakor time brealk. On most
modern instruments, it actually defines the stdérthe record. Time-
break pulses may be produced in many different waygeophone may
be placed close to the source, although this iy veard on the
geophone.

Explosive sources are usually fired electricallpd ahe cessation of
current flow in the detonator circuit can providee trequired signal.
Alternatively, a wire can be looped around the nedplosive charge, to
be broken at the shot instant. This technique @muded on the rare
occasions when charges are fired using lit fuses.

Hammer surveys usually rely on making rather theeaking circuits.
One method is to connect the hammer head to omeddidhe trigger
circuit and the plate (assuming it is metal, ndbber) to the other.
Although this sounds simple and foolproof, in pieetthe repeated
shocks suffered by the various connections ares¢vere for long-term
reliability. In any case, the plates themselveseheather short lives,
after which new connections have to be made. hae practical to
mount a relay on the back of the hammer handl¢,bekind the head,
that closes momentarily when the hammer hits taeefdFigure2.2).

S ormtanctss

s T ramcs ool as r >
—— T e iy = -

St e i

=

Fig.2.2: “ Post-Office Relay” Impact Switch on the back of a
Sledgehammer Handle
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It will close late, or not at all, if the hammer used the wrong way
round. Solid-state switches sold by some seismbgrapnufacturers
give more repeatable results but are expensive ratider easily
damaged. The cable linking the trigger switch ofmammer to the
recorder is always vulnerable, tending to snakesacithe plate just
before impact. If it is cut, the culprit is traditally required both to
repair the damage and ease the thirst of all threesses!

Where the source is a heavy weight dropped fromnaiderable height,
a relay switch can be attached to its top surfatertay not trigger if the
drop is not absolutely straight. A crude but moszbable home-made
device which can be attached to any dropping wegyihown in Figure

Drop
direction

Spring
To e

recorder

—_—

N Weight

2.3.
Fig. 2.3: Weight-drop Contact Switch

On impact, the inertia of the bolt compresses firing and contact is
made with the upper surface of the weight.

Time-break pulses may be strong enough to prodotsference on
other channelsc(oss-talk).Trigger cables and circuits should therefore
be kept well away from data lines.

4.0 CONCLUSION

It is possible (although not common) for a detonadobe triggered by
currents induced by power lines or radio transmrssibut this is less
likely if the leads are twisted together. Triggeriny static electricity is
prevented if the circuit is closed. The shortedst®d, ends of detonator
leads should be parted only when the time comesmake the
connection to the firing cable, which should itsedf shorted at the far
end. Explosives should not be handled at all imtélenstorms.
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5.0 SUMMARY

Explosive charges need to be matched to the alamilables. Large
charges may be used in deep holes with little alwieffect at the
surface, but a hole of less than 2 m deep willrofiow out, scattering
debris over a wide area. Only experience will algafe distances to be
estimated and even experienced users can makekesstafety helmets
should be worn and physical shelter such as a watluck or a large
tree should be available. Heavy blasting mats ednae blow-outs, but
their useful lives tend to be short and it is ureatis rely on them alone.

A point where a shot has been fired but no crassrformed should be
regarded with suspicion. The concealed cavity naggricollapse under
the weight of a person, animal or vehicle, leadiiog interesting
litigation.

6.0 TUTOR-MARKEDASSIGNMENT

1. Write short notes on the following in relatiangeismic work:
a. Hammer
b Explosives
C. Safety
d. time Breaks
e crater
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1.0 INTRODUCTION

In this unit, the detection of seismic waves wi# discussed. Land
seismic detectors are known ageophones marine detectors as
hydrophones Both convert mechanical energy into electricagnais.
Geophones are usually positioned by pushing a spikewed to the
casing firmly into the ground but it may be necegda unscrew the
spike and use some form of adhesive pad or putgnwtorking on bare
rock.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

o differentiate between geophones and hydrophones
o apply geophones on land and hydrophones on water
) state that geophones are referred to as seismoaratetectors.

3.0 MAINCONTENT

3.1 Geophones

A geophone consists of a coil wound on a high-pabii¢y magnetic
core and suspended by leaf springs in the field permanent magnet
(Figure 3.1). If the coil moves relative to the may voltages are
induced and current will flow in any external ciiculhe current is
proportional to the velocity of the coil througtetmagnetic field, so that
ground movements are recorded, not ground displastsnin most
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cases, the coil is mounted so that it is free lwate vertically, since this
gives the maximum sensitivity to P waves risingpte from subsurface
interfaces, i.e., to reflected and refracted (boit direct) P waves. P-
wave geophones that have been normally connectedngigative first-
arrival pulses lfreakg for refractions and reflections, but may break
either way for direct waves.

In reflection work using large offsets, or in reftian work where the

velocity contrasts between overburden and deepeacters are small,

the rising wave fronts make relatively large anghagh the ground

surface and the discrimination by the geophonesd®si S waves and P
waves will be less good.

Spring —— [

10 cm

Fig. 3.1: Moving Coil Geophone

Geophone coils have resistances of the order ofo#hd@s and damping
is largely determined by the impedance of the dscio which they are
linked. The relative motion between coil and casm@lso influenced
by the natural vibration frequency of the suspendsdtem. At

frequencies above resonance, the response apptekmneplicates the
ground motion but signals below the resonant fraqueare heavily
attenuated. Standard geophones usually resonatebatow 10 Hz, i.e.

well below the frequencies useful in small-scaleveys. Response
curves for a typical 10 Hz phone are shown in Fe§L2.
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Geophones are remarkably rugged, which is justedsoensidering the
ways in which they are often treated. Even sor thgeful lives will be

reduced if they are dumped unceremoniously fromksunto tangled

heaps on the ground. Frames can be bought or roadhkith they can

be clipped for carrying (Figure 1.8) and these bargood investments,
but only if actually used.

3.2 Detection of S-Waves

Although S-waves are regarded as noise in moshseisork, there are
occasions when S-wave information is specificatlyght. For example,
both S- and P-wave velocities are required to detex elastic
properties.

4.0 Geophone response cUn/es
4 Typical 10 Hz geophone
50 ol resistance approx 400 02
/!
10 Mo shurjt-.\25
f— 50
3 B4 L1 6—Lao
3 | /"r/ 0 5"# 4
0
(0.2 "{} / & .% Damping (%}
?// Shunt resistance (£1)
4 RN
i 10 100
Freguency (HZ) -
Fig.3.2: Frequency Response  of a Typical

Moving-coil Geophone
The degree of damping depends on the value of lthetsesistance

connected in parallel with the geophone, and atsthe input resistance
of the recorder’s ‘No shunt’ corresponds to infersthunt resistance.
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Fig. 3.3: Geophone Carrying Frame in Use, Papua NeGuinea

“S-wave” geophones have coils that move horizigtaather than
vertically, the assumption being that wave frorftgterest will berising
more or less vertically and the S-wave vibratiori tiverefore be in the
plane of the ground surface. Because direct waeegltparallel to the
ground surface, S-wave geophones are more sentitidieect P waves
than direct S waves, just as P-wave geophonesasgise to vertically
polarized direct Swaves.

3.3 Detection in Swamps and Water

Normal geophones are rainproof rather than watefprand are
connected to cables by open crocodile clips. Geoghoare also
available that are completely enclosed and sealedwaterproof cases,
for use in swamps. These do not have external syikée are shaped so
that they can be easily pushed into mud.

Motion-sensitive instruments cannot be used in waBezo-electric
hydrophones respond to variations in pressure rdti@ motion and
are equally sensitive in all directions. Discrintina between P and S
waves is not required since S waves cannot travelgh fluids.

3.4 Noise

Any vibration that is not part of the signal is @i Noise is inevitable
and coherent noise is generated by the shot itSelfaves, Love and
Rayleigh waves and reflections from surface irragties are all forms
of coherent noise. In shallow refraction work, tisislow and therefore
late-arriving, waves usually prevent the use of awgnt other than the
first arrival of energy.
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Noise which is not generated by the shot is terraedom. Movements
of traffic, animals and people all generate randooise and can, to
varying extents, be controlled. It should at ldastpossible to prevent
the survey team contributing, by giving warningngsia whistle or

hooter. Random noise is also produced by vegetatioming in the

wind and disturbing the ground. The effects camnrdmuced by citing

geophones away from trees and bushes, and somdtynedsaring away
smaller plants. Significant improvements can oftes achieved by
moving particularly noisy geophones a few inchdacé&ment is also
important. It may not be easy to push a spike fatyne in hard ground
but a geophone an inch above the ground vibratdeeiwind.

