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Geophysics = Geological Observations + Physical Laws

a) Geology : b) Physics
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Geopotential ) 2 V) aedl eV (Gravity) a3 . c3dl 9.5 (Deformation)
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Climate ) 'C\-:-U LTy (Vegetation) ALl sledly (Landforms) _mgyladl dsl,d a0
Applied) &aubed) sUsésdk) (Environmental Changes) &) <ol padl 431 09 (Patterns
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(Environmental Assessments) il lenidls (Engineering) awdidl (3 dsds
Geotechnical ) &gkl lidi=slly (Resource Exploration) 3)sbl 2LaSanls
iSlbedl Ll - = JE s (3 Ogdlsdedl adsey . (Investigations

.(Data Interpretation) <UL ‘_}:«L;‘-) it Zalisll (Geophysical Techniques)

Divisions of Geophysics
= Global Geophysics:

Study of earthquakes, magnetic field, physical
oceanography, Earth's thermal state and meteorology.

= Exploration Geophysics:

Physical principles are applied to the search for, and
evaluation of, resources such as oil, gas, minerals,
water and building stone.

There are many divisions of geophysics, including:
oceanography, atmospheric physics, climatology,
petroleum geophysics, environmental geophysics,
engineering geophysics and mining geophysics.
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Method Measured parameter Operative physical property

Seismic Travel times of reflected/refracted Density and elastic moduli, which
seismic waves determine the propagation velocity of
seismic waves

Gravity Spatial variations in the strength of Density
the gravitational field of the Earth
Magnetic Spatial variations in the strength of Magnetic susceptibility and
the geomagnetic field remanence
Electrical
Resistivity Earth resistance Electrical conductivity
Induced polarization Polarization voltages or frequency- Electrical capacitance
dependent ground resistance
Self-potential Electrical potentials Electrical conductivity
Electromagnetic Response to electromagnetic radiation Electrical conductivity and inductance
Radar Travel times of reflected radar pulses Dielectric constant

Aol L5309 Lgaggis .. Do N1 &y b
(Solid Mechanics) bl slehl K51 -0 g & (Theory of Elasticity) &3 A dy L
External ) &) (godll b o ala)l sl (Behavior) &k & Jolaz sl
aadall JLaSU (Respond) Lelazuly slokl (Deform) osis 4aS Cavzy g4 . (Forces
.(Load is Removed) ! dl) da L;L«asﬁ\ LS e blad & (Applied Loads)
it can ) &wiﬁ\ LSe ) 345 of ugé 7] gsT «(Elastic) & ,» 55U ol bl p s
Permanent ) 513 o055 gST SERN ‘UB ¢ ket dl) Aie (Return to its Original Shape
Lo &gl 4 Lo Al (Principles) {s3Llls (Concepts) mALiU o5 . (Deformation
53U} |s-1> (Internal Forces) a1l (g5l olis sa sleaYl ((Stress) sl ¢ L
L 549 JQ 5530l L&T e e m o4 -(External Loads) R EAIFRN] o A4
Laf sl Y Caas -S4 (o) absd 2 AL ssle Lol «49 (Force Per Unit Area)
s (Perpendicular) ($>ses JQ:,; Joxs s Uls ((Normal Stress) (ssle slg>|
Jlesyi .Clzwi\ ¢ (Parallel) &)L Jemy (61 ((Shear Stress) 23 slex g ccﬁwj\
sl Ll 35 & 225 A (Deformation) osicld slie o8 JletsI ¢(Strain)
a5\l (Size) o> ﬂ (Shape) Jﬁé ¢ (Relative Change) Lﬁm‘J\ =) 56 gme . (Stress)
Normal ) ¢sate slex) ) Lal DbV Cagnas oS5 (8) @bssdl AL Sale altf ox
o2 slg>le ((Volume) ('"'"L‘ of (Length) J skl 3 olpadl Gy Vg ((Strain

——
| —

AR



.(Describes Changes in Shape) JQJ‘ & olpadl Cizy ) ((Shear Strain)

Theory of Elasticity:

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

Strain: is the deformation caused in the body, and is

expressed as the ratio of change in length (or volume)
to the original length (or volume).

ORIGINAL
VOLUME

STRESS STRAIN

Types of Stress:

1. Compression: causes a material to shorten.
2. Tension: causes a material to lengthen.

3. Shear: causes distortion of a material.

Ccp[npres?ion Tension Shear

'
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A
Fe—4 N > F

Stress, 0 = Faree - -
' Cross-Sectional Area A,

I_n -._|

- Ly = AL

Elongation AL

el Lengih L,

sl of S oen Bl 3 gﬂ\.«xi [0 o e Ol (Hooke's Law) Hea Ogils
Jlassyl & (Directly Proportional) [ b wliy e 33le e (Stress Applied) ol
Al oda o ) o gk A e 35U s of b &y ((Resulting Strain) G?L'J\
*9 «(Young's Modulus) &s: Jslae $28 E Eu~ (o= Eg :(Linear Relationship) idod)

.85\ (Stiffness) 4o b

Hooke’s Law
Hooke’s Law essentially states that stress is proportional to

strain.

Elastic limit

The extension of a
Force spring is proportional
(N) to the force applied
(until the clastic limit
1s reached)

Extension (cm)
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Hooke’s Law

* Hooke’s law states that:

F o<e

This is the ‘ ‘

force applied This is the
(N) extension (m)

(Material Properties) slshl ja5las & &L ooMulell (Elastic Moduli) &4 < lelal)
s*9 -(Quantify the Response of a Material to Stress) 3lg= 35U alozs) sus gl
.oj,\i:j\ Zuju,e L§L‘ ch).k.aj sl 3\.’)\-& bjxl. JLEJ

Elastic Constants

Elastic constants describes the strain of a
material due to applied stress.

Modulus = Stress/Strain

The higher the value of the modulus, the
stronger the material, the smaller the strain
produced by a given stress.

Linear) g]a-g-‘ Sladl (3 (Stiffness) 55 4 iy ((Young's Modulus) & Jolas
3lld 04 ud) a2 (Ratio of Stress to Strain) JleaiV) ) slg=Y) 4 344 . (Range
.(Compression) lex. )T (Tension) & &> ¢ (Within the Elastic Limit of a Material)
53U daglis iz g2y . (Pascals Pa «(JSwll) slex ) Sl ki &) Bg Jolas

.(Resistance to Longitudinal Deformation) (} oboll o4l

'
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Young’s Modulus (E):

-
U,

A

Strain

g Stress _ % Ak (

strain A%
0 Stress

" G -

Shear ) gpai“ osicll 35Ul (Resistance) deglis Ji¢ ¢(Shear Modulus) &)l Jsles
Ratio of Shear Stress to ) ‘;sa-ﬁ\ Jeasy ) ‘;sa-ﬁ\ sleY) dwd 3u4 L (Deformation

o jedll Jeles 35Ll) (Within the Elastic Limit) O 44} o> (Shear Strain
Transverse ) L;safd\ ogild 85U doglas Cinzys .(Pascals Pa ¢J\§MU‘) Lr2ll wlasg

.(Shape Change) JQJ\ Jroey jT (Deformation

Shear Modulus (n):

e V] Gy

Measure of the effort needed to change the shape of a material
without change of volume (i =0 for liquid or gas).
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Uniform ) J>sl borial) 53110 (Resistance) asglis wds «(Bulk Modulus) &kl Jolas
Ratio of the ) 33 o> 3 g;‘."""j‘ el ) balll @ pedl dis 5u£ L (Compression
o 2l Jolrs . La2ll @£ (Change in Pressure to the Relative Change in Volume

V"";‘ g 55Ul deglas iz B9 .(Pascals Pa JIaL) Lorll Ol

.(Volume Change)
Bulk Modulus (K):
P
Bulk modulus: - /
5 AP Y
~ AVN i

P = pressure \
V = volume

Measure of the capacity of the material to be compressed. It can be
carried out for solid, liquid, and gas.

