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R+ 24 £ (data acquisition)
Rt= M2 (data processing)

Rt = BH49(data interpretation)
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£~ 75 %4 (Passive type)

‘S 'S % (Active type)

© BRI HEG A AITER] HIRLASEN
73 & Hh i (static method)

T & 55 (dynamic method)
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o Gravity method, Gravity prospecting

o Measure variations in the gravitational field of the earth
> ( F9o)4}, gravity anomaly )

(AT Msts 54, 10529 17H4] 54)
o FA Y, FEEA 7S
o Natural source®]& = ( passive ) method
o FHEAL A U= B4 ( density )
o A FFE Aol vlal] (W )Wt of&l YEhE o

AFe 1 9- 28 > Sensitive instruments are needed.
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Reconnaissance (preliminary) tool in oil exploration

.

Considerably cheaper than the seismic method.

Secondary method in mineral exploration

)
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A4 Rl 75 (tidal oscillation)
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» Newton’s law of gravitation

Gravitational force: the force between two particles of
mass m; and m, is directly proportional to the product
of the masses and inversely proportional to the square
of the distance between the centers of mass

O

[118

! |
1 mm,

F=G-3 —scalar

r
O F=-cMMy  —vector
r

(L]
Acceleration of gravity

* if m, is the mass of the earth M_ and R, is the radius of the

earth; Theacceleration of m, = mi =G %rl
2

M
* At the earth’s surface: g:GR—;r:Q:mcm/sec2 =980gal

* The unit of acceleration of geravity | cm/sec? ( gal )
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o Gravitational potential
Definition: The potential at a point in a given field
is defined as the work done by the force in moving
a unit mass from an arbitrary reference points (usually
at an infinite distance) to the point

The work needed to move the unit mass
for a distance ds W =Feds=F eds-cos¢=F-dr
Potential & Path: potential 2 pathOfl E.THdFTt,
Acceleration &RPotentiaIR o om
U=W = [dw = [ Fdr=Gm, 57le
g= i)l: =VuU :7GrT1 Unit mass my O
Equipotential Surface
: Any surface along which the potential N
is constant is referred to as on equipotenial surface \I'-.
—S>EIXEIMEHS et 2ol Sxs by

o |
Q= BRI YT, FIGURE 121 Gravitational potential is fe work

done by the altracijye force of
Ty 0N mg as it moves to O from
infinity.

TnxoIZ

[
o Gravitational potential in 3 dimension

Potential due to an element

at a distance r from P

du =6 9™ _ G 2 dxdydz
r r

U =jdu =Gpm%dxdydz

Fig. 2.1 Potential of three-dimensional mass.
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KI 191 O34k (figure of the earth)

> Spheroid

aN 23 Buum s ¢
DR o wa

SHEE
=
\ r.. Pl ]
O 21 79 el A A /
ol Bicker 2] R

Earth’s radius
= RIHk 6357km
M 6378km
The observed gravity

= 5%+ WA

KI 191 O34k (figure of the earth)

o RI LEHR NI (R KIEH A, reference spheroid)

A EAN A FHS F3HH 02 R A9 713
SEETE Y

Basic assumption: the earth rotates about its polar axis and its
density increases with depth, for example, from 3 g/em? to 12
g/em? . There is no lateral variation in density

Equipotential surface©] ™, | 7-5 & of] =21 ¥

2} 2 A equipotential surface’= A T-E}F A o} = T}
The international formula adopted by IAG (International
Association of Geodesy) in 1971 is
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KI 191 O34k (figure of the earth)
> RI 201 = (Geoid)

Practical mean sea level (equipotential surface)
In the ocean: it is defined as average sea level

On land:it is defined as average seal level over the surface of s
ea water in virtual canals which cut through the land masses.

o S| EIEri

XZo=

r::—;,mam 28 22 Al20/ce] wa,
(A) Eodm Ha}

He

If there is excess mass:

% HOl I\&-_OJ “HIAF

S HEALSY] B3 TSRS MR T )BA
28 2-1: A T Aake] A poll A A8 FA| o) o3 =4
= s 54 :

dm=(p,—p)dV =c-dV

- Ag ZGGJ'”Sinrtzd
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ds=27asin& @
Gm
9=

flux:jAg ods:jAg 'ds:ji—TZﬂazsinédeszm

% EEIIOI I\tl-t'll o] FéEg "HIAF

o B3 ol AANIQI RLSE HAL

=pE=g
¥
A{
- o
B T s

22 EA T2 AR m:0]%}’4]”%@%@%-01’%?417}E%ﬂﬂ%‘%%’%
=PVt PV, — PV = PV, = (0, — PV,

1
m=——|Agds
272G'[ g
m
M, =pV, = P2
P2~ P1
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Falhng body S = S 2 (s = falling distance t = time)
2S
9 = 2
2S 2S
1):(g = =) xty > tig = +
t, ty
(2):(g = 25t > 1, = 252
t, t,
(1) - (2):
2S 28
t -t =25 z3;
(th-t;)9 T »
1 25,t, - 25,t