3.5 Seismic Cables

Seismic signals are carried from geophones to decsras varying
electric currents, in cables which must contaircenas many individual
wires as there are geophones. Wires are necespadked very closely
and not only can external current carriers suchaager and telephone
cables induce currents, but a very strong signabrnie wire can be
passed inductively to all the others.

Cross-talk can be particularly severe from thengjreignals produced
by geophones close to the shot point, and it man de necessary to
disconnect these to obtain good records on othenrais.

The amount of cross-talk generally increases withdge of the cable,
probably because of a gradual build-up of moistmstde the outer

insulating cover. Eventually the cable has to sxalided. Cables and
plugs are the most vulnerable parts of a seisnsteay and are most at
risk where they join. It is worthwhile being vergreful. Re-soldering

wires to a plug with 24 or more connections is hmit easy nor

interesting. Most cables are double-ended, alloweriber end to be

connected to the receiver. If a wire is brokenydhé connection to one
end will be affected and the ‘dead’ channel mayivevf the cable is

reversed. All too often, however, other dead chinaee discovered
when this is done.

4.0 CONCLUSION

The geophones, sometimes referred to as seismawteetectors, are
the unit in direct contact with the earth that cemts the motion of the
earth resulting from the shot into electric signakhese signals
constitute the inputs into an instrumentals systdra, end product of
which is the presentation of subsurface geologidarmation in some
viable form, usually as a record section, whiclgept for distortion of
scale, is comparable to geologic cross section.
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5.0 SUMMARY

Geophones are designed to react to motion of thih @a a given
direction. Mechanical instruments record the angaifdisplacement of
the ground; electromagnetic instruments respondh#o velocity of
ground motion. Depending on the designed, eithee tyay respond to
vertical or horizontal motion. Some modern electagmetic instruments
are constructed so as to record simultaneouslyethvehogonal
components of motion. Most designs employ varigioon the
pendulumprinciple.

6.0 TUTOR-MARKEDASSIGNMENT

1. Define the following:
a. Seismometers
b. Hydrophones
C. Noise

Describe geophones with the aid of a simple diagram
Differentiate between a geophones and hydrophones.

With examples, differentiate between  coherent ncasel
random noise.

A WwWN
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1.0 INTRODUCTION
Instruments that record seismic signals are knowrseasmographs
They range from timers which record only single régeto complex

units that digitize, filter and store signals frannumber of detectors
simultaneously.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

o discuss simple seismic recorders
) explain seismographs
) describe common instruments used in seismic sigaatgding.

3.0 MAINCONTENT

3.1 Single-Channel Seismographs

Most single-channel seismographs have graphic aspl although

rudimentary seismic “timers” which simply displaeg the arrival time

of the first significant energy pulse numericallgne once popular. On a
visual display, the time range is switch or key-gatected and the left-
hand edge of the screen defines the shot or impsieint. Hard copy is

not usually obtainable and times are measuredttjiréc some models,

a cursor can be moved across the screen whiléntieecbrresponding to
its position is displayed. Noise levels can be rayed by observing the
trace in the absence of a source pulse.

Modern single-channel instruments use enhancementiges. A
digital version of the signal is stored in solidist memory, as well as
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being displayed on the screen. A second signakthsr replace this or
be added to it. Any numberof signals can be summed (stacked) in this
way for a theoreticaln improvement in signal/noise ratio.

3.2 Multi-Channel Seismographs

Seismographs with 12 or 24 channels are generalidd un shallow
surveys, whereas a minimum of 48 channels is nawnitrm in deep
reflection work.

With multiple channels, both refraction and reflectwork can be done
and explosives can reasonably be used since thepeosshot is less
important when each shot produces many traces.réeh@ent is used
very widely and most instruments now provide graphkisplays,
optional hard copy and digital recording.

The enhancement seismographs now in use (Figurg atel very
sophisticated and versatile instruments. Displaynfds can be varied
and individual traces can be selected for enhanegemeplacement or
preservation. Traces can be amplified after as aglbefore storage in
memory, and time offsets can be used to displaptsuat occur after
long delay times. Digital recording has virtuallyjnm@nated the need for
amplification before recording, because of the iehdy very large
dynamic rangeassociated with storage of data as fixed precision
numbers plus exponents (Example 1). Filters cano b&s applied, to
reduce both high frequency random noise and abstotig-period noise,
of uncertain origin, that sometimes drives the dgatrom one or two
geophones across the display, obscuring otherstrace

| b ; ‘."?.',J ‘u.‘ I."f '.‘1'

Fig. 4.1. Enhancement Seismographs
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The instrument on the right is the now obsolete bkramd switch
controlled Geometrics 1210F. The instrument onléfieis one of its
successors, the Smartseis, which is entirely meivesd Note the hard-
copy record just emerging from the Smartseis, hrdhiuch greater size
of the display “window”.

Example 1

Dynamic range is concerned with the range over wihilata can be
recorded with roughly uniform percentage accuraci®ien seismic
amplitudes were recorded in “analogue” form ongnatic tape, in
which magnetization was proportional to signal rsgte, the dynamic
range was limited at low amplitudes by tape noisel @t high
amplitudes by magnetic saturation. Automatic gaintol (AGC) was
therefore applied before recording, and inevitatiktorted the signals.
In digital systems, data are recorded as numevalaks plusexponents
which are the powers of some other number by witheh numerical
value must be multiplied.

Thus, the values: 46 789 and0000046789 can be written in the
familiar engineering notation, which uses powers of
10, as:

4.6789E +4 and 4789E - 6

The two quantities are thus recorded to the sameeptage accuracy. In
digital systems, data are usually recorded in lyifarmats and the
exponentusespowersof2.ltiscommonlyallowedtorangedoet

-128 and +127, which is roughly equavdl to a range from

1078 to 10138

N
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Fig.4.2: Six-channel Refraction Record Showing Re#iction
“Picks’

Noise prior to these picks is increasingly obviasasamplification is
increased to record signals from the further geapbko
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The refraction survey example in Figure 4.2 shdvesdignals recorded
by six geophones at points successively furthenftiee source, with the
traces from distant geophones amplified more to pmreate for
attenuation. Inevitably, amplifying the signal alsoplifies the noise. In
the field, arrival times can be estimated fromgheeen but this is never
easy and seldom convenient. On the other hand, dap@s produced
directly from the instrument are often of ratheropauality. This is
especially true of dot-matrix outputs, because rierix size causes
irregularities in what should be smooth curves (Feg4.2).

Where these are the built-in printers, and assurtliegnstrument also
has the capacity to store data digitally, it is thathile having a separate
lap-top computer coupled to a reasonable printethatfield base. It
would be foolhardy, however, not to produce, anéserve, the field
hard copy.

Powerful microcomputers are incorporated into mastodern

instruments, with high-capacity hard drives for adastorage.
Bewildering numbers of acquisition and processiptjoms are available
via menu-driven software. So versatile are theseruments that it is
sometimes difficult, or at least time consuming,p@rsuade them to
carry out routine, straightforward survey work.

4.0 CONCLUSION

Seismographs that allow signals to be displayed smchmed are
obviously superior to mere timers, and can be tsetiudy events other
than first arrivals. However, they are generallyyonseful in shallow

refraction work since it is difficult to distinguisbetween direct waves,
refractions and reflections on a single trace. Hammeources are
universal, since it would be expensive and inedfitito use an explosive
charge to obtain such a small amount of data.

5.0 SUMMARY

The seismograph is the earliest known instrumentiridicating the
arrival of seismic tremor from a distant sourceeputed to have been
invented by a Chinese astronomer called Chang HerBAD. The
device consisted of eight invented dragons pladeéqaal intervals
around the rim of vase. Under each dragon is am-opmuthed metal
toad. Each dragon held a bronze ball in its mowthen a slight tremor
shook the device, an internal mechanism openedntbeth of one
dragon, releasing its bronze balls, which fell itiite open mouth of the
metal toad beneath, thereby marking the directibraroival of the
tremor. The principle of this instrument was usadtie 18 century
European devices that consist of brimful bowl oreney with grooved
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rims under which tiny collector bowls were placea dollect the
overflow occasioned by a seismic tremor. Theseunstnts gave viable
evidence of a seismic event but were unable t@ teapgermanent record
of the seismic wave itself. They are classified@smoscopes.