Lateral ) LS;LJ-\ Jeas¥l y B Canad 45ls Aol s® (Poisson's Ratio) O gwls: dvd
JxaN!" (Longitudinal Strain) Jsl)! Jleis¥ly "dalall 544l & dell) Jles V1" (Strain
«(Dimensionless Quantity) stal Mgfa Ogwle s Lo VMJ- izl AU
33U gl s Bad )5 OF S0 8 Bagye Slog (ol Jo g2 Y BT g 2

,~)Oj . Wdywwuww‘bg‘vﬁxﬂdp(wbej.')oj \_‘ij
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Poisson’s Ratio (g):

Original shape

Deformed
shape

Original shape

Deformed
shape

=

drs pend) Sl gL
olib e i Blell p Slrss 2 (Seismic Waves) dvejem! o Al ol
2.2, LAY o 3l S o BT SleiN) of V3 e 240 ag ¢ 2,V
4 ey VJ:J\ s» (Earthquake Seismology) J;V;) ols sl oY) Olpidl of
2oV bW el Slaall e dadll Lolad) dal g N Slagl) dnl),
s (Seismograph) "I A5 jlex" G f e g B ol Jiz
(2 Sl ) Olegdl aili2 Bl s ST A olrsl) e aiki gl as
<l &5 (Body Waves) aubll sl o (Surface Waves) ' ddacd! ol gl
3 ey (i) Sl gkl s 1iby (i) V1 5,0 e Ll Slidall (3 dland))
Slrga" (2 peg U] ddadl Sl s 200,31 2l Amdan SAST> Slus
@MT BL C2y) Olrgs e (Rayleigh Waves) ”g-:b <l>ss" o (Love Waves) 2o
o W Lo il 152 21 ml e Bl Gy Dlis) gkl bl
aomgbl JLasl 4 Slsa ol sten @ 3y ilal ISty pta ) g W
Slrsll A BV s G o) (3 ) ) LBy Slrga e BT A g
S Boe BB Sl s ol (S8 L) Slrges ol (S8 A
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Qs 43 £ Sl Lol (ol Bl il ey (2,1 bL & e
o "azmndl ol s (Primary Waves) "Y1 of skl ol gl e e
e e Tysel loshl Jalg Cfﬁ s &dslall bl (Secondary Waves) "yl
Olaghl e BT, B e Loy dildly 2ol sl e Jazs OF Sk (Y30 o3
ey ddslall gl o B Lgzs e 065 ad mnedl ol sbl LT LI i o 30510
Sloghl r ST Bl n Jod g Jiloud) (3 225 Yy LB 3l U 3

Akl Slsll e e ST (Amplitude) Lezew 05555 2okl

SeisInic Waves

| |

Body Waves Surface Waves

| |

P Waves S Waves

Love (L) Waves Rayleigh (R) Waves
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Relationship between Vp and Vs:

Compressional Waves: Shear Waves:
s+ &
V,= M V. = B
P P

e Averaged Vp/Vs =1.732 for the crust.
¢ For mafic rocks, Vp/Vs = 1.81.
e For felsic rocks, Vp/Vs = 1.70.

glaidl jluweg drghl A
t\&ﬁ\ slee g (Wavefront) axsll &gl OB ((Wave Propagation) d>sdl Lisil Blew (3
Describe the Behavior of ) <ol-sl) Heles Cao o) Obsdseiny Olllezs W& (Ray Path)
dgme dbd (3 il (3 Aol dad J:JL b e 5)Le (Wavefront) d>sH dg>y .(Waves
Wave's ) dxshl Laflas Jo= Sligdas wlasll wlgaly Ko bsy OF (S& L opa)l o
.(Wavelength) Lz=ss Jobog (Speed) Lz o9 (Direction) Lgal£) Js «(Characteristics
Ltis axd) Lgand ol amsll ledia o a3 JE e e
o s beie dogl) wledde i aeldl dxell (3 Lty (dyye abd e R
glas anzy Ul (Path) JLud) Cay g o a3 8 (Ray Path) platdl jlens . 2l
Direction of ) &rsedd BUall 355 old) placd) J20 Lo Loy ne ojlas) oldT angld
aorsll dgarly o 8 G sl dgal s e .(Energy Flow of the Wave
oo e plad s ) g Ty ot of Tl Tt platdl Sl i ¢ SO0
JiE BT Y] sl Sy Slrsll Slealy bLi)l e w2l e ol 2> 1l
Loty comshl o) QIS ol Bl larly Lol L msl) jLam) e il (ol
Bohoo Jdey w2 3 Bad Lob Caseal) DS Bl jLasl o) plasdl llus jsaas
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Ssks & VB e bags ol (Oliguall ol (lmad) (3 slo il bl (3 2l
sl alsh e

- The wave front is the direct boundary between the seismic
waves in the earth material, and the material that the seismic
energy has not yet reached.

- Ray is the vector perpendicular to a wave front.

Watme Front
Rays are

normal to
wavefronts
Ravypath K

Souzce
€ Wavefronts
expanding
from point
source

Wave Parameters

» Wave speed (v): unit: m/s; V=x/t=A/T

» Wave period (T): unit: s
Time needed from one peak to another
successive peak.

» Frequency (f): unit: Hertz; f=1/T
Number of oscillations occurrech\uring a
standard interval of time

> Wave number: K =27/ A q S _
B A s
S S S e S N

N N N N NN
AVAVAVAVAVAVAVAVAVAVAVAVAVAVAV

‘ )
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B TLRR
(Wave Theory) &3l 3Ll 3 L;»L»T ps¢is s» (Huygens's Principle) y%s» S
olg>ly Bl (3 Lpl> ((Propagation of Waves) wl=shl L) V—e-d iy b b
of S S fde L2y .(Wave Interference) <ol>shl J51459 (Wavefronts) <=5l
Every Point on a) &gl &9 S oldgal) jlaes faxi dsll dg s dbi |
Slas! uﬁ.c, ¢ ,>'-~\ &% .(Wavefront Acts as a Source of Secondary Spherical Wavelets
RO PPN a3 sl Oldse jlay bB s LUK Gl dgaly s 3kE S
Bl mln ) s e Yy 3 Bkl Bl B (S iten Tl s
LS olgsl) oda o IS w58 o b gl 2 Sy 251 lgll odd
2 A bt ylas) o olell sbd) Lol g Tae =i asl) lasl 2o
dslag 3T Ul oy e ssnall iz i JUH oo LS adli le oy aaliz Ll
s dobuy daflugd) o sl o) die ASaYly LSS Llgy s (3 Tl 1
SNy (Reflection) oS GU3 (3 & gl alehall o dyual) s (3 [EAN

.(Diffraction) >s.+s (Refraction)

- Huygens's Principle is a method of analysis applied to
problems of wave propagation.

- He proposed that every point on a wave-front may be
considered a source of secondary spherical wavelets which
spread out in the forward direction at the speed of light.

*Source X

i Wavefront




o 058
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When V2 is greater than V1, the angle of refraction is greater
than the angle of incidence, then the angle of incidence for
which this occur us called the critical angle.

- Critical .o _ Critical 0y, Critical
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e When doing a seismic refraction survey, a recorded ray can come from three
main paths:
— The direct ray.
— The reflected ray.
— The refracted ray.
e Because these rays travel different distances and at different speeds, they
arrive at different times.

* The direct ray and the refracted ray arrive in different order depending on
distance from source and the velocity structure.

) Receiver .
Direct Ray A s

A LSSV
«(Critical Distance) 4,4 a5l b Laf O » % «(Critical Refraction) G”L‘ SLSGY)
Baly 05 Ladie gl play (o 1390 dxge (Encounters) 4xly Leis &ois
«(Certain Critical Angle) dxes &> Lsly o pS T (Angle of Incidence) il Loz
S f’-T 0,4+ (Reflected Back) u,.ﬁ;w“ L «(Wave is no Longer Refracted) d>s ,«»—QJ P
Jolrs 33 vy o el JUis) Al 3 JU e e ae olis 1 Lyl )
aggly only LalS™.(slsdl 2e) BT LSOl Jolre 93 Loy U (W o) el LSS
Lidl aygly bt Lekis (23 may . Lt 0930 Wby Ul LSOV 3515 ol (s
Lhtls oSan b el oS Yy s 0 LSOV Rl el i Bl )
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Refraction surveys use the process of critical refraction to infer
interface depths and layer velocities. Critical refraction

(critical distance) requires an increase in velocity with depth. If
not, then there is no critical; refraction.