ELIEN

EEr— L,

Pendulum  The period T = Zn\[lg I should be weightles s

physical pendulum

T=2x le
\ mgh
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o Station
A2 A4ol 2ol dBHOE
Ol /RN 2712+ Jolol et ZRITHH HR
L RimOIIA £ km
Eold RIYHDTH Qs T m Yy

GPS (Global positioning system)

KU E |(rrgt1al)

o HTI 2 R (Drift correction)

A7 |Eegu)

W1 12 13 M 15 18 AZHW

OM 214 A7 S 8eetn
mental it curve)

o 224 E R{(Tide correction)
EHCQY Tl QI Qt QI EQF FH Z R Yol PRSI A
SRIOIMS A EQE Y@t AlTHON T2k TEEHR]
SRIOIMS A HOUOIMS 4EO Qoil DHEY
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EHuR]
o U= 2 A (latitude correction)

Z—gzdifference btw north & south

S Oieo = 9oL+ a'sin® g+ B'sin ¢)
& g. =978.03185 « =0.00578895 S =0.00002346 2
%:29;a’sin¢cos¢+4ﬁ’sin3¢cos¢
=g.a'sin 2¢
ds = R,dgo] B2
?Tg= R%%;:R% g.a'sin 2¢ = 0.00812 sin 2¢ mgal/ ‘&7 2] 10m

FHEA3

o I ¥ R (Elevation correction)
Z2l-0llol 2 7] (Free-air correction)

_Gm ~__Gm
D= hT Ry
Gm 1 Gm 2h
90_91:?(1_7:?(1_(1_3))
@+-)°
R
%g;.%gczggﬂh::03086hmga
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Ea{UR] 4

o I ¥ R (Elevation correction)

EHE R (Bouguer correction)
P

TT %, cylinderical coordinate

b [
- Z‘ du\i\w R 'W

b dm =p dv =pr dr dé» dz

h Z - I %
31_
SHERY
dgsze%=w, olgz:oIgs~c050z=6&’”“iZ
(r’+2%) (17427

2 . rdgdrdz z, oA rzdrdz

9, ZLJ:\:O ;:O(;L*d}=2ﬂ(;p u Io I
(r*+z%)? (r*+2z°)?

=26 Wl W ()

=27Gp[-S, +S, +h]

when z, = o

VA +7? >z,
0. =270p A" +2,” -2, |- 246p[5, - 2]

when A = o
A rzP= A A2 17) A
— g, =22Gph

2010-01-23
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o I ¥ R (Elevation correction)

EHE R (Bouguer correction) 0

o2 i
h
L]
dm = phxdgdx

12l 3. o2 Tl o8 =Bi=r o HlA
= e oot 2E B]r55

sHERS

> RIg ¥ R (Terrain correction)
E7 2ol At HE 5 RIYEHDITH QLS T

* RIS
I ARonx ol Qg pmE HRdHE T
WABEAFRFZ Ofl THOHAI B H R BF

o OIEEI A K &) (Eotvos correction)
O Bl A ZEEAHOIABE £~ Of
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o ZZZIOlIo! Ol Af(Free-air anomaly)
AGran =100ns £AY, +AGra | — G
o Th&= HHIOI Af(Simple bouguer anomaly)
Adsen = Adean ~A05 = {00 TAY, +AGrs }= U — G
o BTHIoI &5 (Bouguer anomaly)
AQspp = AQgpp + ADy

o RIL T 24 ol Af(Isostatic anomaly)

Ag, =Agg +Ag,

KB{KFZO| OHAY

"\_M - = ' m -
\u;/
10
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E2{KF20| OHAY

o 2RF4 ROl &

TR x_\\x NAVAR A
X i \

_. LVELE AT =)
\\\\\l\‘\\\‘ H
.3 LR ;|

Figure 231 Observed Bouguer
anomaly (contour interval 1mGal)
and second vertical derivative (con-
tour interval 2.5 x 10" Ycgsu)
maps over a Cement field in Oklahoma.
From Elkins (1951), by permission

E2{KF20| OHAY

o 2RFL Rl

X, y&59 HEFe s
Pk bib e %o WEE 4 5Tk

" #¢  nes. 2o Laplace equation & WHSF

o - -\__\\\ dzg dzg dzg
- e Tt T
j . dx* dy" dz
S RSN P bc)_c-by
| L / : @: r r ' _b+b-2
7 / dx? r r?
>,
: 33 bA_C _ c b3
bi-¢ =48 .-'h". . Xb=Xe = p @:( r ) ( r ):b4+b3_2C
c-by = AR Vs = e r dy2 r r2
8] 292X TEO|RE FE17| g8 2Axo @ __(bz +b1+b4 +b3 _4C)
dz? r?
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Magnetic method

RIRLTE

ZER{QU O 24 KHTIOIAENIE BERIDE
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HU RIDF LIRS ZRDHE BEAL

Mg

L

e History |

2nd century BC: Chinese first used lodestone (magnetite-rich rock) or leading

stone in primitive direction-finding

12th century: in Europe, reference was made to the use of a magnetic

compass for navigation

In 1600, the first scientific analysis of the Earth’s magnetic field and

associated phenomena was published by the English physicist William Gibert

in his book De Magnete

In 1640, measurements of variations in the Earth’s magnetic field were made

in Sweden to |

ocate iron ore deposits

In 1870, Thalen and Tiberg developed instruments to measure various

components of the Earth’s magnetic field accurately and quickly for routine

prospecting

2010-01-23
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e History Il

° In 1915, Adolf Schmidt made a balance magnetometer which enabled
more widespread magnetic surveys to be undertaken.