6.0 TUTOR-MARKEDASSIGNMENT

1. What are seismographs?
2. List and explain the different types of seismogsapbu have
learnt in this unit
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1.0 INTRODUCTION

The seismic reflection method absorbs more than 8d%he money

spent world-wide on applied geophysics. Most susvaye aimed at
defining oil bearing structures at depths of thowsaof metres using
hundreds or even thousands of detectors. Howewene sreflection

work is done by small field crews probing to deptiisat most, a few
hundred metres. The instruments used in these ymiwere originally

very simple but may now have as much in-built pssagg power as the
massive processing laboratories of 20 years agtd Bperators need to
have some understanding of the theory behind thermgavailable.

2.0 OBJECTIVES
At the end of this unit, you should be able to:

. give a descriptive treatment of the more importaspects,
concentrating on the developing fundamental undedshg of
these methods and the physical principles on wiingdy are
based

) describe the instruments used in this seismic yurve
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o discuss of the theory behind seismic reflection.
3.0 MAINCONTENT

3.1 Reflection Theory

Ray-path diagrams, as previously used, provideulsesights into the
timing of reflection events but given no indicatiohamplitudes.

3.1.1 Reflection Coefficients and Acoustic Impedances

The acoustic impedance of a rock, usually denotetl s equal to its

density multiplied by the seismic P-wave velocilfya seismic wave

front strikes a planar interface between two raglets with impedances
|1 andlat right angles (normal incidence), the amplitutihe reflected

wave, as a percentage of the amplitude of the emtidvave (the

reflection coefficientRC) is given by:

RC=(l2—-11)/(2+11)

If 1. is greater thar,, the coefficient is negative and the wave is
reflected with phase reversed, i.e., a negativasepwill be returned
where a positive pulse was transmitted and vicsazefhe amount of
energy reflected first decreases and then increasethe angle of
incidence increases. If the velocity is greatethe second medium than
in the first, there is ultimately total reflecti@md no transmitted wave.
However, most small-scale surveys use waves reflezt nearly normal
incidence.

3.2 Normal Move-Out

The true normal-incidence ray cannot be used imesuwork, since a
detector at the shot point would probably be damaged would
certainly be set into such violent oscillation ttts whole record would
be unusable.

Source 5 - X - Detector

Ty=2d/V

T = (4d? + x*)/V

T? — T, % =x%/VZ
(hyperbolic equation)

T =T, =x2/2TV?
{parabolic approximation)

Velocity =V

Fig.1.1: Derivation of the Normal move-out Equatio fora
Horizontal Reflector (Tols the normal incidence time)
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Geophones are therefore offset from sources anohe@a corrections
must be made to travel times.

Figure 1.1 shows reflection from a horizontal ifaee, depthd, to a
geophone at a distangdrom the source. The exact hyperbolic equation
linking the travel timel and the normal incidence ting is established
by application of the Pythagoras theorem. For smofiflets, the exact
equation can be replaced by the parabolic apprdiamawhich gives
the normal move out (NMOJ[ — T, directly as a function of velocity,
reflection time and offset.

T- To = X2/2T0V2

Since V usually increases with depth and always does, NMO
decreases (i.e., NMO curves flatten) with depthtv€d alignments of
reflection events can be seen on many multi-chareebrds (Figure
1.1). Curvature is the most reliable way of distiisping shallow
reflections from refractions.

3.3 Dix Velocity

If there are several different layers above a ctble the NMO equation
will give the ‘root-mean-square’ (RMS) velocity defd as:

VoRMS= (V2t1 + V2t - - -+ - V%tn)/Th
wheretnis the transit time through thé' layer, velocityV,, andT is the
total transit time to the base of th& layer. Interval velocities can be

calculated from RMS velocities using tBexformula:

V2DIX = (V2n-1Tn-1 = V2N TN)/(Tn-1 — Th)

ST ! : g .ﬂ .i-:t;'k._ m H .m_ =Y - ;z

10 11 12

H

34 58 6 8 8
747275 75 OT8OTEOTE OB T2 OTRoel

2

1

Fig.1.2: Enhancement Seismograph Record showing Ceed
Alignment of Reflections (the thickline)
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The earlier events were produced by refractionge Nwat on Channels

11 and 12 the strong refracted wave completely voners the

reflection. The variable area presentation useabpular for reflection
work since it emphasizes trace-to-trace correlaticathough some
information is lost where traces overlap.

The subscripts — 1 andn denote, respectively, the top and bottom of
the nth layer. RMS velocities are normally slightly heghthan true
average velocities, since squaring the high ve&xiincreases their
influence on the average. Significant errors caseaf RMS velocities
are used directly to make depth estimates but thesegenerally less
than the errors introduced by the use of the NM@aé&gn to estimate
velocity using reflections from interfaces that mawell not be
horizontal. Dix conversion may not help very muetitiese cases.

3.4 Effect of Dip

If the source is placed at the center of the geoelspread, the curves
obtained over horizontal interfaces will be symmeadrabout the source
point. If, however, the reflector has a uniform dipthe reduction in
travel path on the up-dip side of the shot comptiessa some extent for
the offset, and some travel times will be less tti@nnormal-incidence
time (Figure 2.3).

The minimum time & . coga)/V is recorded at a distancel Zin(a)
from the shot, on the up-dip side. The reflectgdriges vertically to this
point, about which the move-out curve is symmelri€ap effects in
shallow reflection surveys are detectable onlywieny large dips or very
long spreads.

S (source)
Detector G -
=1

X » Detector G
el

[

- 0S0IPE —

Velocity =V

e R
/ /,/ W
-~

.
J &’ (source image)
Fig. 1.3: Effect of Dip on a Single-fold Record

by
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Rays are reflected from the dipping interface asldfived from the
image point S_ at depth 2d - cedelow the surface, where d is the
perpendicular distance from the shot-point to titerface. The normal
incidence travel time is 2d/V but the shortest ¢tavme is for the ray
which is vertical after reflection. An identical m@out hyperbola
would be produced by a shot at point G and a hotatanterface at
depth d - cas

hvivahw s w
VAERRYAY,

Fig.1.4: Paths for Multiple Reflections: (a) SimpleMultiple (b)
Peg-leg (c) Intra-formational Multiple

G

3.5 Multiple Reflections

A wave reflected upwards with high amplitude fromsabsurface

interface can be reflected down again from the ggosurface and then
back from the same interface. This is a simple iplelt Two strong

reflectors can generageg-legand intraformational multiples (Figure

1.4). Multiples are difficult to identify with ceainty on single traces.
They can sometimes be recognized on multi-chane@rds because
they have move-outs appropriate to shallow reflscemd simple time
relationships with their primaries.

4.0 CONCLUSION

Seismic reflectionmethod is by far the most widely used geophysical
technique - the structure of the subsurface fownatiis mapped by
measuring the times required for a seismic waveise), generated in
the earth by a near-surface explosion, mechanimphct, or vibration,
to return to the surface after reflection from ifaees between
formations having different physical properties.eTheflections are
recorded by detecting instruments responsive targtanotion. They
are laid along the ground at distances from thentpof generation,
which are generally small compared with the depththe reflector.
Variations in the reflection times from place taag# on the surface
usually indicate structural features in the stré@ow. Depth to
reflecting interfaces can be estimated from theong®d times and
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velocity information that can be obtained eitheonfr the reflected
signals themselves or from surveys in wells. Réfdes from depths of
30, 000 ft or more can normally be observed by domg the
reflections from the repeated source applicatiats,in most areas,
geologic structure can be determined throughout skdimentary
section.

5.0 SUMMARY

Reflection data can be used to determine the agevadpcities of

seismic waves between the surface and the reflebtore important

from a geological viewpoint, the velocities of seis waves through
depth intervals of a few percent of depth from skieface can now be
obtained and often provide a good indication ohdibgy. The

usefulness of such information depends on the ilyers well as on the
problem at hand.