I—r Offset x
Source Geophones
' g S Diract ray
] ] L
\ (] L4
i i o
Reflected " 4 ., Cntical ’“., Crncally refracted
ray - < ToMecton Sou, rays z
'
1, J
\ H & ':" fe
' ~
L4 !l' e Vi 4
Ve - 90 Cntcally refracted ray Y
Ve> V)

The Refracted Ray r=-+2

* The Refracted Ray Arrival Time:

— Plots as a linear path on t-x diagram

- critical
= Part travels in upper layer (constant) distance
= Part travels in lower layer {(function of x)

"‘:‘* 1 Cross over
— il ! distance
— Only arrives after critical distance £ ' :
: ~ !
— s first arrival only after cross over N\ 1 1
distance po—2h ———
1 1 ] ’
= Travels long enough in the faster layer . . \ i V2
“CriTicAL DisTANCE” Distance (x)
N € No ReFRACTED RaYs =2 A

Layer 2 - > >
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095 ((Receiver) Jaaxed) ) (Source) s ol o jluws Jd* s géj‘ 8,5 L) desec)
& Gor B3 pe clis) ) amll Agrly Jsoy 2680 SHLSS! ol SlulSail 39
SllSe) Jemd b e (Seismic Data) dwspee) UL & R LAded) dabl
kil Ck..d\ s (Generated) s géj‘ (Reflections of Seismic Waves) <l>sll
b 2 ,2lly ((Recorded Data) e UL 0S5 ‘P LY 2L ns (Propagate)
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at a Given) 42 Jlaxul céy» Al (Initial Arrival of the Seismic Wave) &wsjru!
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L «(Subsurface Layers) o) et ol (Velocity) 4s,~9 (Depth)
b 515 (Sequence of Events) Sl Y) Jkig (Timing) <uds5 (Identifying)
923 (Seismic Velocity Model) dusjed! ds ) C'b)—i‘ (Constructing) sty ¢ 2 fﬁ‘

.(Inversion) <& Y| )T (Subsequent Imaging) 6*-3\115*

First Break Picking
The onset of the first seismic wave, the first break, on each seismogram
is identified and its arrival time is picked.
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ABlucel] dyis 1 Ol
Arrival ) Jswo sl duadll ol jT (Time-Distance Curves) alawd) dusill colomd)
dopend) Olmgll do a5 B J.g.lﬁ (Graphical) asly <Ml * «(Time Curves
(ub'r.zwi .(Distance of Propagation) o fi&i\ Lgx2liws s (Travel Time of Seismic Waves)
dmsll aw RO ) UL o2l iy ddles Q3 osle Olasall ol
(Seismic Source) (gojew ybas po sl Jlasy QW\ eyl Al 40l (Travel Time)
J.:l;l JY> s .(at a Given Distance) aums @lus Ais (Receiver) il ciy Jl
e st Sl i wlpe & cdnd ) Repd) Skl Jie S
(Curves) il oda ¢ a8 . 2 ¥ ikl als il asladly CoSTA 453 wHL
(Vertical Axis) L;"“TJH 5= e el Olrgll w05 (Plotting) ) Sub e ssle
Sl ol |5 (Horizontal Axis) Y1 sl e fdedly jall cn 3Ly
055 G (s Slidall siate 398 (3 L AgH) Skl (3 el i o dasn
Lobs Ko Lo ol i 16 anl wlepw old ail Slib 0 2dsd) olabl)
Olagland) OV (3 el &9 okl e o Glon ki s Gt
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Travel Time Curves
Analysis of seismic refraction data is primarily based on interpretation of

critical refraction travel times. Plots of seismic arrival times vs. source-
receiver offset are called travel time curves.
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Making a t-x Diagram

\/ 1 1 _ xsing, " 2h, cosi,

x=i+2h1

v,

Refracted Ray Arrival Time, t = O [ =
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‘ Y-intercept to find thickness, h,
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4wl (Travel Times) i) <3 jT (Plotted) o Jf «(Velocity Analysis) & ! ng;‘- (¢
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Multiple Layers

* The layer P i
thicknesses are =TT — : 4.
not as easy to _ st g Vs :
find :

fintp ) Va

* Recall... ~ A

time (i)
\
\
|

¥ fl-'\h
t=—+2h | ———

V.

Now, plug in hl and solve the remaining layers one at a time...

fu =2h]\j%— L +2h2\/ 1 L
v B o

1

BEWARE!!! A, A, are layer thicknesses, not depth to interfaces.
So, depth to bottom of layer 3 /top of layer 4 = A, + A, + h;

8yl i loll
(Seismic Interpretation) L;g.;ad\ 21l 3 (Dipping Interface) 3,d=l) wlalell sz
S5 bie s Log b (Some Dip) JMEYI an U L il e &) olikll )
<lel O cngy‘ Soiwdl d) &l 4ol5 (Single Interface) s4>s dab (Dipping)
W3 may Jsos) n e e et LS el o 5,08 ansll o
g clandl ) JUasd 1 2las Sl gald 050 ¢ JeY 88l gl St Latie
.(Reduced Slope of the Line) L3 S P ) 6os B (Jsosl) s

Dipping Interfaces

* What if the critically refracted interface is not horizontal?

* A dipping interface [ .
produces a pattern [ N
that looks just likea = T —
horizontal interface! S g \ I
— Velocities are called | | - "\

“apparent velocities”

[B)

In this case, velocity of lower layer is underestimated
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Dipping Interfaces

* To determine if interfaces are dipping...

* Shoot lines forward and e

reversed B ;
« If dipis small (< 5°) you e Y

can take average slope / % I B

time (f)
~
/

» The intercepts will be &

Linty b 1

different at both ends 5

— Implies different
thickness

distance (x)

surface

plane of
relracted rays

Dipping Interfaces

* If you shoot down-dip
— Slopes on t-x diagram are
too steep
* Underestimates velocity

— May underestimate layer
thickness

time (t)

* Converse is true if you
shoot up-dip it
* In both cases the
calculated direct ray ) dinca (i
velocity is the same. oy

* The intercepts t;,, will
also be different at
both ends of survey
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(Buried Structures) % g2h) ISUS) (Identify) Ld£ 5, b = ((Archaeological Surveys)
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et (Artifacts) & JJ‘Y\ cla.ﬁ\ )T (Landscape Archaeology) dewbl d.d (6 5V el
DaVU i 2wV @bl jaas ((Seismic Hazard Assessment) &1 s
Aol GbUL (3 A bt id degn « 3 Y1 R gdaly 28U 0k) Slaglald ms
y3las JudLy ((Subsurface Fault Systems) a1l @M\ Aalas NS IRV @\))
oljlzal afles A& ((Identifying Potential Earthquake Sources) dkezstl J5V3)

-(Estimating Ground Shaking Characteristics) 2 fﬁ\

Dl Km IIIJCII Km zuullfm 3DDI Km
Shot point Temporary Seismic Recorder
// [Spaced 20-100 m) (Spaced 1-10 m)

ok vqy?'r .o . 0. A

"l.I'F. =5.6-6.2 Km/s
10Km—  UpperCrust |II —10Km
20Km=" piddle Crust \ - 20Km
okm— ki, 3km
Uppermost 'I.I"= TE-E4 Ky
Mantle

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

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

Source geophones
Direct
5: Reflected
o]
Refracted
e Seismic reflection.

e Seismic refraction.
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gﬂutﬁ\ JRETIpgyes ke ,LaY) i . (Interpret) sy 57 (Extract) LgoMseio!
ji (Valuable Insights) 4ozl )\gﬁ“ o 54 G (Primary Focus of Analysis)
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& 339>\ (Errors) RUSRN ol (Disturbances) gt o (Unwanted) Lgsb o9&l 5
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oLl & Jf Lie )T «(Environmental Interference) ! |\ )T ¢«(Limitations
Inherent Variability in the ) <ULJ 3 L;waﬁ\ ol ji ¢«(Data Transmission Issues)
«(Unpredictable) gl abls ,& jf (Random) &Slsis Lo g2l )«xxf L sale .(Data
.(Clarity and Accuracy of Data Analysis) <UL L}glf- YRy 29 (Hinders) Sy
Cilg L) J-J-Z- & el ﬁ*fj eLos2lly §,LaY) n (Distinguishing) jeed) dx
(Extract) oMz UL s sLos2ll (Remove) iy (Separate) b 1) J”&y‘
Noise ) slosall iy @g,all (i3 bl ods aeles (True Signal) aiad) &LaYy)
R - el W Adsiseg 835> a3 (& (Denoising) ¢ 5523l dljl o (Reduction
idles wlalys ol (Filtering Methods) <ULl dinas &by woluad) iz pldsn)
— Lol e slosll :‘JUDT izl (Signal Processing Algorithms) 3,L"Y!
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Signal and Noise

Signal: desired
Noise: not desired

So for reflection seismology:
- Primary reflections are signal
- Everything else 1s noise!

distance x
- -
A D ~isesm———  |); -
: = m——— Direct wave: noise
N direct 3 -
’ e
ey, A | 5 ~@pmmmm——= Reflection: (desired) signal
LT g
%,
. N
. , ! il Refraction: noise
B refraction Cc velocity ¢,

Y ot oS

Non-) L;»U\ e J&QYL: Lz 29 2Ll ((Horizontal Reflection) L;Z;Y\ JJL{:&Y\
)T > (Flips) N #s% (Transformation) Jg o] o £y #» «(Vertical Reflection
el B e ¥ A D e ale gl L w8l s e Sale Ll 550
A L b e 3 5T oy 1 e oy S Y nger
810 y30 i gty & okl s e B0l ol el 0 Bl IS Sl SIS a2
dis el Sl Sl L (BY el SOV i 2V S e
L olaldll 3 o)W mhe Jo Bl ol Lsges b (Interfaces) 594
il wlab Olgrls o OlelSaV 1L dupdl S bL) s (.L;ej-cmi\ AW
o (Tilted) 3BLe S9d Aeapeedl Slrgll arlys O (86 (3 mag B3geall o 23 o
g Olib e xS of s 2 red 2l (Oblique Angles) ULs Llg; <l
(Structural Complexities) sazs S 15 ji (Faults) ¢ 342 ji (Tilted Rock Layers) atls