° During the Second World War, advances in technology were made that

enabled more efficient, reliable and accurate measurements to be made

> In the 1960s, optical absorption magnetometers were developed which
provided the means for extremely rapid magnetic measurements with
very high sensitivity, ideally suited to airborne magnetic surveys.

o Since the early 1970s, magnetic gradiometers have been used that
measure not only the total Earth’s magnetic field intensity but also the

magnetic gradient between sensors.

Mg

L

e History llI

> Geomagnetic methods can be used in a wide variety of applications and
range from small-scale investigations to locate pipes and cables in the
very near surface, and engineering site investigations, through to large-
scale regional geological mapping to determine gross structure

o In the larger exploration investigations, both magnetic and gravity
methods are used to complement each other.

> Gravity and magnetic methods can provide more information about the
sub-surface, particularly the basement rocks.

> The range of magnetic measurements is extremely large, and it includes

Palaeomagnetism.

2010-01-23
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» Application of geomagnetic surveys

° Locating
Pipes, Cable, and Metallic objects
Buried military ordnance (Shell, Bombs, etc)
Buried metal drums of contaminated or toxic waste

Concealed mineshafts and adits (horizontal entrance to a mine)

> Mapping
Archaeological remains
Concealed basic igneous dykes
Metalliferous mineral lodes

Geological boundaries between magnetically contrasting lithologies including
faults

Large-scale geological structures

TnxoIZ

L

o Magnetic force

- mm, -2 |
) F=——~r, (incgssystem)
— ur
( ) ( ) — —2
-~ F= 4m1m22 r, (in mks system)
TUr

> Magnetic field

—_

m —2.
H =—r (in cgssystem)
ur

2010-01-23
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o Intensity of magnetization and Magnetic moment
I

—_—

=AM Emr@onm e )

N S

—_— —

T:M— Imr,  mr;

\Y Al A
° Magnetic induction
B=H+H’
H +4xzl= 1+ 4xk)H

= uH (in cgs system)

B=pu,(H+1)=pu,(1+k)H (in mks system)

TnxoIZ

[ I
o permeability
in vacuum

1y =47 x107"wb/ Am (in mks system)
U, =1gauss/ oersted (in cgs system)

22
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> Magnetic flux ¢ —BeS

I‘ Magnetic
; flux line
m Magnetic
j equation plane
i
Field af

permanenl magrie

KI JRENERE

FP=H?+Z?=X%?+Y?+Z?
H =Fcosl Z=Fsinl

tanl:5
H
X =HcosD Y =HsinD

tanD=i
X

F : total magnetic field

H : horizontal magnetic field

Z : vertical magnetic field

| :inclination angle between the total field and
horizontal compoonent

D : declinnation angle between horizontal component
of the total field and geographic north

2010-01-23

23



KI JRENERE
mf.'" ‘T’lcewwwul pole])

Magretic eguator (/=07
- ==
-

Geographie equator

Best filling
dipole

South mognetic
pale (/= -80%)

A

s Geamagnetic
(Geographue pole! south poie

KI AREUREOI NQ

R EE oE YUY 4 Q8
o AHRDUEA] I 99% from the interior

and 1% from the source outside the earth

& Rl

RI L RFRIDH-Z Ofl 4445 > Magnetization arising from the

angular velocity of the earth is much too small.

Rid+Q| UKl 5 potential gradients in the earth would be

impossibly large.

R

* too large for known surface rocks.

- RIZUEOIMS T2(~2000C): ZE ERL YRy L= HTH
£ OrRITH RHA4E QL8 (Fe: 750°C, Ni: 310°C, Magnetite: 515°C).

* the Curie point

2010-01-23
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o ™d

—

RHQ| THA

- 213 (1300 km to 3500 km)OliA1 QXIS DI RIoH S Q

RE B4 > RTIRE A

cRIFY WL A TS RN ESRIZ O 20 Q&
« RIZ \HEO SRlol RITATHONAZHT JIEHEH T

THEHRE QE=H (~ 106 bars)Ol RIRHE HEZdHol REQ AL RE
MAT HRY 4 AR

- Self-excited dynamo: highly conductive fluid moves about in

complex mechanical motion, while electric currents, possibly
caused by chemical or thermal variations, flow through it.