With reflection methods, one can locate and maph sieatures as

anticlines, faults, salt domes, and reef. Manyhete are associated with
the accumulation of oil and gas. Major convergencasised by

depositional thinning can be detected from reftactisections. The

resolution of the method is now approaching a fassnthat is adequate
for finding stratigraphic traps such as pinch oatsfaces changes.
However, successful exploration for stratigraphicaccumulations by

reflection techniques requires skillful coordinatiof geological and

seismic information.

6.0 TUTOR-MARKEDASSIGNMENT

1. What is seismic reflection?

2. What do you understand by the teagoustic impedance of a
rock?

3. Explain with the aid of diagram the following:

a. Multiple reflection

b. Simple multiple

C. Peg leg

d. Intra formational multiples

State the dix formular and define all the paranseded variable.

What is normal move-out? Derive a move-out equdtora

horizontal reflector.

ok
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3.0 Main Content
3.1 Spread Lengths
3.2 Arrays
3.3 Shot Arrays
3.4 Common Mid-Point Shooting
3.5 Depth Conversion
3.6 Geometric Distortion
4.0 Conclusion
5.0 Summary
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4.0 INTRODUCTION

Reflected waves are never first arrivals, so cteareflection events are
seldom seen. Oil industry techniques for improvisignal-to-noise
ratios can be used for shallow work and simpleigassof the programs
used are incorporated in the software supplied thighlatest generation
of 12- and 24-channelseismographs.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

) give a descriptive treatment of the more importaspects,
concentrating on the developing fundamental of extibn
surveys

) explain that reflection survey techniques are tiozee widely

used in oil industry for exploring oil.
3.0 MAINCONTENT

3.1 Spread Lengths

The distance from the source to the nearest ge@plora shallow
reflection survey is usually dictated by the stitbngf the source (and
the need to protect the geophone) and may betlesdg 2 m when a
hammer is being used. Even with explosives or heagight drops,
minimum offsets of more than about 10 m are unusinEn observing
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shallow reflections. A reflection spread can be mhorter than a
refraction spread used to probe to similar depkid, with powerful
sources and multi-channel recording, the furthestpgone may be
more than 100 m from the source. The optimum spleagth can be
determined only by experiment, since the most ingparfactors are the
arrival times of the noise trains associated whih direct wave and any
strong refracted waves. Field work should begirhvigsts specifically
designed to examine these arrivals, generally bygu®longated
spreads.

3.2 Arrays

Ideally, reflected energy should arrive after theamsurface waves
(ground-roll and refractions) have passed butriiy not be possible if
the depth of investigation is very small. In suases, geophones may
be connected in arrays to each recording channefle®ed waves,
which travel almost vertically, will reach all tligeophones in an array
almost simultaneously but the direct waves wilharrat different times
and produce signals that can interfere destrugtivel

The efficiency with which a wave is attenuated hyaaray is defined by

its relative effect(RE) compared to the effect of the same number of
geophones placed together at the array centrevaiiation of the RE
with apparent wavelengtfwhich for the direct wave is equal to the true
wavelength), for a linear array of five geophongsaly spaced on a
line directed towards the shot point, is shown iguFe 2.1. Non-linear
arrays produce more complex curves.

Simple arrays are preferred in the field, sincetakiss are easily made
in setting out complicated ones. The range of feegies over which
attenuation of the direct wave occurs is propogido array length and
it may be necessary to overlap the geophones iacendf arrays. It
would be unusual in a shallow survey to use moaa tive geophones
per array.

100

" P

S0 /

a5 //
"YWV N/

1.0 1.5 20 25 3 “1 5 e 7 8910 15 20

/

»
L

Relative efiect (%)

-
(Apparent wavelength / geophone spacing)

Fig.2.1: Relative Effect (RE) of an Array of five gui-spaced in-
line Geophones
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The 100% level would be attained with zero spacbejween the
geophones. The apparent wavelength is equal tac¢h&l wavelength
divided by the sine of the angle between the wawvefand the ground
surface, and is infinite for a wave rising vertigadnd equal to the true
wavelength for the direct wave. Attenuation is camicated between
values of apparent wavelength divided by geophpaeisg of about 1.2
and 7. With 2 m spacing, a 500 m-s—-1 wave wouldtbenuated at
frequencies of between about 35 and 200 Hz.

3.3 Shot Arrays

Seismic cables for use with only 12 or 24 chanasdsnot designed with
arrays in mind, and non-standard connectors mag kawe fabricated
to link the geophones to each other and to theecédtbinay be easier to
use arrays of shots instead.

A shot array using explosives usually involves diameous detonation
of charges laid out in a pattern resembling thataotonventional
geophone array. If an impact source is used witheahancement
instrument, the same effect can be obtained byngdatigether results
obtained with the impact at different points. Tisighe simplest way of
reducing the effects of surface waves when usingnamer.

3.4 Common Mid-Point Shooting

Improving signal-to-noise ratios by adding togettssveral traces
(stacking) is fundamental to deep reflection susvely shallow surveys,
this technique is normally used only to stack (el results obtained
with identical source and detector positions. Wwver, the data are
recorded digitally, NMO corrections can be madeh@igh not in the

field) to traces produced with different sourceeieer combinations.

The technigue normally used is to collect togetharumber of traces
that have the same mid-point between source anelverc(common

midpoint or CMP traces), apply the corrections #rehstack.

The number of traces gathered together in a CMék stafines thedold
of coverage. Three traces forming a single synthedro-offset trace
constitute a 3-fold stack and are said to provi@®% cover. The
maximum fold obtainable, unless the shot point gadphone line are
moved together by fractions of a geophone interigagqual to half the
number of data channels.

Figure 2.2 shows the successive geophone and spastions when a
six-channel instrument is used to obtain 300% cadSpecial cables and
switching circuits are available for use in deeflertion surveys, but
CMP fieldwork with the instruments used for shallswrveys is very
slow and laborious. The need to combine traces fseweral different
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shots makes it difficult to do CMP processing ia fleld.

®@—n o o o a a shat D
= = sha ©
- Shot B
Shot A

Depthponta, Shot A & & A A A A
Pepthponts, Shat @ 4 A A A A A
Depihpoants, Shat C &4 & & A A A
Depihpos, Shot D 4 A A A A A

Fig.2.2: CMP Schematic, for 3-fold Cover with a 6-sannel
System

Shot points A, B, C and D are progressively onepbeae group
interval further to the right. Note that the distarbetween reflection
points (depth points) on the interface is only hlat between geophone
groups on the surface. Shots A and D have no geptits in common.

o b — — — W ——

S (Sowurnce]) Bt - ol Dhateciowr (S

. i, -
5" (souncs Irmage | ‘.‘__\_

Y
G [detector Image) S

Fig. 2.3: Effect of Dip in CMP Shooting

In contrast to single-fold shooting, the shot peirds well as the
geophone locations are different for the differeates. Shot points and
detector locations are equivalent and the ‘deptintpon the reflector
moves up dip as the offset increases. The movesquation is most
easily derived by noting that the path from souccdetect or isequalin

length to the path Steom the source to the detector ‘image point’, and
that the geometric relationships between similaangles imply the
equality of all the length smarked‘y’.The Pythagoralationship can
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be applied to the triangle $& and the times can be obtained by
dividing the distances by V.

Thus,

To = 2d/V and T= SGIvV

The geometry of a CMP shoot differs from that fiogke-fold coverage,
and the effect of dip is therefore different (Figu.3). If the interface
dips at an angle, the velocity deduced from a CMP stack is equa to
/cosa and the ‘depth’ is equal to the length of the ndrmeidence ray
from the common mid-point to the interface. In cast to the single-
fold gather of Section 2.1.4, the minimum time ssa@ciated with the
normal incidence ray. The aim of stacking is toduwe a noise-reduced
seismic trace that approximates to the normal enwe trace, i.e. to the
trace that would have been produced had the s@mdedetector been
coincident. The initials CMP replaced an earlieroagm, CDP
(common depth point) used for the same method. rRefgeto depth
points (reflection points) as ‘common’ implies tladt the reflections in
a gather have come from the same point on the Halosuinterface,
which is true only for horizontal interfaces.

3.5 Depth Conversion

Reflection events are recorded not in depth btavorway time (TWT).