A1l o Y slab 8
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» Reflected rays travel back to the source following a path
perpendicular to the interface

— The receiver will record an arrival time that is too short and a
dip that is too shallow

/- recorded position

Sdakl ool oIS

SlluVL Lt 29,2l ((Multiple Seismic Reflection) >Jszl) @M\ J&&;‘J\
G Al UL 3 s g\ salall U e
8 dmban coudl ikl u (Multiple Times) @0 3 ol (Reflect) u‘&"‘:
)y BB o,V bl 3 dpdl Olrge Jias batis L Lemadl 3l 1) Wsog
s> J&M 39dd) ol e U IS8 Ak &y s ik u (Boundaries) Tijb-
(Primary Reflections) @fﬁ\ Sl oda .cia..J\ e S 8ye daipnd) 3Ll o
Al 4z O S8 (3 ey L 2y b psad Bessaldl b Ogs U Sllayl a
e T Jrivw &> Sed> Lo R Z\Jf)ﬂ SWleny oo Bl e
& el LY oda . (Secondary Reflections) &5 QM&AKCJ&J\
2y BT o L (Unwanted) s pé sbogo 3E O O'<"~) @f)!\ Sl Kyl
UL s Aing OF S 3datdl DLl 3929 LB pandl LU (3 (Artifacts)
A Joe il oy b plsanl w2V bl el B e ity deajed
Wb Cagased ((Migration Algorithms) o3 ) lees 539 (Deconvolution) yseall sl

Aeandl UL adles (3 s30ad) LK)

«(Multiple Reflections) 83z
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* On their return to the surface...
— Reflected rays can also reflect back down and then later be
reflected back up
* This causes a single reflector to potentially produce
several “multiples

L

mutiples primary
reflection

» Short path (less

reflections) %/ ]f v I \/

: T ’I
multiples are | X 1 / Y
usually stronger V V' } \/ \ ] Z
* These artifacts can ﬂ | / '
be removed by v \/
migration V

S Jolas
il LA dew (Ratio) 4wd (U] (Reflection Coefficient) w&u"}!\ Jales i
A aend) Aol dx dad (U] (Amplitude of the Reflected Seismic Wave) Sl de Jown]
L%Uﬂ O (Interface) o)) 44} die (Amplitude of the Incident Seismic Wave) a3yl
wlikll 3 Reflectivity) ASeV) 8,dd) slis pon 32 G o LSS o 35
s 065 Ltis aded) ikl sgd>y ofles Jo ded Slaglas gy Lbyd
501 B gl Wb 0 i WSl w2 (Velocity) & mdly (Density) BUSJI (3 oldles|
oles s aded olabll (3 jLasY) 3 add) Bla)l ey - & gch.‘d\ J
S (Quantity) jldiaS” WSOV Jolas gt o Lo WL 2 Sl 8Ll 2057 ISV
LTV A R IR A RRE NG w;f ¢\+ 9 \— O (Dimensionless) s
Lolen ey Loy caedlsll 2 gl %)le 2SSl domsll 203 (3 8345 ) oY) SV
iz Lelge Lo SOV olas dazny amgl) 3 3 plidl 1) CIL WS
Properties ) js3all wlib eiless «(Angle of Incidence) bsal &9l S5 3 L

dis SV wMales £ JYs s (Frequency) @5l 3339 ¢(of the Rock Layers
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Amsloet) dlall wad S oy bsadl il andl Wty sadasdl ol
Locate Potential ) U Se,degl deztl LY Wuds (Identify Geological Features)
Other Underground) 2 ﬂ)\ P J.>'-‘Y\ > J\jl\ jT (Hydrocarbon Reservoirs

.(Resources

JUEY) folas
Transmission ) &) |olx Laf 29,2\l ((Transmission Coefficient) JLasV¥) |alas
A= e £ é-“ (Incident Energy) as8le)l 43Uzl (Fraction) ngj Lae ¢ ((Factor
S s T ol JasY) el ed Lol cplay Gn (Interface) ol
2 .(Incident Energy) alawdl Ul 1] (Transmitted Energy) dkaudl @k}l (Ratio)
Al e JEYY s ol OF (S8 9ad) je JUsY) Al o 50l sl
Complete ) " JolS” S\ (No Transmission) JUsV) ads 2.2} i o gl
No) "u»&xi\ (-M«” (Full Transmission) JAQ\ JGsY! J-Ji A>lg)ls (Reflection

.(Reflection

4y gl doglill Jolas
&) (Opposition) Zeglall jluds (1] iy (Acoustic Impedance) &5 gwal) dsglall Lalae
(Materials) dlse S5 o lgll jlia) 448 Cazy . olbsl) JaY b bug Leaddy
BUS L 3y "0 gl Jold el glil o Rk (Interfaces) sy o
JUsl wgb @ bse Dss ol bl () Lol ells 3 ae,dl (p) Loy
vy (& ©lsl) (Absorption) eleusly (Reflection) u”&”‘) (Transmission)
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The reflection co-efficient is the ratio of the amplitudes of the reflected
and incident waves: R = Ar/Ai

Similarly, the transmission co-efficient is the ratio of the amplitudes of
the transmitted and incident waves: T = At/Ai

The amount of energy that is partitioned into transmission and reflection
depend on the angle between the incident wave and interface and on the
acoustic impedance (Z) of each layer:

Z1 = plvl and Z2= p2v2

P9y Y Slee

Gy LS L}U.f})\ LAT Jot &9 «(Zoeppritz Equations) 7yg) < Ysles
(Phase) al>,»9 (Amplitude) G ol ozl & 2oLl CVolall s degag a
oda By a2 uede b (u (Interface) dgxly s Ennl bl
2 B s s dgalse e el Slage sk gl Ui T Vsl
AILasg Beapeedl B gold Bsidi Bl U (3 s ¢ olse Bae e fng) SVsles dexas
odd o A Slargall SLasV) Aoy BUS) e palelidl ppial) 3 M
iaS LA e (Se L i) Slasald JUas Yy ASeY) O Mles bt Y5l

gl pe Jax o Ses ) sl

For normal incident waves, it can be shown that:

R = pva- pvi/ pava + pivs =2Z,-2,/ Z, + Z,

T= 2pyvi [ p2v2 + p1vi = 22,/ 2Z,+ 2,

These are the Zoeppritz_equations. There are also more complicated
forms of the Zoeppritz equations that can be used for any angle of
incidence.

ALY dndedll 93 u«:\gx'ﬂ\
w&.«fﬁ\ ot s Al e (Negative polarity reflection) &l dleall 43 u.,&&;‘j\

S Je (Amplitude of the Reflected) 2nSasll Gasll Gaw 055 G ajed]
Al 39)5 colST13] ciblawy . (Incident Wave) ds3lsl &>l 39,5 (Opposite in Sign)
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o s Lal mome Sy il 05K 1Sl 2l 39,5 OB caplg] Akl
el O bl of ST an e Tase adldl aubdll ol oSl 0555
ol dib Gy dgrly ke Wl Ol a8 oV jan 3 JUE e s
S (5 B 1) e et o3 Ay (Ml Jim o) Jabiie Slas
Plodl 3929 oty OF S Eom (g S5yl Jsim a3 i a0, O

Al 4ded b OLlSe) Candy SNl ol 3

o if Z1 = Z2, there is no reflection. All energy is transmitted into the second
layer. This does not mean that pl=p2 and vl= v2! All that matters is that
P1V1i= P2Va.

¢ R can have a value of +1 to -1. R will be negative when Z; > Z,. A
negative value means that there will be a phase change of 180° in the
phase of the reflected wave (a peak becomes a trough). This is called a
negative polarity reflection.

¢ T is always positive — transmitted waves have the same phase as the
incident wave. T can be larger than 1.

o Reflection coefficients for the Earth are generally less than £0.2, with
maximum values of £0.5. Most energy is transmitted, not reflected.