- ’ARQ D20 RHIIR Q=
cTHOIE 7 AEO 2 ZERIQY 732 RITRFTIRLY) QFRL B

QR AR T2 ABY & AT

KIJIRFT F&'_OJ hﬂgp

o Secular variations O \-5 1 2}

-The geomagnetic field is far from permanent

-Inclination and Declination change as time goes by

-The intensity of the main magnetic field is decreasing
at about 5% per century

ncom, 1962

2010-01-23
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o FR MK, YT ERA THE
o QHRIOI QY DIE RITHOTI QUOH UHHD EF

i]iii;!iﬂ

o Drift correction
Instrument drift is generally not a major problem

> Diurnal variation correction

o

IGRF correction (normal correction)

(International geomagnetic reference field)

o Terrain correction

o

RTP (reduction to the pole)

Changes the actual indication to the vertical

2010-01-23
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Electrical method
THRION A= A28 210 o710l RISEE FFJoto "R+
B2 EEAY Qtolv BEY AT RIZEEQ Ktol T
QI3 HiAgdtE RIEOIMS RIQIEILE R Aol Qo
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o Coulomb’s law —@ Q_’
QD O

x9x10*m/farad

k (electrostatic constant) =
4re,

&, (permitivity) = 8.85x10**farad/m
farad =1C*/n-m

o Electric field intensity

LD W
d, r Ars,r

Tnkoig

[

° The electric work
Work done by moving a point charge

W =F 5§

F, = -qE

dw = F,-dl = —qE -dI
g : positive

dl : E %3k

2010-01-23
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W Az = r " 1 1
V=— = E-di =—['E-df=——(>-7)
q B 8 gy Ty Iy
o Electric potential due to a point charge
if lg—>00
S
A8 Areyl,
nkolz
[
o Electric current dq
A stream of moving charges | =— dq = Idt
dt
q=[dq= j idt
o Electric current density ——
DO . =
J=— I1=JedA
dA ——
o Resistance and Resistivity
AV E . Vi/im
R=— =— (unit =Qm
=y e

2010-01-23
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° The relationship between resistance and resistivity

_E_VA_LA
J IL L
> Conductivity

o =2 (unit)— = mho/m
om

o Ohm’s law

AV =1IR

Mg

[

> The objective of most modern electrical resistivity surveys is to
obtain true resistivity models for the subsurface because they

have geological meaning.

o Electrical prospecting involves the detection of surface effects

produced by electric current flow in the ground

° An artificial source of current is introduced into the ground
through point electrodes. Potential differences are measured at

other electrodes in the vicinity of the current flow.

> Because we measure the currents as well as the potentials, it is
possible to determine an apparent resistivity of the subsurface.

° Apparent resistivity

2010-01-23
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R WBINTE (Resistivity)

> |n a loosen classification, rocks and minerals are considered to
be good, intermediate, and poor conductors

Good conductor: Minerals of resistivity ( 102-8 ) to about ( | )

Intermediate: Minerals and rocks of resistivity ( | ) to ( 10"7 )

Poor conductor: Minerals and rocks of resistivity above ( 107 )

The resistivity of geological materials exhibits one of the largest
ranges of all physical properties, from 1.6 X 10 Qm for native silver
to 10'¢ Qm for pure sulphur.

> Igneous rock < Sedimentary rock < Metamorphic rock
° VWater
> Age of rocks

Ex) Precambrian volcanic rock: 200- 5000 Om

Quaternary volcanic rock: 10 — 200 Om

¢ 7L DHELON MO K91 (hotential)

o Consider a continuous current flowing in an isotropic homogeneous
medium. If dA is an element of surface and ] is the current density, then
the current passing through dA is (J e dA )

> The current density J and the electric field E are related through Ohm’s
law: ( J = of )

> The relationship between electric field and potential: E =-VV

o The electric current density is expressed using potential: J = —-oVV

° The current density is constant, then (y2/ = Q)
J =-0oVV
VeJ=Ve(-oVV)
Vel=0
—Ve(aVV)=0
Ve(aVV)=VoeVV +0V e (VV)
oV =0 (Laplaceequation)
Isotropic homogeneous °ll 1 Laplace equation ¥+Z

2010-01-23
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Single current electrode at depth

> An electrode is buried in a homogeneous isotropic medium.The
current circuit is completed through another electrode, usually at
surface, but in any case, the other electrode is located far away so that
its influence is negligible.

° The current flows radially outward in all directions from the point
electrode.

° In a spherical coordinate:

2 2 2 2
8\5 8\2/_'_8\2/=0 V2V=d\2/+2dv=0
ox* oy oz dr rdr
'Y dv dv
r? +2r—=0 —=A
dr? dr dr
A .
V=_T+B ifrowo V=0,..B=0
v=—é I =J4m? J=0E
E=-VV = _dl | = —4ﬂf20'A2 — _4zoA Figure 81. Buried poinf source of curent in AOMOPeMEoL Proung
dr r
a1 oy_lp
4o Anr
AAGAA, T8 ZAFEZ 4r? => 227
v=lp
27

Single current electrode at the surface

Power

Surface

Uniform resistivity

. — _—-*"' ™ Current fow
s ¥ ~
. —

= — Equipotentials

Figure 8 2. Point source of current at the surface of 3 homogeneous medium.