Velocities are needed to convert times into degibsthe Dix velocities
(Section 2.1.3) obtained from NMO curves may be200% in error,

even for horizontal reflectors. Interpretations wdo be calibrated
against borehole data wherever possible, and ¢eda's should always
be on the lookout for opportunities to measure iv&lrtvelocities

directly.
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The image is of a small graben structure beneatinaonformity. The
position of the true fault plane BB (indicated Img tdashed line) can be
estimated from the positions of the terminationgh@ sub-horizontal
reflectors representing the sediment fill withie tijraben (although care
must be exercised because many of the deeper siipiial events are
multiples). The event AA is the seismic image of.BBis displaced
because the techniques used to display the daiaasthat reflections
are generated from points vertically beneath thiéasa points, whereas
they are actually generated by normal-incidence thgt are inclined to
the vertical if reflected from dipping interfacd$e reflections from the
fault and the opposite side of the graben cross oear the lower
symbol “A”, forming a “bow-tie”. Convex-upwardreflections near
point Care diffraction patterns generated by faglti

3.6 Geometric Distortion

Seismic reflection data are normally presentedeasians prepared by
playing out, next to each other and vertically daive sheet of paper,
the traces from adjacent CMP gathers. Such sec@oassubject to
geometric distortion. Artefacts such as displaceftectors, diffraction

patterns and ‘bow-ties’, described in Section 332 adfecting radar
sections, also appear on seismic imagery, as isrsho Figure 2.4.

Refraction surveys are widely used to study theewé#ble and, for
engineering purposes, the poorly consolidated fayerar the ground
surface, and also in determining near-surface cbors for deep
reflection traces. Travel times are usually only few tens of

milliseconds and there is little separation betwagtvals of different

types of waves or of waves that have travelled ifhgrént paths. Only
the first arrivals, which are always of a P wawan be ‘picked’ with any
confidence.

4.0 CONCLUSION

In recent years, reflection data have also beenl dise identifying
lithology, generally from velocity and attenuatioharacteristics of the
transmitted and reflected seismic waves, and fteati@g hydrocarbons,
primarily gas, directly on the basis of reflectiamplitudes and other
seismic indicators.

The reflection method comes closer than any otheyspecting
technique to providing a structural picture of subsurface comparable
to what could be obtained from a great number otlhales in close
proximity. Modern reflection record sections armitar in appearance
to geologic cross sections, and geologists musesoras be cautioned
not to use them as such without taking into conmaiiten some potential
hazards that might lead to erroneous interpretatev@n with good-
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guality reflection data. Under ideal conditiongustural relief can be
determined with a precision of about 0.5% of ddmlow the surface.
This method makes it possible to produce structmmaps of any
geologic horizons that yield reflections, but therihons themselves
usually cannot be identified without independerdlggical information

such as might be obtained from wells.

This method makes it possible to produce structumabs of any
geologic horizons that yield reflections, but theribons themselves
usually cannot be identified without independerdlggical information

such as might be obtained from wells.

5.0 SUMMARY

While current technological improvements have méadpossible to

obtain usable reflection data in many areas whefieations were

formerly too poor to map, there are still placesvereflection does not
yield reliable information even though highly sogildated data
acquisition and processing techniques are usexuidh intractable areas,
other geophysical and geological methods must h@aymd

6.0 TUTOR-MARKEDASSIGNMENT

1. Explain the following terminologies:
a. Reflection survey
b. Geometric distortion in relation to reflection seyw

2. Write short notes on the following in relation &flection
a. Spread length
b. CMS - Common mid-point shooting
C. Array
d. Depth Conversion
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1.0 INTRODUCTION

Large primary voltages are needed to produce mablsutP effects.
Current electrodes can be plain metal stakes but-potarizing
electrodes must be used to detect the few milkvolttransient signal.
2.0 OBJECTIVES

At the end of this unit, you should be able to:

o discuss the importance of power source in seisefiraction
o state the important fundamentals in refractionrsgsefraction.

43



PHY 361 GEOPHYSICS I

3.0 MAINCONTENT

3.1 Refraction Surveys

Ideally the interfaces studied in a small refrattisurvey should be
shallow, roughly planar and dip at less thaf Mglocity must increase
with depth at each interface. The first arrivalste surface will then
come from successively deeper interfaces as dist@om the shot point
increases.

3.1.1 The Principal Refractors

P-wave velocities for common rocks were shown igufe 1.1. In
shallow refraction work, it is often sufficient tmnsider the ground in
terms of dry overburden, wet overburden and weatheand fresh
bedrock. It is very difficult to deal with more thahree interfaces. The
P-wave velocity of dry overburden is sometimesoas as 350 nis, the
velocity of sound in air, and is seldom more th&® 8ns!. There is
usually a slow increase with depth, which is almospossible to
measure, followed by an abrupt increase to 15003-h89'at the water
table. Fresh bedrock generally has a P-wave vglo€imore than 2500
ms? but is likely to be overlain by a transitional wheered layer where
the velocity, which may initially be less than 2000s?, usually
increases steadily with depth and the accompanyeduction in
weathering.

3.1.2 Ciritical Refraction and the Head Wave Snell’'s Law

This implies that if, in Figure 1.1y2 is greater thawl and if sini=
V1/V2, the refracted ray will travel parallel to theeriace at velocity
V2. This is critical refraction. After critical refction, some energy will
return to the ground surface ahi@ad waveaepresented by rays which
leave the interface at the critical angle. The headle travels through
the upper layer at velocityl but, because of its inclination, appears to
move across the ground at th@ velocity with which the wave-front
expands below the interface. It will therefore eéually overtake the
direct wave, despite the longer travel path. Thess-overor critical
distance for which the travel times of the direatl aefracted waves are
equalis:

xe= 2d [(V2 +V1)/(V2 - V1)]

This equation forms the basis of a simple method reffaction
interpretation.
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xc is always more than double the interface depth iandrge if the
depth is large or the difference in velocities nsal. Thecritical time,
obtained by dividing the critical distance by theedt-wave velocity, is
also sometimes used.

The term *“critical distance” is also sometimesedsfor the minimum

distance at which refractions return to the surfaee the distance from
the shot point at which energy arrives after reitec at the critical

angle. This usage is not common amongst field crewse the

refractions arrive after the direct wave at thisnpoand for some
distance beyond, and are difficult to observe. déirenthan one interface
is involved, the ray that is critically refractetithe lowermost interface
leaves the ground surface at an amgjaenby:

sini=V1/Vn

Thus, the angle at which energy leaves the grounféde for ultimate
critical refraction at a deep interface dependy @m the velocities in
the uppermost and lowermost layers involved, artdonahe velocities
in-between. Even though this is a surprisingly s$emgsult, cross-over
interpretation becomes rather complicated for rpldtilayers and the
intercept-time method discussed below (Section 32)generally
preferred.

Sin i3 = V‘INS

SlnS .C :V2N3

Fig. 1.1: Critical Refraction at Two Interfaces: sh ic = Vi/V2
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3.1.3 Lengths of Refraction Spreads

A line of geophones laid out for a refraction synie known as a
spread the termarray being reserved for geophones feeding a single
recording channel. Arrays are common in reflectiark but are almost
unknown in refraction surveys where the sharpessipte arrivals are
needed. Sufficient information on the direct waved areasonable
coverage of the refractor is obtained if the lengftithe spread is about
three times the crossover distance. A simple bwinahaccurate rule of
thumb states that the spread length should be &gkt the expected
refractor depth.

3.1.4 Positioning Shots

In most refraction surveyshort shotsare fired very close to the ends of
the spread. Interpretation is simplified if thes®ts are actually at the
end geophone positions so that travel times betvadet points are
recorded directly. If this system is used, the ¢@oe normally at the
short shot location should be moved half-way towdtte next in line
before the shot is actually fired (and replace@rafards). Damage to
the geophone is avoided and some extra informagiabtained on the
direct waveLong shotsre placed sufficiently far from the spread for all
first arrivals to have come via the refractor, atwrt-shot data may
therefore be needed before long-shot offsets catieb&led. Distances
to long shots need be measured accurately onbnifirtuous coverage is
being obtained and the long-shot to one spreaulbe tin the same place
as a short or centre shot to another. If explosaresbeing used, it may
be worthwhile using a very long offset if this walllow firing in water
(see Section 1.2.1).