2N ads 1)
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a5 g aad ) alall 5,83 g (Crust) )Y 8,280 s com) bl dikal) o 1
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u'pfﬁ“ e A S| cf\-fua-s\ ﬂjé géj‘ (Convection Currents) 5/, ot &l)ls
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Continental Crust

Oceanic Crust

Thick crust Thin crust
(average 35-40 km) (roughly 7 km thick)
Less dense More dense
(2.7 g/cmA3) (3.0 g/cmA3)
Old Young

(4 Gayears old) (180 Ma years old)

Composed of granitic rocks

Composed of igneous rocks
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F Rayleigh waves
;— Epicenter
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Lcwe waves
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P- and S-waves s - -
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P
-
Hypocenter

Relationship between Vp and Vs:

Compressional Waves: Shear Waves:
4
Vp — (3 l"' + k) VS - E
Y P

e Averaged Vp/Vs = 1.732 for the crust.
e For mafic rocks, Vp/Vs = 1.81.
e For felsic rocks, Vp/Vs = 1.70.
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s - sasldl CJM\ Sed> s & (Normal Fault Earthquakes) sl
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Depth of Earthquakes:

1. Shallow earthquakes:
(Depth between 0 and 70 km).

2. Intermediate earthquake:
(Depth between 70 and 300 km).

3. Deep earthquakes:
(Depth is greater than 300 km).

JIFF edse s AdS
N g g I (3 OB s gy I ) S a8 0)
o Bl Sl g b e LISy (Seismogram) I Labasd) Jlszaly Lasas
Slrshl Jgl sy o Gl ol foned 0 G (P-S Arrival Times) J o)
AU ol M el 3500 J3V3) eladal) oty 2 olmshl Jof IS5 2531
S ek el Gl ¢ U Ll 3 ) Jpoy 545 0 G ol
Sole (ol G QT (JU) fo Jab Y i ) & g BLLLI g
ASTEY ol SV ) a2y SIS b ld) ST Gy B O 1 (5 1
cdaial AW Ol O sl 0 it o (Jpwsl o Bl g (ot
Ve Qe cdanel sl el Ly o)l abs U] cloy a6 A Jls
Al bl 1oV sl Jpoy cr al) G ol (I a0l LSS Laass
3y I ol S w3gn o 5 a1 llahz bl SV slele s
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Al 3 O ol wblis Liad A6 3 26 Aot i Ut Sy a o
Jsm wloshes a0 1ol Jsog 0 ol Gl gy o) SA kol s [
I ot ey Bhmn 3 LI Jalasl) Y3 slals Lamig LS. mlandl S
sl yoy Jifs 2ds¥1 sl Jof Jseoy o) o) olla o 560 3,800 3
FM e sVl ods ad i) Al Bel kel abatens L Aosline B Rl
130 kol 13 QU Lo b B3ly psesy pliszal gy b e do l) ahe ) b
—ill gmie Jlaninl Tolao Vi sl 2l 3 sV gl Uy ay O
£00 s 2y 35 A & s el Lgaadad )l Bl Aed ) (86 sl e

Dolo di0Y aslldl @ 55 s s 6 I OF sm b (IS

EARTHQUAKE
P-S Wave Travel Time/Distance
A single earthquake is detected at these stations: S
i ; | ; , 5 60
' ) ! : ! E
el .AMNV‘# : { : STATIONA | $ 50
: ; . : 1 »
: : : : : £40
= : : J(w : e P
;V \gv:v ' STATION B E a0
1 [
j T S E 20 ]
p M\w : : : STATIONC | ¥ 0 -
0
ST LI Mot 0 30 60 90 120 150 180 200
Seismograph times are aligned for ease of comparison. Distance (miles)

Qe ey 7y plede
ol Olulias W (Mercalli Scale) g}\ij’ w23 (Richter Scale) %,  plis
(Effects) CA\;;J";U 9 (Intensity) sL& (Describe) —avegg (Measure) ol Oledseiny
Oledz LT V) (V5 o Slaghan oy LAYSTOT 0 (&)1 e . (Barthquakes) J;¥3)
dlaulgy 0,6k £ <) ((Richter Scale) 7%, plis .8mete j2ilas Ladg dalis u“;‘j
&) (Energy Released) Blall 2S” udy (VI 888 el VAV 0 ale 3 5%, lis
g3 plis Je anld az (Seismic Moment) I mall wly 33y 2l (JII Lgille,
s 3 Olesl sas s 5345 ) pad LS saall @ 8ol ST 4 ) v e
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Ber ! dawly Lk oz &) W) Ol Slals e 5y olde desn LY
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US e e Ve )Y e ) B3l 5T e b 72y eLds ee2 I
oysb I ((Mercalli Scale) L}L{J&” e w3 Clas! 8, RS 3L sl
ol Jo 2l JI) Bas e VALY ple 3 e e JUY) SV e
LS lls a1 78, i S Jeandly gl L e sl
(Descriptive Scale) T:Aw 9 ngiﬂ L}L{y Wis o ((Quantitative Measurement)

il ) ABY e dlede e U8 olae Clly bbb Y Gaiay

Gl LI s e 502 (Sstens o IS s G XTI AL T (Roman Numerals)
S Sy gl e U ally A1 sas e ddki Llge jLzeV) (3 plal
o S e @) @B @ U T a5k o ded lgles [ oL

Agdly A e Gy eselld ST

XII.
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Adsisns B SV jem J Lilss g Blall Wy Lde sa (Magnitude Mw
Cod> géj‘ (Area of the Fault) CM\ il Hlae¥l SER O VSIS NIU
Rigidity ) js52)l &Mz ((Average Amount of Slip) GV &S lowgte BV &
€ Jwixy ((Surface Wave Magnitude Ms) il ) Oldl) ulze (\‘ .(of the Rocks
o Jams G adill oldll sy (Rayleigh) (L)) ©lrgey (Love) 25l lrge daus
s (Y .(Regional Earthquakes) dxed3y) J3V;l 5sle aslis! o o2 C-\ﬂw
(P-waves) iJg¥) lsll dan & Lem ((Body Wave Magnitude Mb) &bl ool
el o .u;af}!\ J=ls Jaxs géj‘ NI CHPAY P9 «(S-waves) a5l olsll
Sl 3 JsL (Duration Magnitude Md) 3L Aeie (¢ Lo PRSIV ssle
o sl I e (IR ] o &L\ (Duration of Shaking) IVl

(o .(Based on the Length of Time the Ground Motion Lasts) 2 fY\ S ) ewl 5

ol

o

abo>ll 392) wL3 & ((Moment Tensor Magnitude Mw or Mt) "aloselll 548" ) ol
oY) Jg= wleses g .U (Full Seismic Moment Tensor) LSl il

.(on the Fault Plane) t-k-sz“ Ssms Je (Relative Motion) dyewd! 549 (Orientation)

Types of magnitudes

Nowadays there are different ways to determine the magnitude
of an earthquake:

Body wave magnitude (m,) depends on the amplitude of a
particular P or S wave :

my= log ;5 (A/T) +a
where : m, - body wave magnitude
A- ground displacement in microns (10-6m)
T-period of selected( P or S) wave in seconds

a-factor correcting the epicentral distance, focal
depth, and type of wave

——
| —

oV



Types of magnitudes

Surface wave magnitude (M) is a function of the
observed amplitude of Rayleigh waves :

M= log ;o A +1.656 log ;, A +1.818
where : Mq - surface wave magnitude

A- Amplitude of horizontal component of
20s period Rayleigh wave

A= Epicentral distance in degrees period
of selected surface wave

Body and surface wave magnitudes are related by the
relationship :

m, = 0.56 M, +2.9

Moment magnitude

For very large earthquakes , M, and M, saturate: amplitudes cease to
increase dramatically with increasing energy. It is more useful to use
moment magnitude (M,,)

M,, =[(log ;o M, )/1.5]-10.73
where :
M,= (A)(u)(n)
represents seismic moment
A -area of fault that ruptures during earthquake
u -average displacement across the fault during earthquake
n -shear modulus (rigidity) of the rock

This equation illustrates that the larger the area of rupture(A) and fault
displacement(u), the larger the earthquake.
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a3 adaly
Iolaxel 8" [y Caled OF S5 (Energy of Earthquakes) J;V;) Lealkes B Bl
B los Lzl (3 A B g oyl ol plasanl s3le JI Bl s 2 B e
Blal) 2.570) . jy3eal) Doy SYFN Jav gl by SVHY L Sod> &l el
Blall 3aS e (L) B0 7Y 3ld 5y ks s e 658 I o el
c by e B9y I p Bl
Energy of earthquakes (E)
The energy released by an earthquake (E, in units of
Joules) relates to the surface wave magnitude Mq:

or :

E=10 (5-24+1.44 Ms)
JyV P ot it
o skl ol eadll ) e e (S e drnly Bssa2 3 V) s
Ground ) 2, el (YU dd ) Ul cn ey L adly dgsd) andly ac)
afy I 8 e dexs SlaVl 898 L 2,31 Sliel s IS wlbd1 531 ((Shaking
JSUbly ol lally jsudly 3L Cals 3 el eV ey OF oS5 3TL kel s
s OF SV oS coVUW jam (3 (Surface Rupture) dolaw liiss .s,5Y)
3 Jlakly Bsis 56k ) o5 OF (S Ms gl los Jsb e 2V 5ass 3
O &5 o(Landslides) 2,3 SULEY! ad) Bd) 35 3 o 12 (2,31 o
SV G OF oS L2 o Al GbU (3 3o ) o8l gl ) SV o8
ey GLH Gl (3 e U Jindl 2 V31 ] (35 & gl 301 215
& S el 2 ¢ plgnd) W5 O ) VU S (Tsunami) (olged) . 3 1)
Al ) (el i) sbUl ) Las bais 1S pels (3 e OF S5 L Lot
¢ W) al (STl 3 Y s O - S& «(Damage to Infrastructure)
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lead) i ) Gl s (38 OF (S @My by sy 3 ally LU el
SbloYls aadl Sl oVla oy b ¢Sy oLkl wlslis] el
IS iy blo) Sed d SV 5 O Sk «(Casualties and Injuries)
5y dumd) Al 35 33U aakadl (3 OIS LS e Lolss Lo 30 sus ez
% (Economic Impact) ($3LasY! Sl L& lnzw Vg sldaza ) P 5L leanst)
225959 8y i) dgmd) and) el salel ST L3S U5V slas) Calsa) 058G O
i) SblasYl e 5y absmle 065 01 oSk Bladly BLY) 35¢> by Sl
Tabeze) Cale Of S U5V olsb of dase of AU NS PRI W e
SV (Sgtmay () Ll (I S e BLAY (I Gos oo Jalse e