2010-01-23

33



Two current poles at the surface

Power

11

¢
e lr, £y Ciy  Sutfao
7I7777 {77777 TITTTITTTIT, \7TITTTTT T T T ATTTT 777

I_.__ B .

be—— Py Bt o Equipatentials

Figure 83, Two current and two potential electrodes on the surface of hom
isptropic ground of resistivity p.

_lp @
" 2ar i— .
s 0 Ly : s

P 2ar,  2ar,

v 1p lp

P2 2xr,  2amr,
| 1 1 1 1
AV =V, -V, = 2—"(—— B S
r n r, rs ry
_ 2zAV 1 27AV G
T | 1 1 1 - ] Figure 8.4, Fquipotentials and curreni flow lines for two point sources of curent on

surface of homogeneaus ground. (After Dobrin, 1960.) () Plan view, (b) Vertical
section. {c) Potential varisiion at the surface along a steaight line through the point
soureces.

Electrode configuration

° The resistivity relationship has two parts:

o In reality, the subsurface ground is not homogeneous, and thus
the resistivity obtained is no longer the ‘true’ resistivity. The
resistivity that we obtain in fields is called apparent resistivity.

> The apparent resistivity is not a physical property of the
subsurface media.

10
i .//"
06 - /
06 y
e
I
04 /l
/1
i
. . ezl /1 |
Proportion of current flowing fols
Below a depth z;AB is the current A T |
. . L 1 1 I — AR
Electrode separation L a = " ; r 10 ABiz
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Wenner array

CI P! 'P? C7

° Poles are uniformly spaced in a line

° Apparent resistivity:

_2mV 1
AT 1 1 1
(——-——-— +=)
rl rZ r.3 If-4
_2mV 1 _ 27AVa
I 1 1 1 1.
==+

Schlumberger array

2L

s

G, R

()

G

> The current electrodes are spaced much further apart than the

potential electrodes

> Apparent resistivity: 1 =L~ x-1>>2l

L—x>>3l
L PP RA ST
_2mV 1
pa=m 1 1 1 1
( - - + )
L—x—1I L+x+l L—-x+I L+x-I
mAV (L2 —x?)?
= X—
211 L? +x2
if L>> x4

mV ,_a’ AV _m’ AV

211 120

I Aa
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Pole-dipole array

- —=—=-®

b

a =3

G Py Py G

> One of the current electrodes is fixed at a great distance from t
he other three electrodes

° Apparent resistivity: 27AV 1

B 3 _27AV ab
Pa =" 1 1. 1 b-a
-5
a b

° When b=2a: 2zAV
|

x 2a

Pole-dipole array

> When the potential spacing is very small compared to the
distance of potential electrodes from C,

a2
' 2
Aa
p=a+—
2
2 Aa 2
C2mv @ -())
Pa | Aa
_2m’ AV _2m’ AV _2m’ 0V
1 Aa 1 Aa | oa
> When one of the potential poles is remote from the other pote
ntial pole:
2mAV
po=— —a
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Dipole-dipole array

2/
2n = 1) 1.,

Py, Py

2/

G G
(d)

> The potential electrodes are closely spaced and remote from
the current electrodes, which are also close together.

° Apparent resistivity

_2mv 1 )
Pa= T 1 1 1

+—
2In 2l(n-1) 2I(n+1) 2In

_2mAV 1

= G 1 1)
20 o1 el

SV 22 -+ 1)
250+

n(n-1)(n+1)
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Figure 8.21. Wenner spread — master curves for two horizontal beds. (From Keller and
Frischknecht, 19%66.)
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Electromagnetic method

Introduction |

 In some classifications, the electromagnetic (EM) method is
regarded as a kind of the electrical method. In other classifications,

the electromagnetic method includes the electrical method.

Main differences between the electrical method and the

electromagnetic method:

> Source

In the electric method: a direct current (DC) or a very low-
frequency alternating current

In the electromagnetic method: electromagnetic waves resulting from
a relatively high-frequency alternating current

o Transmitter and receiver

In the electric method: current and potential electrodes are used for
transmitters and receivers.

In the electromagnetic method: loops or coils, which are not needed
to be contacted on the ground, are used.

—>can be used in aerial survey as well as in ground survey
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Introduction |l

When currents are transmitted directly into the earth, the technique
is called “a galvanic method”.When currents are generated without
the transmitter directly contacting the earth, the technique is called
“an inductive method”.

Galvanic techniques depend upon good electrode contact and thus
are not appropriate in areas that have high resistivity at the surface
such as dry sand or glaciers. > EM method can be useful in such
areas.

The electric resistivity methods are (active), whereas most
electromagnetic methods are (passive).

In galvanic methods, depth penetration for a given resistivity
structure is controlled only by the array geometry, in inductive
techniques deeper penetration can also be obtained by using lower
frequencies.