3.1.5 Centre Shots

The information provided by a conventional fourispattern may be
supplemented by a centre shot. Centre shots aeeiallp useful if there
are considerable differences in interpretation gposite ends of the
spread, and especially if these seem to imply ffe numbers of
refractors. They may make it possible to obtaincaemeliable estimate
of the velocity along an intermediate refractotamonitor the thinning
of an intermediate layer that is hidden, at one ehdhe spread, by
refractions from greater depths. An additionalatele depth estimate is
obtained that does not depend on assumptions #f@wtays in which
the thicknesses of the various layers vary alomggbread, and there
will be extra data on the direct wave velocity. €ershots are used less
than they deserve. The extra effort is generailyalr compared to the
work done in laying out the spread, and the additi@nd possibly vital
information is cheaply obtained.
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3.1.6 Annotation of Field Records

Hard-copy records can be (and should be) produceatia field from
most of the seismographs now used for shallow cafma surveys. The
several dozen records produced in a day’s work itidtides repeats,
checks and tests as well as the completion of abeurof different
spreads must be carefully annotated if confusiortoisbe avoided.
Annotations should obviously include the date ahe hame of the
observer-in-charge, along with the survey locatimal spread number.
Orientation should be noted, and the position obib®ne 1 should be
defined. Unless the geophone spacing is absoluteiprm, a sketch
showing shot and geophone locations should be adti¢he interval
between timing lines on the records can be varretioa variable time
offsets can be applied, these settings must alswtezl. In many cases
this is now done automatically.

Other items are optional. Amplifier gains and filsettings are not often
recorded but such information may be useful. Thenler of shots or
impacts combined in a single record can also beortapt with
enhancement instruments.

And, of course, features such as the use of S-wyawphones at some
points or peculiarities in the locations of somehsd geophones should
always be noted. Many of the items listed abovelmprinted directly

on to the hard-copy record, provided they are festered into the

machine. This is often a more tedious, and morergmone, process
than simply writing the information on each recbgdhand.

3.1.7 Picking Refraction Arrivals

Picking first arrivals on refraction records reli@s subjective estimates
of first break positions (Figure 1.2) and may bé#iallt at remote
geophones where the signal-to-noise ratio is pSome of the later
peaks and troughs in the same wave train are likelbe stronger, and it
Is sometimes possible to work back from these timese the position
of the first break. However, because high frequena@are selectively
absorbed in the ground, the distance between tke ldreak and any
later peak gradually increases with increasingadis® from the source.
Furthermore, the trace beyond the first break fiscééd by many other
arrivals as well as by later parts of the primagvertrain, and these will
modify peak and trough locations. Using later fesguo estimate first-
arrival times should always be regarded as a pobstgute for direct
picking.
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Portion of a Multi-channel Refraction Recad, with
first-break ““picks” Identified byarrows

These become more difficult to make as signal isencatio worsens.
This record would be considered good, and much naiffecult
decisions usually have to be made.

3.1.8 Time-Distance Plots

The data extracted from a refraction survey consistets of times
(usually first-arrival times) measured at geophoaesarious distances
from the source positions. Since these are platgainst vertical time
axes and horizontal distance axes, the gradieahyfine is equal to the
reciprocal of a velocity, i.e., steep slopes cqroesl to slow velocities.
All the data for a spread are plotted on a singkesthat has a working
area covering only the ground where there are lgtgaophones. It is
not necessary to show the long-shot positions.eSascmany as five sets
of arrivals may have to be plotted, as well astaos¢ime differences,
different colours or symbols are needed to disisigbetween data sets.
If the arrival times lie on a number of clearly el straight-line
segments, best-fit lines may be drawn. These aractoally necessary
if the intercept-time interpretation method desedlbelow is used, and
will be difficult to define if the arrival times arirregular because of
variations in refractor depth. It is often bestdiaw lines through only
the direct-wave arrivals (which should plot on igfind lines), leaving
refracted arrivals either un-joined or linked ohly faint lines between
adjacent points.
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4.0 CONCLUSION

In reflection surveying, the detecting instrumergtsord seismic signals
at a distance from the shot point that is large maned with the depth of
the horizon to be mapped. The seismic waves must ttavel large
horizontal distances through the earth, and thedimequired for the
travel at various source-receiver distances giviermmation on the
velocities and depths of the subsurface formatialosig which they
propagate. Although the refraction method does gige as much
information or as precise and unambiguous a stralctpicture as
reflection, it provides data on the velocity of tredracting beds. The
method made it possible to cover a given area numuiekly and

economically than with the reflection method, thbwgth a significant

loss of detail and accuracy.

Despite its disadvantages, refraction is now rarhyployed in oil

exploration because of the larger-scale field dpmra required. Also,
the reflection method has developed to the poiat ihcan now vyield
nearly all of the information that refraction shiagt could produce as
well as relatively unambiguous and precise strattunformation

unavailable from refracted waves.

5.0 SUMMARY

Refraction is particularly suitable where the stmoe of a high-speed
surface, such as the basement or top of a limeshyee, is the target of
geological interest. If the problem is to determiine depth and shape of
a sedimentary basin by mapping the basement surtaoe if the
sedimentary rocks have a consistently Ioweismic velocity than do
the basement formations, refraction was in the paseffective and
economical approach for achieving this objectivebdrne magnetics
and, to some extent, gravity have replaced seiseiraction for such
purposes. Because velocities in salt and evapa@resften greater than
in surrounding formations, refraction has been wiséh mapping
diapiric features such as salt domes. Under fawdereircumstances,
this technique has been used to detect and deetimnthrow of faults
in high-speed formations, such as dense limestam® Basement
materials.

6.0 TUTOR-MARKEDASSIGNMENT

1. What are principal refractors?

2. With the aid of a diagram, explain critical refriact at two
interfaces.

Write short notes on the following:

a. Critical distance

w
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b. Annotation of field records
C. Length of refraction spread
d. A spread
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7.0 INTRODUCTION

Interpretation is an essential part of refractiegldivork because the
success of a survey depends on parameters sudheasrientation,
geophone spacing, shot positions and spread lengthieh can be
varied almost at will. Only if analysis keeps pai¢h data collection
will the right choices be made. Field interpretatitas been made easier
by computer programs that can be implemented otalpler PCs or on
the seismographs but such programs are based grsveple models
and are not substitute for the actually data.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

o give a descriptive interpretations of the more intgat field
aspects

) show prominent practical interpretations of geoptalanethods

) practicalise seismic refraction techniques.

3.0 MAIN CONTENT

3.1 Intercept Times

The intercept timeti is defined as the time at which the back-
extrapolated refracted arrival line cuts the timasaFor a single
refractor, it is related to the velocities and tleéractor depth by the
equation:
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b = 2dy/(VE — V) ViVo = 2d/ Vi

The quantityV1,2 is defined by this equation. It has the unitsaof
velocity and is approximately equal¥d if V2 is very much larger than
V1. The critical angle is then almost 9@nd the delay suffered by the
refracted ray in travelling between the surface tedrefractor is close
to double the vertical travel time. If the diffecenbetweervl andV2 is
small, V1,2 can be very large. Intercept times are convealipn
obtained by drawing best-fit lines through the aefed arrival times but
even a very good fit is no guarantee that the depthe refractor does
not change in the region near the shot point, framch no refractions
are observed. If, however, a long shot is usedethieould be a constant
difference between long-shot and short-shot arriialles at points
towards the far end of the spread (Figure3.3).

S, Sy Gy Gy Gy G,
T F—F %
! y i 4 4
-\‘. "\‘\
A B
Fig.2.1: Long-shot and Short-shot Travel Paths foa Three-
layer Case

The paths for energy travelling to the geophonesf61 and S2 via the
lower refractor are identical from point B onwarddpper refractor
paths have been omitted for clarity.

An intercept time can then be obtained by subingcthis difference
from the long-shot arrival time at the short-stomation, and this can be
done exactly if there is a geophone in this pasitidien the long shot is
fired . Otherwise, use of the nearest long-shovarat least reduces the
distance over which extrapolation must be made.