35T Oolaesmeald 9 Mg

speald Aty S et
e Tsleze! &l ng ki€ 15 g5l (Electrical Properties) b4l ailadl
2~ Jeii (Fluid Content) sl ($522 9 (Porosity) Liwslus s (Composition) LewS 5
Baglie (sth plide 29 ((Resistivity) Zaglil) (V ¢ jgienall s )l 250,601 jaslad
«(Qm) )L“-(‘jiﬂ’ s3le Lewld aus . (Electrical Current) gbﬂﬂ\ Ll gud sl
Pore Fluid ) &mlud) [lsol &+ (Mineral Content) Oslall S5 Jre Jalgny Sl
S Jees Ul (High Resistivity) alall @aglill 3 ja5 . 32ll 3 (Saturation
S 95 (Conductivity) eesdl (Y e -Sly (Low Conductivity) adss
How Easily Electrical Current can ) gb@\ Ol @3 degnd ol gy deglill
O3lall 592y ¢ Jto Lalgns $lig (S/m) el jrawundls 3306 ool pmg . 3eall (3 (Flow
Saturation of Pore ) wslud! J5lsd) &35 (Presence of Conductive Minerals) Lol
UJJJ- e ) 3ud) wlias sae ((Dielectric Constant) L“;b,@-ﬁ\ ol (Y .(Fluids
-(Electric Field) Jb &S Jé> (2 (Ability to Store Electrical Energy) &35\ ,@.Q\ sl
Er ;4L ssle niye (Relative Permittivity) o>l Lﬁmﬁ\ ol b Laf g

. A2l (3 (Water Content) ¢l (55229 (Mineral Composition) Oslall S Sl
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o e e 5ud Wl a9 ((Induced Polarization) il laizaV (¢
< LS S xS Lis (Ability of a Rock to Store Electrical Charge) 45U J.@_Q\ L)
il (Mineralogy) Oslebl oS5 ¢ Jio falsns s .(Electric Field is Applied)
oAlad) oda aluses S5 . A2l (3 (Fluid Content) Klsdl 55229 (Porosity)
Identify ) dalll s3]l &LJ 2if (3 sasluwed) (Electrical Properties) &5\ ¢Sl
¢ J2e (Subsurface Structures) il et S Wy (Different Rock Types
.(Mineral Deposits) Oslall sls, jT (Hydrocarbon Reservoirs) <oUss Sy, dubl s>
(Resistivity Imaging) pglill pseadl ¢ Jao adliz WLider 3b alisual oay
Electromagnetic )  geblizs g )4 =313 (Induced Polarization) Eamiwd) ClazznY),

o2ladl oda L) &l Uz (Survey

Resistivity (Qm)
0.01 0.1 1 10 100 1 000 10 000 100 000
massive sulfides l l l |

shield
unweathered rocks

igneous and
graphite metamorphic rocks
(igneous rocks: mafic felsic) mottled duricrust

I
saprolite -[I[ J 20

weathered layered
(metamorphic rocks)

clays

[

shales sandstone and conglomerate

lignite, coal dolomite, limestone

gravel and sand

glacial sediments

tills

sedimentary rocks

salt water fresh water ermafrost

I
| 0
sgaa Ice

100 000 10 000 1 000 100 10 1 0.1 0.01
Conductivity (mS/m)

water, aquifers
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General

Highest R

Lowest R

General

Highest R

Lowest R

Rules of Thumb For Resistivity

Igneous Rocks
Why? Only a minor component of pore water

Metamorphic Rocks
Why? Hydrous minerals and fabrics

Sedimentary Rocks
Why? Abundant pore space and fluids

Clay: super low resistivity

Rules of Thumb For Resistivity

Older Rocks
Why? More time to fill in fractures and pore space

Younger Rocks
Why? Abundant fractures and/or pore space
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gl it 9,519 431,501 B Lol

iSbdser & & (Electromagnetic) i lis g 4SUlg (Electrical) a5l S 3 Ll
_2las (Subsurface Structures) STl g2 ¢4 (Geophysical Techniques)
By spsmall 43081 jatladl e Ball ods sinus . 2,3 a1l (Properties)
ik sdls (Subsurface Resistivity) a1l aeglall (3 (Variations) <lpad! e SRRV
P ,@JT oo sdlg L 2 U (Dielectric Constant) L ,@-Q\ <ulls (Conductivity)
ey géj\) (Electrical Resistivity Imaging ERI) &30 ¢! doglall s guas o b Sl
oY) o e plisasl o ) (Resistivity of the Subsurface) a1l deglal)
irglendl aflad) Ldud 44y ol ol pasans CUUS™ . (Series of Electrodes) a5 Sl
Osledl Cslgye (Fractures) JngJ\j (Faults) @M‘ J2o (Geological Features)
.(Locate Groundwater Resources) 4 sl oLl 3,150 Jyid - o s «(Mineral Deposits)
ke 8,502l 8,08 L= (Induced Polarization IP) Coeindl Olaizn) a3y b pusins
iylx) (Ability of a Rock to Store an Electrical Charge) b oSl ddd) S
day bl oda pdsiwd . (Applied Electric Field) Gudos gb S ‘_}.3:- le-‘ (Response to)
(Gold) waJl5 (Copper) >l ¢ |2+ (Mineral Deposits) O3labl sy dydod) $5le
Electromagnetic ) W\-&-A},@&J\ 3kl pAS cLSJ:'-T 4>U - .(Nickel) ‘_}QJ\)
(Electromagnetic Fields) dwwdolizsg S J sa> (3 (Variations) <Y1 (Methods
P2 el o .UZ@SU (Image the Subsurface) ak=lll C S e
ey Lw;5\ «(Magnetotelluric MT) L;{afﬁ\ L“;mbhxl\ Lo gy b T Wuﬁjﬁg‘
oaflad! s pdsandy 2, Al dblieg oSN Jeadl 3 oY)
(Fractures) JjMQ‘j (Faults) @M\ Mo (Identify Subsurface Features) aorslsod!

(Ground-L;sbfY\ sl aa b pdsinds . (Magma Chambers) 5,lg2]! J,éj
Olrgs foi G (ST Amablinss ¢S 44 LS Penetrating Radar GPR)
SV sy 21 bL ) (High-Frequency) 3340 &Jle dmnblineg ¢S
sl aslad) eed adsids CE.J\ J! (Bounce Back) 45 I (Reflections)
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(Archaeological Artifacts) 4 jtﬁ\ <Laally (Buried Utilities) & g2} 331 L) J:,e B j}U
WS Bl s cols Jgaiu (Geological Structures) =slsdl STl
fage Ologlns g Sy 2,V o bb CLaSaunY ded Olgal dedlineg ¢Sl
SV Ol gl o) g el oy ) 0slal) OLaSanl o colinbad) o druly dsgast

Voltage source

" + Current meter
i @

Voltage meter

Current
Electrode 2

Potential
Electrode 2

Current Potential

Electrode 1

-
e NS H T LN
ea '\ o b . —
Equipotential \ ,N:' «— .‘—‘— ”’
. Surface .\ . . ot I
* ..