Introduction lll

¢ Electromagnetic response can be induced by natural earth currents
(MT: magnetotelluric method) or by artificial or controlled sources
(EM in a narrow sense).

> EM: most EM systems employ an active transmitter so that the
source geometry and frequency can be controlled.

o MT: the ambient electromagnetic radiation from ionospheric
oscillations and from lightning discharges is utilized as a source
for the telluric, magnetotelluric, and audio-frequency magnetic
techniques.

Advantages of natural sources are the avoidance of the financial and
logistical problems of a transmitter, and the availability of low
frequency energy, which is expensive to generate artificially. However,
sufficient signal strength is not always available, particularly in the 0.1
— 10 Hz frequency range.

2010-01-23
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Introduction IV

e EM methods are especially important, not only in mineral and
hydrocarbon exploration, but increasingly in environmental
geophysics applications. For hydrocarbon exploration, the EM
methods have not been widely used.

e These days, however, marine MT begins to be used in oil
exploration.The MT data can provide regional subsurface
information, and thus can be used as a reconnaissance method.

Table 10.1  The range of applications for EM surveying*

Mineral exploration
Mineral resource evaluation

Groundwater surveys

Mapping contaminant plumes
Geothermal resource investigations
Contaminated land mapping

Landfill surveys

Detection of natural and artificial cavities
Location of geological faults, etc

Geological mapping
Permalrost mapping, etc.

* Independent of instrument ty pe

Elementary Theory |

e Maxwell’s equation

° To understand the propagation and attenuation of
electromagnetic waves, it is necessary to use Maxwell’s
equations in a form relating the electric and magnetic field
vectors

o E:electric field intensity (V/m), B: magnetic flux density (teslaT),
J: current density (A/m?), H: magnetic field intensity (A/m),
D: the electric displacement (C/m?)
° Faraday’s law: VxE =—%B
RETIRES AT BHRRTH RITIRLS QEQ 4 QfTh,
An electric field exists in the region of a time-varying magnetic

field, such that the induced emf (electromotive force) is
proportional to the negative rate of change of magnetic flux.

2010-01-23
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Elementary Theory |l

> Ampere’s law :VxH =J =of
RTIREQ) HHREON ) O A R Rbg QEH 4 QiTH
X =J+—
o Ampere-Maxwell law:

A magnetic field is generated in space by current flow and that
the field is proportional to the total current (conduction plus
displacement)

Maxwell introduced displacement current in Ampere’s law.
The displacement currentM@D # 8ty (sfa) quantity that arises in
a changing electric field and has the units of electric current.

o Gauss’ law for electric fields:

This integral (the net electric flux through the surface) is

proportional to the net electric charge q.,. enclosed by the
surface

Elementary Theory |l

o Gauss’ law for magnetic fields

There can be no net magnetic flux through the surface
because there can be no net “magnetic charge” (individual
magnetic poles) enclosed by the surface

Ve (Vx E):—Vo(%—?):—%(Vo B)

—%(Vo §)=0

~VeB=0

2010-01-23
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Elementary Theory IV

* Maxwell’s achievements
Electricity and magnetism were originally thought to be unrelated.

In 1865, James Clerk Maxwell provided a mathematical theory that
showed a close relationship between all electric and magnetic
phenomena

Electric field lines originate on positive charges and terminate on
negative charges.

Magnetic field lines always form closed loop — they do not begin or
end anywhere

A varying magnetic field induces an emf and hence an electric field
(Faraday’s law)

Magnetic field is also produced by changing electric field(Ampere’s
law)

Maxwell concluded that visible light and all other electromagnetic
waves consists of fluctuating electric and magnetic fields, with each
varying field inducing the other.

Elementary Theory IV

* An example (transformer)

Current flowing in conductive wire produces H field via
Ampere’s law assuming WeK0: Vx H = I (Ampere's law)

High U value of core material enhances B field: B = ﬂ|:|

-‘W‘ An E field is produced which curls around the magnetic

g- field via Faraday’s law:  _ 5B _

=a ° aSrom VxE =-iwB(= o by Fourier transform)

-y These processes result in voltage in the upper coil (Stoke’s
theorem): [(Vx E) e fids = f E odl =V = IR

FromV=IR, current will flow in the upper coil, which lights
bulb
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Elementary TheoryV

* Electromagnetic equations in an isotropic and
homogeneous media

VeE=0%1

Ve (Vx I:|)=V03+V0(aa—?)

if no current source

VeJ=Ve(oE)
=g(VeE)+EeVo

Vel=0

~o(VeE)=0

~VeE=0

Elementary TheoryV

* Electromagnetic equations in an isotropic and
homogeneous media

VxE :—yaa—': ....... @) Vx(2)

. 6E VxVxH=a(VxE)+eﬁ(VxE)
VxH=0E+e— ... ) i i 8} s )
V(1) V(VOH)—VZH=o-(VxE)+£a(VxE)
VxVxE:—,ug(VxH) V(Vo(/B))—Vzﬂ=a(VxE)+£%(VxE)