3.2 Multiple Layers

The intercept-time equation can be extended tosgaselving a number
of critically refracting layers. If the interceptnte associated with the
nth refractor ign, then:

tn= 2d1/V1i,n+1 + 22/\V2n+1 = - -+ - - 2dn/Vn,Arl
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Where dnis the thickness of theith layer, which overlies theth
refracting interface, at which velocity increasesnt Vnto Vn+1. The
definition of the various quantitie¥m,ns exactly analogous to the
definition of V1,2 cited above. The presence of intermediate layers
maybe recognized by comparing long- and short-datd, but at least
two points are needed to define a velocity andetliog any confidence
to be placed in the estimate. At best, therefondy tour layers can be
easily investigated with a 12-channel system. Carafdd field
procedures can be devised to overcome this liraitagjeophones may,
for example, be moved one half-interval after at $tas been fired and
the same shot-point can then be reused. Progressresnely slow and
the problems presented by refractor topographyddndayers and blind
zones (Section 3.3) still exist. In most circumsts) firing multiple
shots into modified spreads represents an atteonektract more from
the method than is really obtainable.

3.3 Effect of Dip

Depths estimated from refraction surveys are rélébegeophone and
shot point elevations, which must therefore be meakto obtain a true
picture of the subsurface refractor. Furthermorke t“depths”
determined are the perpendicular, not the vertdiatances to interfaces
from shot points or geophones. With this provisthorizontal”
formulae can be applied without modification whenevhe ground
surface and the refractor are parallel. More uguhkir slopes will be
different. Formulae are then most commonly quotedtarms of a
horizontal ground and dipping refractors, but cquadly well be applied
if the ground slopes above, for example, a horalonater table.

The intercept-time equations require the true vali®&/2 to be used.
However, a wave that travels down-dip not only twasravel further at
velocity V2 to reach more distant geophones, but also fughtire slow
velocity V1 in the upper layer (Figure 3.4). It thereforaves late, with

a low apparent velocity The reverse is true shooting up-dip, when
arrivals at further geophones may actually predbdse at nearer ones.
The slope of the line through the refracted arsvah a time—distance
plot depends on the dip angde,according to:

Vapp =V2/(1 + sina)
If shots are fired from both ends of the spreadfedint apparent
velocities will be measured because the sign ofitheangle will differ.

For dips of less than about-]1Q@he true velocity is given by the dip-
velocity equation:
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2/\V2 = 1UVup + IVdown
3.4 Refractor Relief and True Velocities

Most refractors, except the water table, are inaguf there were only a
single local depression in an otherwise flat refrgcrefracted arrivals
from shots in opposite directions would plot oragfht lines of equal
slope, and the differences between the two arrivakes at each
geophone would plot on a line with double this slophe exception to
this rule would seem to be the geophone immediatdgve the
depression.

Fig. 2.2: Refraction at a Dipping Interface

The refracted energy from S1 arrives later at Bhtiaa A not only
because of the greater distance travelled alongreéfractor but also
because of the extra distance d1 travelled in tve Velocity layer.
Energy from S2 arrives earlier at P than would bedigted from the
time of arrival at Q, by the time taken to travel a velocity V1. The
lines AC and PR are parallel to the refractor.

However, both waves would arrive late at this p@Higure 2.3) and, for
small dips; the delays would be very similar. Thféedence between the
arrival times would thus be almost the same a® ifl@pression existed,
plotting on the straight line generated by the Zuwmtal parts of the
interface. The argument can be extended to a tefradgth a series of
depressions and highs. Provided that the dip angtes low, the

difference points will plot along a straight linethwslope corresponding
to half the refractor velocity. Where a refract@sha constant dip, the
slope of the difference line will equal to the diglocity equation. The
sum of the slopes of the individual lines, givingraphical expression:
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Fig. 2.3: Effect on Travel Times of a Bedrock Depr&sion

The arrivals at G3 of energy from S1 and S2 areaydsl by
approximately the same amounts ‘a’ and ‘b’). Ndtatt as in all the
diagrams in this chapter, vertical exaggeration leen used to clarify
travel paths. The lower version gives a more realigicture of the
likely relationships between geophone spacing afchetor depths and
gradients.

The approach described above generally works faerbdan the very
gualitative ‘proof’ (and the rather contrived pasiting of the
geophones in Figure 2.3) might suggest. Changslepes of difference
lines correspond to real changes in refractor wigloso that zones of
weak bedrock can be identified. The importance argl shots is
obvious, since the part of the spread over whiehfifst arrivals from
the short shots at both ends have come via thactefris likely to be
rather short and may not even exist. It is eveneiones possible,
especially when centre shots have been used, ®rdifferencing
technique to be applied to an intermediate refradiofferences are
easily obtained directly from the plot using divisleor a pencil and a
straight-edged piece of paper. They are plottedguan arbitrary time
zero line placed where it will cause the least asian with other data.

3.5 Reciprocal Time Interpretation

Thereciprocal time, R, is defined as the time taken for seismic energy
to travel between the two long-shot positions. difierence betweetR

and the sum of the travel timgs andtB from the two long-shots to any
given geophone, G,is:

tA +tB —tR = D/F
where D is the depth of the refractor beneath G @&nhds a depth
conversion facto(Figure 2.4 ). If there is only a single interfa&ejs

equal to the thicknessl, of the upper layer and is equal toVvl,2. If
there are more interfacdsjs a composite of all the velocities involved,
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weighted according to the layer thicknesses. Atsti@t shots R/F = ti
(the intercept time) and thEé values can be calculated. The ways in
which F varies between these points may be very complex]ifear
interpolation is usually adequate in the field (Exyde 3.1).

5, G Sy
P Q R S Vo

Fig. 2.4: Reciprocal Time Interpretation

The sum of the travel times from S1 and S2 to Gedif from the
reciprocal time, tR, taken to travel from S1 to B2 the difference
between the times taken to travel QR at velocity ¥ QGR at
velocityV1.

AlthoughtR can be measured directly, it is more conveniemiatculate

it from the equation above using the intercept &inighis can be done
provided that geophones are located at the shottysbints when the
long shots are fired (so thea + tB at those points can be measured).
The estimates dR made using the data from the two ends shouldeagre
within the limits of error of the method (i.e. wiith1-2 ms'). If they are
not, the raw data and the calculations should beotlghly checked to
find the reason for the discrepancy. Short-shoiprecal times are
measured directly if short-shots are fired at eadphone positions, and
the fact that they should be equal may help inipglarrivals. However,
they have little interpretational significance.

4.0 CONCLUSION

The science of seismology dates from the inventibthe seismograph
by the English scientist John Milne in 1892. Itsneaderives from its
ability to convert an unfelt ground vibration indéovisible record. The
seismograph consists of a receiver and a recofther ground vibration
is detected and amplified by a sensor, called #isnwmeter or, in
exploration seismology, the geophone. In moderrirungents the
vibration is amplified and filtered electronicallfhe amplified ground
motion is converted to a visible record, calledsbesmogram.
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5.0 SUMMARY

Early seismographs were undamped and reacted otiipited band of

seismic frequencies. Seismic waves with inapprogpfiquencies were
barely recorded at all, but strong waves couldtlsetinstrument into
resonant vibration. In 1903, the Germen seismaldgisil Vie chart

substantially increased the accuracy of the seisapbgby improving

the amplification method and by damping the inseam These early
instruments relied on mechanical levers for amgifion and recording
signals on smoked paper. This made them both karklyheavy, which
severely restricted their application.

6.0 TUTOR-MARKEDASSIGNMENT

1. What are intercept times?

2. Explain by the use of diagrams, the
reciprocal time interpretations.

3. Differentiate between refractor relief and trueoodly.
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1.0 INTRODUCTION

First-arrival refraction work uses only a small podtion of the
information contained in the seismic traces, and ot surprising that
interpretation is subject to severe limitations.e3& are especially
important in engineering work; in low-velocity-laystudies only a time
delay estimate is sought and short shots aloneftee sufficient.

2.0 OBJECTIVES

At the end of this unit, you should be able to:

. explain the prominent practical limitations of tpeophysical
methods
) identify different techniques applicable in low eeity layer

environment.
3.0 MAINCONTENT
3.1 Direct Waves

Theground rollconsists of a complex of P-and S-body waves, ane Lo
and Rayleigh surface waves. These waves travel diffierent but
generally slow velocities. There is often some doab to which
component actually produces the first break, sirmmaventional
geophones respond only poorly to the horizontalugdo motions of
direct P-waves. Close to the source, enough ensrggsociated with
the P-waves for the response to be measurabl@tlgreater distances,
the first breaks may record the arrival of S-wawgesface waves or even
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the airwave.