00. - o < pu—] . s
N B
..."!----"'.‘\\". ./ .....IIOI'-““

..,.... .-“.; . \ /
\ ~. / Equipotential
<- — Surface

Current lines

Transmitter Swiface Receiver
\ / \
. Primary t Hp
- i
»® V \A » v Hg
f Secondary
aile Y ! field
Nt
Layer 2 :
~ Foucault'scurrents
L ——
(I ~
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Conductive material
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Aoyl Js g gt Jolgalt
S A c‘_}»\yJ‘ oda o ¢«(Resistivity) Zﬁj\.ﬁl\ &.c J,a\yd\ o Ayl S ol u§4
534>s1! (Abundance of Minerals) O3\ll 255 (Type) g5 1 of u-<"~ «(Composition)
o3 jeieall 055 48 (Jul Jerr e 2eglall e (Present in the Rock) 52l (3
(Sulfides) <l j,\g\ M (High Content of Metallic Minerals) Jle Laall Oslall
Galadl Lol ode Lo (st Y & s=all s (Lower Resistivity) J.BT daglis
oLl gl )T (Size of Pores) (\-WU e>=>3 (Amount) LS iy of u§—€ «(Porosity)
Al (High Porosity) alll deledl @l jeseall €6 aeglill Je 52l 1515 (Voids)
Josi & Pladl e g Of -5 (Pores) alod OY (Lower Resistivity) J-BT Loglin S99
W 4.8 Sy of u§4 «(Water Content) sl (i .(Conduct Electricity) +le<)
O U oS T Sog sl oy gaaglie o o8 (o0 5wl (3 5355l
O & «(Temperature) 3,41 ax)> Lasglill [olif) U] (58 e ssle W) (a2 33l
(Resistivity Decreases) asglill i cale Ji,:w Aaglll e ol 3> a s g
Increased ) &) @Uall 3345 wns (Increasing Temperature) 8,41 d>)> 550 -
Conductivity ) &5 Oslall iluoss 3345 I o8 ol J<£ é’“ (Thermal Energy
High ) g}w\ Lol oy of u§.€ «(Pressure) Lx2)l .(of Minerals to Increase
& ¢(Changes in Their Crystal Structure) sl ;shdl S &5 1] (Pressure
isglilly (Electrical Conductivity) 5L Sl Oslall aluoss s SR of e
ol dsglis s OF -S4 (Frequency of Measurement) _#La)l 355 .(Resistance)
izasl) Olas) (3 . (Applied Electrical Field) el L;?\e,@-ﬁ\ Jad) s GL&;\JL«?&\
L;alml\ Ll iders s (Dominated by) LeaSE aaglill 0SS U8 ((Low Frequencies)
O j§5 43 ((High Frequencies) aJla)l «lss5l (3 Ly «(Conductivity of the Pore Fluid)
Conductivity of the ) S2)l Usles &z sz (Influenced More by) ;S i SJS‘\J» e qlall

.(Rock Minerals
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(Sl O

(Mathematical Relationship) 4.2\, @Ms e 3,Le ¢a (Archie's Law) s ) Ol
(Porosity ¢) &bl duis (Electrical Resistivity R) &5b ¢S & 5vall dnglie o Loy 5
Electrical Conductivity of the Fluid in its Pores ) (\.m\\ 3 el g jﬂ\ il sl il
Water Content ) jse2)) (3 &dsdl ol (5522 (Estimate) ndad asliseis] O-<£,j «(m
Skl wliss el (Electrical Resistivity) 45U S daglall L3 o4 -(in Rocks
(25T 086 Galas N ag A5V Jalang Falid) B Ol o2 & (a8l

FENTIRPr

Archie’s Law

Porous, water-bearing rocks / sediments may be ionic
conductors. Their “formation resistivity” is defined by
Archie’s Law: p, = GP1L.¢7”'S;,”

@ = porosity

s, = Water saturation
ax05-25
nx2ifs, > 03

m = cementation ~ 1.3 (Tertiary) - 2.0 (Palaeozoic)

— Archie’s law is an empirical model

2o LS et 31

L"SMTJJ\ L“;L,J.@_Q\ LA bl R ng‘j Schlumberger Arrangement aa; b ()
Four ) a3l ij &2 P éj\j (Vertical Electrical Sounding VES)

Outer ) o)l olasY) Jexi o> ((Straight Line) e L3 (3 (Electrodes
(Inner Electrodes) aus-\) uUaj})\; (Current Electrodes) Ll olasls” (Electrodes
e glall u”Lr‘;'S L{;),\S ;.)Ua_@{)ﬂ om Bl sl o4 -(Potential Electrodes) Agtl qwk
ods pdsi.s (Different Depths) 4aliz Blael (3 (Electrical Resistivity) b4
O-<-€j (Deep Subsurface Exploration) dawes)l &35l ol oleany ssle s ) o)
.(Resistivity of Different Layers) ikisll ikl dnglin Js dliaie wlagles 345 Of

Four) &sluze olilig g.')Ua_;T ij s, led % Wenner Arrangement iy b (\'
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L) o lasl &Py o> «(Straight Line) s L3 (3 (Equally Spaced Electrodes
Potential ) Jg) o asl 253 (Outer Ends) 4 g\Es d\}a‘w ¢ (Current Electrodes)
Slesl (3 2ol ikl wlysSS anglie WL3 - S& .(Middle) Cimezidl (3 (Electrodes
ods adszud . (Varying the Electrode Spacing) ) Bl ki @b oS Ak
95 Ol - S&y (Shallow Subsurface) al>ea)) aubl)l wlabll CLlaSany ssle ay L))
3V x Grj wbs e ($5ked Dipole-Dipole Array b (¥ .81 &le bl
Ll o lasl P8 > «(Straight Line) aaiies L3 (3 (Two Pairs of Electrodes)
Potential ) g nga-?B (Outer Ends) &e-,UH! d\,k&y\ ¢ (Current Electrodes)
ST Jeds pswad dd kol oda 365 (Inner Ends) a1l AN & (Electrodes
<l 59 (Faults) @Mb (Fractures) ))M-Q\ Jze ((Subsurface Structures) st
S (Blectrodes) olasl on Ll x5 s s ((Mineral Deposits) Oslal)
Al ol 33021 CluaY) e Gl oda LYY sy (Potential) g9 (Current)
(igan)) 335t Ok C2LaSanY ssle Schlumberger b (-,\_5,.:,,.5 ) (24 Lol
Jeye ol Qﬁgj il ddodl Slabll LSy Wenner iay b (.,\xmj o &
Ol Sy a3sd) CSTR jy5eat) 35le Dipole-Dipole ik pdsend .24l ale bl
B e bl e

1- Schlumberger Arrangement:
This array is the most widely used in

the electrical prospecting. Four
electrodes are placed along a straight

line in the same order. L Gl
—S |
2- Wenner Arrangement: a. Schlumberger Array
The four electrodes A, M, N, B are .
equally spaced along a straight line. J‘
A M N

3- Dipole - Dipole Array: =
The distance between the current ol e

b. Wenner Array

electrode A and B (current dipole) and

the distance between the potential "‘ = *
electrodes M and N (measuring %M

dipole) are significantly smaller than c. Dipole - Dipole Array
the distance , between the centers of
the two dipoles.
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St LSS
ety (Depth) Gos L (‘m a4 b (Current Refraction) Ll LSSl
49l (Measuring) _»L8 &y, ¢ (Subsurface Layers) a2sdl olakll (Thickness)
a2 slge pe & (Electrical Current) u’b 4.-@5 HLI (Angle of Refraction) )\M&JY\
- & P> JQ\LJ 3hets 4y bl ods Uxi . (Varying Resistivity) dpxie 4eglif seas
(Identifying) A<y (daisl) g3l wlid o (Mapping the Boundaries) 59!
Two ) Cnded &29 o -(Fractures) 43Sl (Faults) @M* Jre &) (ST 3920
P Y1 se (Direct Current DC) e L S W 9 c)am)‘ s (Electrodes
(Resistivity) dwe9lag JJ;L:;{ -Ulg ¢(Least Resistance) ‘_}33“ ieglall jlue L) &R NMagis
DS a2 Slaglie I3 Slga (39 U)W e Lie s 2 ) slsld
Sl 3805 o) % (3 e & (Some of the Current) ,Lal oo s> (Refracted)
)LMQY\ 491y L3 Y= s .(Causing a Change in the Direction of the Current Flow)
ol B> ez LAdlsll lib)l Gl ges Ol S& ((Angle of Refraction)
«(Electrode Spacing) Legeaa; o (pdodl) dlas (U5 3 L Julse ue Jo ol
wlakl (Geologic Conditions) &>rglst! 29LNls ((Current Strength) L) 5534
Aenglie (3 858 Uy e B LU (3 2l 8Tk )l 0SS (ple [ g
Oj§5 CVESS R WES R u'ﬁﬂ“ «lab (Significant Differences in the Resistivity)
O j§5 of USAL L«w (Continuous) 8,exws9 (Relatively Horizontal) agasl o)l
Highly) xS S Zekaiin 8 8dgr CoST5 Jo 2d g GbUL (3 2l 57 23, Lol
isdais ol (Folded) dsde wlida)l 04SG Gum ol (Irregular Subsurface Structures

S Ky (Faulted)
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Current Refraction

* Because refraction changes the distribution of current
in a layered subsurface
— The ratio of V/I changes
— We can therefore measure changes in resistivity with depth