~ - o - OE VeB=00EZ
V(VeE)-V E=—p&(O‘E+€E) e ﬂ)_‘_gﬁ(_ ﬂ)
o' oo a

VeE=00]EE
= oH o%H
ook +550)-VIE =0 e
= = - oH 9°H
2 _ AVH=ou—+pue— ... v
a;u%+,m;aatlzE =V?E .. (@) ot T )
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Elementary TheoryV

* Electromagnetic equations in an isotropic and
homogeneous media

*sinusoidal time variation
(MAE = Ee™ dY
VZE = iwuoE — w?ueE
(W) H = Hoe™ tg)
V2H = iwuoH — w?ueH

Elementary Theory Vi

» Features of electromagnetic waves

° The electric and magnetic fields E and B are always
perpendicular to the direction in which the wave is traveling.
Thus, the wave is a transverse wave

° The electric field is always perpendicular to the magnetic field.

> The cross product E X B always gives the direction in which the
wave travels.

o The fields always vary sinusoidally, just like the transverse waves
° Electromagnetic waves travel at the speed of light

in the free space: C = =2.99792x10°m/s

Ho€g
o Light is an electromagnetic wave.
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Elementary Theory VI

» Attenuation of electromagnetic waves

V°E = ioucE — o’ usE |V2H =ioucH —a)zng|

For a poor conductor (€=10€,, =, and 0=103 S/m poor conductor)

£=105,=9x10"F/ =y =13x10° H/
VZE =(i2.6x10° —4.6x10°)E » 0 (Laplace equation)

For a good conductor (€=10€,, y=o, and =103 S/m good conductor)

VZE = (25i —-4.6x107°)E
= 25iE
V?E = iwuoE  (diffusion equation %%

2010-01-23

48



« Diffusion equation VzEziwyaEz,ua%E VsziwyaH:po—%

Assume that the wave is polarized in the xy plane and

propagates along the z axis
E=E,_(z,t)= E,e™*™

H =Hy(Z,t)=EOEIWl+mZ
_9°H o°H +62H _8’H 2 it ez

V’H + = = H,m’e
dx? dy 2 82?2 01°? 0
Ho a@—':= igowH e
) _ oH ol =l 2
V*H = uo TS ool FE= m? =iuyocw
S (1+0)? HO W

i E o83 m=+(1+1)

2 2
H,e™**02 Qg 75 0 W H > 09°ER2
H 0el(wt—az)e—az

=(1+1i)a

H
H

Elementary Theory VIl

* Attenuation of electromagnetic waves

¢ cos(at-az) indicates that waves are propagating as a sinusoid in
the z direction.

* e*indicates that waves decay, or attenuate in the z direction.
*  Skin Depth (0) defined

as the depth at which
wave amplitude has
decayed to I/e its

original value.

1
az =

IE, (z=0)I
> E,

1 z=—
a
= |2 _|2p_ |, _ |1 P
- /IOW_ ;AN_ 7r,uf_ mu\ f
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 Skin depth

100 ohm - metrea

Period = 100 s Perod =48 Period = 1725 s
skin depth = 5000 m  skin depth = 1000 m skin depth = 100 m

Principles of EM survey

» Electromagnetic methods use the response of the ground to the
propagation of incident alternating electromagnetic waves which are
made up of two orthogonal vector components, an electric intensity (E)
and a magnetic force (H) in a plane perpendicular to the direction of
travel.

> For geophysical applications, frequencies of the primary alternating field
are usually less than a few thousand hertz. The wavelength of the
primary wave is of the order of 10-100 km while the typical source-
receiver separation is much smaller (4 — 100 m). > The propagation of
the primary wave and associated wave attenuation can be disregarded
(Figure 10.8).

Figure 10.8  The
ofa
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Principles of EM survey
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Principles of EM survey
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Seismic method

Introduction |

¢ Seismic method (exploration seismology) is widely used in
petroleum exploration, civil engineering, groundwater searches

e Seismic method: high accuracy, high resolution, and great
penetration.—> popular in petroleum exploration

» Exploration seismology is an offspring of earthquake seismology.
When an earthquake occurs, the earth is fractured and the rocks
move = Such a rupture generates seismic waves

e The objective of seismic exploration is to deduce information
about the rocks, especially about the attitudes of the beds, from the
observed arrival times and from variations in amplitude, frequency,
phase, and wave shape.

* Reflection, Refraction, Surface wave methods

2010-01-23
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Introduction |l
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Basic Theory |

e Stress
o The ratio of the force to area

o Stress can be resolved into two components, one at right-angles
to the surface ( ) and one in
the plane of the surface ( )-

o Stress at a point:

e Strain
° The stressed body undergoes strain

> The strain is the amount of deformation expressed as the ratio
of the change in length (or volume) to the original length (or
volume).

2010-01-23
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Basic Theory |l

e Elasticity

> The size and shape of a solid body can be changed by applying
forces to the external surface of the body. These external forces
are opposed by internal forces that resist the changes in size and

shape

o As a result, the body tends to return to its original condition
when the external forces are removed.