The complex character of the direct wave may berante reasons for
the commonly observed failure of the best-fit aline to pass through
the origin. Delays in the timing circuits may alslay a part but can be
determined by direct experiment, with a detonatoladight hammer
blow close to a geophone. A more important reasay be that the
amplifier gains at geophones close to the shottg@me been set so low
that the true first arrivals have been overlooKeédyre 3.7). Full digital
storage of the incoming signals should allow tlaeds to be examined
individually over a range of amplifications, butthis is not possible,
then the most reliable velocity estimates will hedse that do not treat
the origin as a point on the line.

3.2 Vertical Velocities

However, much care is taken to obtain valid dingatre or refracted-
wave velocities. The refraction method is fundaraiytflawed in that
the depth equations require vertical velocities iMmat are actually
measured are horizontal velocities. If there isnificant anisotropy,
errors will be introduced.

W

SRR R AR 111} 1
p-n---r--u.J.n—-—m_.. e BB = S ikl

Fig.3.1: Hard Copy of a Single Stored Data Set Playg Back at
Two Different Amplifications

The first arrivals clearly visible on (a) would jpebly be overlooked or
dismissed as noise on (b). A direct wave velocagda on (b) would be
roughly correct provided that the best-fit line wen forced through the
origin. The cross-over distance would also be wrbnog the intercept
time would not be affected, provided that the retied arrivals were
amplified sufficiently.

This is a problem for interpreters rather thandfiebservers but the

latter should at least be aware of the importariagsmg any boreholes
or recent excavations for calibration or to meastgdical velocities
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directly.
3.3 Hidden Layers

A refractor that does not give rise to any firstivals is said to be

hidden. A layer is likely to be hidden if it is muthinner than the layer
above and has a much lower seismic velocity than ldlyer below.

Weathered layers immediately above basement aes dfidden. The

presence of a hidden layer can sometimes be resdjrifom second
arrivals but this is only occasionally possible part because refracted
waves are strongly attenuated in thin layers.

A layer may also be hidden even if the head wase ittproduces does
arrive first over some part of the ground surfagethere are no
appropriately located geophones. Concentrating lymogs in the
critical region can sometimes be useful (althoughen convenient) but
the need to do so will only be recognized if prahamny interpretations
are being made on a daily basis.

3.4 Blind Zones

If velocity decreases at an interface, criticataetion cannot occur and
no refracted energy returns to the surface. Littlie be done about these
blind interfaces unless vertical velocities can be meakdirectly. Thin
high-velocity layers such as perched water tables lauried terraces
often create blind zones. The refracted waves withem lose energy
rapidly with increasing distance from the sourcd aftimately become
undetectable. Much later events may then be pidsedirst arrivals,
producing discontinuities in the time—distance pldtsimilar effect is
seen if the layer itself ends abruptly.

Example 3.1

Field interpretation of a four-shot refraction sgtewith long shot (LS)
and short shot (SS) arrivals from west (W) and éasends plotted on
same set of axes (Figure 3.2). After plotting tregad interpretation
proceeds in the following stages.

Stage 1 Base refractor intercept times:
Measure LS(W)-SS(W) time differencesThese are roughly constant
and close to 41 ms from G6 to G12, indicating fihathis region the

SS(W) arrivals have come from base refractor. Siryi] LS(E)-SS(E)
time differences are close to 59 ms, from G1 to G4.
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Intercept times: LS(W) time at W end = 101 ms. Intercept time = 301
41 = 60 ms.

LS(E) time at E end = 208 ms.
Intercept time = 208 — 59 = 149 ms.

Note the LS(E) difference from the extrapolateeiogpt time of about
170 ms.

L
= Difference line zero L
% o
= e
250 4
=
'_
Average long shot -
short shot time difference AT, .©7
200 Pomesgae o ¥
R g AT,
150 4 i o Extrapolated
o intercept IW
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Inge,, Intercept fime
i,
100 00
Caloulated
AT, intercept _ \
/nme
50 -«
! . Geophone 12 in offset
Geophone 1 in offset position position
T T T T T T T T T T
G G2 G3 G4 G5 G6 G7 G8 Gg  G1o G11 Giz
Geophone positions (20m intervals)
Fig.3.2: Time—distance Plot for a Four-shot Refragon Spread

The long shot difference times, indicated by opiecles, are referred to
a zero line arbitrarily placed at t = 280 ms—-1. é&adhe difference
between the intercept time obtained by extrapatatib short-shot data
and by using long-shot—short-shot difference timés, the G12

position. Extrapolation of the refracted arrivaldi back to zero time
would be even more difficult for the G1 positiondacould lead to an
even more erroneous interpretation. West is to léfe of the plot

(Example3.1).

Stage 2 Velocities:
Direct-wave velocity

Straight line from W origin through nearby SS(Wjiaals extends 60 m
to G4.

Velocity V1 = 600.079 = 759 ms-1
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Straight line from E origin through nearby SS(E)wals extends 100 m
to G7.

Velocity V1 = 1000.134 = 746 ms—1 Averagél value = 750 ms—-1
Intermediate refractor

Arrivals at G5 from SS(W) and at G5 and G6 fromESj{o not belong
to the “base refractor” sets (see Stage 1) nothdry fall on the direct-
wave arrival line, suggesting the presence of aernmediate, V2",
refractor. TheV2 velocity is poorly controlled but the arrivalsdis
should pass above all direct wawél] and base refractor first arrivals.
For the most likely positions, as shown;

SS(W): V2 = 1470 ms—1 Intercept time = 29 ms SSYR)= 1560
ms—1 Intercept time = 77 ms

These velocities suggest that the interface isgilylthe water table,
with a velocity of about 1500 ms—-1.

Base refractor velocity

Plot LS(W)-LS(E) time differences at each geophone,
using aconvenient (280 ms) line as time zero.

V3 = 2(slope of difference line= 2 x 22000.182 = 2420 ms-1
Velocity functions

V1,2 =V1 xV2/ (V22-V 21) =750 x 1500(15002 — 750p= 870
ms-1

V1,3 =V1 xV3/ (V23-V21) =750 x 2420(24202 — 750p= 790
ms-1

V2,3 =V2 xV3/ (V22-V 21) = 1500 x 2420(24202 — 1500p= 1910
ms-1

Stage 3 Depths at shot points
Depths to intermediate refractor d1= 12iV1,2)

W end:dl = 12x 0029 x 870 = 1B m
E end:dl =12x 0077 x 870=3% m
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Thickness of intermediate layer(d2= 12[ti —2d1/V1,3]xV2,3)

W end:d2 = 12x {0060 — 252/790} x 1910 = 26 m
D =268 + 126 = 394 m
E end:d2 = 12x {0149 — 670/790} x 1910 = 683 m

D=335+613=948 m
Stage (4) Reciprocal time interpretation (exammg Geophone 8)
Reciprocal time (tA +tB —ti)

W end:tR = 101 + 254 = 295 ms
E end:tR = 233 + 208 — 149 = 292 ms
Average = 293 ms

Depth conversion factors at short shots (F = 2 x/Di)

W end:F = 2 x 394/0.060 = 1310 ms—1 E ené:= 2 x 948/0.149 =
1270ms-1
F at G8 (by interpolation) = 1280ms-1

Depth at G8 (D=tA +tB —tR)
D =12x(0.174 + 0213 - 0293) x 1280 = 6@ m
4.0 CONCLUSION

Despite the limitations of refraction surveys, ptetations are not
always wrong when they disagree with drill holead&nly a very small
subsurface volume is sampled by the drill, and madmiy tests of drift
thickness have been terminated in isolated bouktmre distance above
the true top of bedrock. It is always importantttieaplanations are
found for any differences between drilling and secsesults.

5.0 SUMMARY

The complex character of the direct wave may berantbe reasons for
the commonly observed failure of the best-fit atine to pass through
the origin. Delays in the timing circuits may alslay a part but can be
determined by direct experiment, with a detonatoladight hammer

blow close to a geophone.

63



PHY 361 GEOPHYSICS I

6.0 TUTOR-MARKEDASSIGNMENT

I. Write short notes on the following:

a Direct Waves

b. Hidden layers

C. Blind zones

d Intermediate refractor
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