(a) Uniform subsurface (b) Layered subsurface
' i ' ' surface
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Along a Survey ) C‘”U L Jsb Je (Series of Electrodes) (ol o dhks &2y ok
JST3 (Voltage) de) ol o onbedll o 2 Y1 pe JUeS L 28 a2y (Line
‘;S& «(Analyzing the Changes in Voltage) Jg! 3 ol padl J.:l;‘- IN g (kb
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Survey Design
Two categories of field techniques exist for conventional
resistivity analysis of the subsurface:
1- Vertical Electric Sounding (VES): The object of (VES )is
to deduce the variation of resistivity with depth below a
given point on the ground surface and to correlate it with
the available geological information in order to infer the
depths and resistivities of the layers present.
2- Horizontal Electrical Profiling (HEP): The object of
(HEP) is to detect lateral variations in the resistivity of the
ground, such as lithological changes & near- surface
faults.
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gbUll e (Slightly Stronger Gravitational) Suld (5631 audlr ol cOslall only, of
Gravitational ) &3l il oda 3 IV o .(Lower Density) J81 2l il
eLidlly (Subsurface Geology) a1l L Joudk) Jgo loglas il S ¢(Variations
Geological ) dearsladl CSVA) (Distribution) xy)s3 Js>= (Interpretations) <ol ymuizy
¢igd) dgy b a3 ) (Applications) <olaukedl ae . (Resources) 3,lsMg (Structures
i3 e das g oluhl) pasand ((Mineral Exploration) Oslall 3LaSaul
G Okl il O3l Canlyy oy Lt O3l LSl 3 Sl Sy
Agdas Camsley 399 U 185 OF (Gravity Anomalies) apdUk) (3 bl £ - Sa (Lgulis”
e dd S (UL ods oy SV e o) o L) ol Cad)l e 2487
a3 (Oil and Gas Exploration) jily Ll OLeSanl .05kl Conly, Gasy 1S
ek b WL Lol oy 85,0t Dlesan) @ Tys 23l e das g olal,d
@ oLLL Sy Ladl (g, e (g9 (Ul (Sedimentary Basing) (39wl 293
SA S Lad (3 B Sl delad | jgseall BUST (3 Olpadl G Bu3UEH
rALMf «(Geologic Mapping) 30-53}3-‘ -545\,4-‘ -(‘L" ng abadl) 23l m:-zj} u’ﬁ"u
ailzd) jpeall gl il (3 delus s Lorgdo) vgdy ey (3 E3LE L))
bl dmg S alaall plall slydt U Yls llally g gl eGSR Sy
o5 el 850 e Jsamld I Sl ke (631 AL LT me 203U
Engineering and ) 4u& sl oliam=ly L;.«J.;.&\ EIRCCMY upj)U a1l A
) s OF S agdl) (3 olad) Lsgdly BYY Jre (oY) e ladll )i
By WE ) s ol sld) wlon il o S5 18 iy sieall BUST G wlpad)
agdlH adle alis 2 «(Volcano Monitoring) ST ws, .CEMJ\ e Al
1S A a3 @ oladl pis O S akesdt bl oy S bledl dul
Slahdl by OhlmiV @y GG el a3l e dsluy L O o 3)leaall
i ol B ol el Al bl w2 Y1 alb

mcﬂ 3 Aol EIREY @)UA‘ 3 ad wlals v\-ﬁf «(Geotechnical Investigations

——
| —

Al



Jo szl ol 3 el Of ag3d) wlul) -S& «(Environmental Studies)
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The success of the gravity method depends on the
different earth materials having different bulk densities
(mass) that produce variations in the measured
gravitational field.

¢

g gravity data
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Worden Gravimeter

Mugnifying
_ Bulbfor  eyepiece Calibrated dial
illumination

Painic, Vaucuum flask

=

[Tumination

Zero-length| Null-adjustment spring
spring,
Connccting framework

{highly diagrammatic) 3

€ Leveling screws —3
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Gravity

e A force of attraction between
all objects with mass (which
pulls us down on to earth). g = 983,000 mGal

e Strength and direction of field
depend on position of
observation within the field.

e For gravity field, lines of are
directed toward the center of
the earth.

Gravity is the attraction of one body
due to mass of another body given
by Newton’s Law of gravitational
attraction:

F =G m,m,/r?

F = force of attraction. r

G = universal gravitational = m, X m,
constant (6.67 x 10'** Nm?/kg?) 1 2 .2

m, m, = mass of 2 objects

r = distance between the centers
of mass

Note the units: F — Newton, m1
and m2 —kg, r -- meters
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Gravitational Acceleration:
Is given by Newton’s second
law of motion:

F=m,a

Solving for acceleration

a= F/m For the Earth, use g for gravity
3 acceleration, M for its mass, we

Because F=G*m,*m,/R? have:

we have: a=Gm,/R? GM

2 — R2

¢ Mass of earth and radius determines the gravitational
acceleration of objects at and on the surface of the earth =
9.83m/s?

* Acceleration (g) is the same regardless of the mass of the object.

e Objects at Earth’s surface have greater acceleration than objects
some distance away.
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Gravity Anomalies

a g~8.83m/s®

Gravity observations
can be used to
interpret changes in
subsurface mass

Increased Radius

Ag —

Earth's Rotation
Ag =

g =~9.78 m/s? &

distribution.
b g = 983,000 mGal C
Gravity anomalies = AN Efusieip=v) §
. g = 978,000 mGal —> g 9= 978,031.85 mGal
observed gravity - Pgia
theoretical gravity. f -2
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Three factors determining the “normal” gravity field:
1. Latitudinal variation of earth’s radius.
2. Latitudinal change in the linear velocity of earth’s rotation.

3. The rocks in the “bulged” layer increases attraction.
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The (1967) International reference gravity formula:

g, =g.(1+0.005278895sin" ¢ +0.0002346sin" ¢)
g, =978,031.85mGal

Note:
@ is latitude in degrees.
1 mGal = 0.001 Gal = 0.00001 m/s/s

Gal is from Galileo, a famous Italian

The main purpose of obtaining gravity anomalies is to
detect changes in the density of underground rocks.

Theoretical gravity has three main components:

1) Change of gravity as a function of latitude (increasing
toward the poles):

g, =g.(1+0.005278895sin” ¢ + 0.0002346sin" @)
g, =978,031.85mGal
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2) The measuring point is not exactly at zero elevation (sea-level). For
instance, if the point is above sea-level, the measured gravity is smaller
than the actual value, and therefore a certain among of gravity should
be added to the observed value. This correction is called “Free-Air

Correction”.

Free-air correction

To compensate the height of gravity stations
above sea-level (level of reference)

Ges =—0.3086 % h

3) For positive elevation, there is a rock layer between the measuring
point and sea-level, and this rock layer causes excessive gravity that
should be removed from the observed value. For negative elevation
(that is, the measuring point is below the sea-level), a certain amount
of gravity should be added to the observed value. This correction is
called “Bouguer Correction”.

Bouguer correction

To compensate the rock mass between sea-level
to station’s elevation (level of reference).

g =+0.04193 x p x h ¢ Bouguer slab formula
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Magnetic prospecting
e Magnetic prospecting is used to explore for both oil and minerals.

e |t gives information to determine depth to basement rocks, locate
and define the extent of sedimentary basins. This information is of
importance in previously unexplored areas such as continental shelves
newly opened for prospecting.

e Sedimentary rocks exert a very small magnetic effect compared to
igneous rocks.

e Virtually all variations in magnetic intensity result from
topographical or lithlogic changes associated with the basement

or from igneous intrusive.

® Today, all magnetic surveys are done from air or from ships due to
speed, economy and convenience.
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Magnetization of rocks

Magnetic rocks have almost always acquired their polarization
from the earth’s field.

If the rock is igneous, its direction of magnetization will be that
of the earth’s field at the time it cooled from its initial molten
state to a temperature below the Curie point. This is called
thermo remnant magnetization.

If the rock is sedimentary, any orientation of its magnetic grains
during deposition would have been in alignment with the field
that existed when the deposition occurred. This is depositional
remnant magnetization.

Relative to the Earth’s gravity field, the magnetic field changes
rapidly in both magnitude and direction. Horizontal near the
equator, vertical near the poles. The strength at the poles is
about twice as that at the equator.

a) Gravity Field b) Magnetic Field
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Magnetic inclination (i): The angle between the magnetic line and the
horizontal. i=0 at the equator, and i=90 at the poles.

tan(i)=2tan(®) where O is the geographic latitude

i=+90° (Downward)

a) Magnetic Inclination

Magnetic declination (8): The horizontal angle between the local
magnetic line and the geographic north

~~_Geographic North Pole
7 Vo

0w Wi
‘k on@agneﬁc Pole
ol B . !\.'«‘.
AEAY \.‘ \f \\\{
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L '\ i .\./. \.‘ \-
~ Magnetic ('i )
eclination Angle (5)
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b) Magnetic Declination
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Magnetic Surveying

Instruments

Three types of magnetometers are
frequently used in magnetic
surveying:

+ Proton magnetometer

» Cesium vapor magnetometer
(optically pumped)

* Fluxgate magnetometer
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