> The property of resisting changes in size and shape and of
returning to the original condition when the external forces are

removed

Basic Theory llI

HIgEH

EhaBi s BEE

e Elasticity

o Stress and strain are linearly
dependent and the body behaves
elastically until the yield point
(elastic limit or proportional limit)
is reached.

° Below the yield point, on relaxation
of stress, the body reverts to its pre-
stressed shape and size.

o At stresses beyond the yield point,
the body behaves in a plastic or

PLIRET Y 0%

2% 6.1 DA E-HYE YA

ductile manner and permanent
damage results.

o If further stress is applied, the body is
strained until it fractures

2010-01-23
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Basic Theory IV

¢ Elastic moduli

> The relationship between stress and strain for any material is defined by
various elastic moduli.

> Young’s modulus (B &) & Poisson’s ratio (£ 052 Hl)

B8 o v,

TR -AV= V, -V,

Basic TheoryV

¢ Elastic moduli
> Bulk modulus (MI& Bt E)

AP

1 ==4yse

» |
N ue geis us
! ;
/_ iy 1% 01 v,
2!
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Basic Theory VI

¢ Elastic moduli

Shear (rigidity) modulus (a Lamé constant): KISt HI4L, IS4 E
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Seismic waves |

e Types of seismic waves

o Seismic waves travel away from any seismic source at speeds
determined by elastic moduli and the densities of the media
through which they pass

> There are two main types of seismic waves: body waves and
surface waves

> Body waves: waves that pass through the bulk of a medium are
known as body waves

o Surface waves: waves confined to the interfaces between media
with contrasting elastic properties, particularly the ground
surface, are called surface waves

° Guided waves: are encountered in some applications, which are
confined to particular thin bands sandwiched between layers
with higher seismic velocities by total internal reflection.
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Seismic waves I

e Body waves

° In unbounded homogeneous isotropic media, body waves only exist.

o Two types of body waves can travel through an elastic medium.

o P-wave
Material particles oscillate about fixed points in the direction of wave
propagation by compressional and dilatational strain
Primary, longitudinal, dilatational, irrotational, or compressional waves
(for example, sound waves)
Velocity P}

o HRIS(R| e of

4

| NTTT—

Seismic waves llI

e Body waves
° S-wave
Particle motion is at right-angles to the direction of wave propagatio
n and occurs by pure shear strain
Secondary, transverse, rotational, or shear waves

When particle motion is confined to one plane only, the S-wave is sai
d to plane-polarized (SH and SV waves)

Velocity

Sg

2010-01-23
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Seismic waves |V

e Surface waves

° In an infinite homogeneous isotropic medium, only P and S wave exist.
However, when the medium does not extend to infinity in all directions,
other types of waves can be generated.They are called surface waves.

o The waves do not penetrate deep into subsurface media. They are confi
ned to the interfaces.

° Large amplitude and low frequency waves

> Rayleigh, Love, Stoneley waves

Seismic waves VY

e Surface waves

> Rayleigh waves
The combination of P and SV waves.
Travel along the free surface of the Earth with amplitudes that decrea
se exponentially with depth
Particle motion is in a retrograde elliptical sense in a vertical plane
with respect to the surface

2§ 613 My P 23
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Seismic waves VI

e Surface waves

> Rayleigh waves
Velocity depends upon the elastic constants near the surface and is
always less than the S wave velocity 3.When the Poisson’s ratio is
0.25, the Rayleigh wave velocity is 0.923
Because the elastic constants change with depth, the velocity of
Rayleigh waves varies with wavelength. 2> A variation of velocity with
wavelength (or frequency) is called dispersion.
Rayleigh waves are dispersive in layered media, whereas they are not
dispersive in semi-infinite homogeneous media.

Groundroll which can mask reflections on a seismic record

Assessment of stability of structure such as dam and road (Spectral
analysis of the surface waves: SASW).The SASW employs the
dispersive features of Rayleigh waves.

Seismic waves VI

e Surface waves
> Love waves

Love waves occur only where a medium with a low S-wave velocity
overlies a half space with a higher S-wave velocity

Velocities are intermediate between the S-wave velocity at the
surface and that in deeper layers.

Particle motion is at right-angles to the direction of wave
propagation but parallel to the surface

These are polarized shear waves

2010-01-23
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Seismic waves VllI

¢ Surface waves
o Stoneley waves
Similar to Rayleigh waves
Propagate along the interfaces between fluid and solid media

o Surface waves have the characteristic that their waveform
changes as they travel because different frequency components
propagate at different rates,a phenomenon known as wave
dispersion

> The dispersion patterns are indicative of the velocity structure
through which the waves travel, and thus surface waves
generated by earthquakes can be used in the study of the
lithosphere and asthenosphere

Time (s)

Seismic wave & Fourier series

SIS

02
A
A

X 6 12 18 24 30 36 42 48 54 60 66 72
Frequency (Hz)
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Seismic exploration
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Dix equation
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Migration
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