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PREAMBLE

Lecture and lab schedule

What you should take away from this unit
Assessments
What is expected from the labs

DO NOT COPY OR DISTRIBUTE

Scenario: Speed of an Electron

You have decided to string up a
4000km power pole from Perth to
Sydney and transmitted a DC current
through that wire.

Approximately how long would it take
an individual electron to travel from
Perth to Sydney?

Sydney

oookm |

' .

Perth r

Note: The speed of an eleciromagnetic
wave in a wire is ~1.8x108 m/s

Electrons move sloooowww

Drift Velocity Electromagnetic field velocity
(Electron Velocity)

~0.00028 m/s (REALLY SLOW) ~180,000,000 m/s (REALLY FAST)
96 days to travel from ~0.022 s to travel from
Perth to Sydney Perth to Sydney

READ THIS!

Nabighian M.N. (1998) - Electromagnetic Methods in INVESTIGATIONS IN GEOPHYSICS NO. 3
Applied Geophysics — Applications Part A and Part B:
Editor, Vol 2, SEG IG No. 3

(FREE ONLINE @ Curtin) ; ELECTROMAGNETIC METHODS
Nabighian M.N.(1987) Electromagnetic Methods in IN'APPLIEDY GEOPHYSICS
Applied Geophysics - Theory: Editor, Vol 1, SEG IG No. 3 VOEUNE ZAREUOATION FARIS AVANDID

(FREE ONLINE @ Curtin) EDITED BY MISAC N. NABIGHIAN
Parasnis, D.S. (1996) Principles of Applied Geophysics:
5th Ed., Chapman & Hall

(easy to read if you can get your hands on)

Telford, W.M., Geldart, D.P., and Sheriff, R.E. (1990) l
Applied Geophysics: Vol. 2, Cambridge University Press.  [intatatatfatatatatainintnty it o
(For the more adventurous)

Grant, S., and West, G.F. (1965) Intfroduction Theory in
Applied Geophysics: McGraw- Hill.

Keller, G., and Frischnecht, F. (1966) Electrical Methods
in Geophysical Prospecting: Pergamon

SOCIETY OF EXPLORATION GEOPHYSICISTS
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Program calendar

Program Calendar — Semester 2 2015
Week Begin Date Lecture/ Tutorial/Other Assessment
Due
Seminar
Orientation 27 July Orientation Week
1 3 August [ Fundamentals of EM for Targeting | Assignment 1: FEM modelling (AP) (LVC) 18 August
(AP/MC)
2 10 August | Fundamentals of EM for Targeting Il (MC) Assignment 1: FEM modelling (AP) (LVC) 18 August
3 17 August | Frequency Domain Response (AP) Assignment 2: Vortex modelling (AP) (LVC) 1 September
a. 24 August | Time Domain Systems and Impulse Assignment 2: Vortex modelling (AP) (LVC) 1 September
Response (AP)
5. 31 August | Tuition Free Week
6. 7 September | Profiling with TEM (AP} Assignment 3: Field Data Collection (AP) (ARC) 22 September
7 14 Response and Modelling of discrete Assignment 4: Layered Earth Modelling and 29 September
September | target (AP) GP3009 2nd Group Fitting of Plates to TEM (AP} (LVC)
3 21 Response and Modelling of discrete Assignment 4: Layered Earth Modelling and 20 September
September | target (AP) GP3009 1st Group. Fitting of Plates to TEM (AP) (LVC)
9. 28 Tuition Free Week
September
0. 5 October | Decay Curves and Sounding for TEM (AP) Magnetotelluric Field Demanstration (4P) Not Assessed
(ARC)
n 12 October | Magnetotelluric Methods and VLF (AP) Assignment 5: Magnetotelluric Modelling (4P) | 27 October
(LVe) om)
12 19 October | Noise, Anomalous Responses and Assignment 5: Magnetotelluric Modelling (4P) | 27 October
Improving Signal (AK) va on
RES 26 October | High Frequency EM (RFMT and Radar) Assignment 6: Ground Penetrating Radar (4) | 10 November
(IBA) wao)
4. 2 November | Radiometrics (MC) Assignment 6: Ground Penetrating Radar (4P) | 10 November
[(A%s]
15. Study Week
November
6. 1% Examinations
November
i 23 Examinations|
November

AP - Andrew Pethick
MC - Michael Carsan
AK - Anton Kepic

LVC -Van Anh Cuong Le
DT -Duy Thong Kieu

% Curtin University

AMPERE’S LAW

W

at you should understand

Fundamentally, what are electromagnetic fields?

VXH=]+

oD

dt

What you should understand

EM is useful for ALL depths of investigations

EM allows you to detect subsurface
electrical properties

from a few metres under the earth....

Curtin University

Distance North (m)

What you should understand

Keep scale in perspective!

Depth (m)

5000 10000 15000 20000 25000

Distance East (m)

4000 | —
-25000 -20000 15000 -10000 -5000

...to kilometres under the earth...

Curtin University




What you should understand

What equipment is available and fundamentally what is fransmitted

Curtin University

What you should understand

Geophysical EM methods span many decades of the EM Spectrum

Year Day  Hour Minute Second ms us ns

Magnetotelluric

Marine CSEf:V\

Land EM

LWD ‘EM/Rcdar Rainge)

Radar

108 107 106 105 104 103 001 01 1

10 100 1000 104 105 106 107 1o
Frequency (Hz)

What you should understand

Electrical Rock properties and what does it mean for exploration?

What you should understand

How do electromagnetic fields interact with the earth?

Which is more
conductive?

NaCl
Saline Aquifer Salt Dome

Curtin University

o -

2 Same amount of
- resistive and
——— PP —| conductive

. material.

= = VERY DIFFERENT

2 RESPONSE!
i~
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How to get the best out of your data Radiometrics

What is noise? Identifying it? How to reduce its impact? What is it? Basic processing and interpretation.

Ternary image of the Radiometric Map of Australia
http://www.ga.gov.au/scientific-topics/disciplines/geophysics/radiometrics

Curtin University

niversity of Technology
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Labs Labs

REQUIREMENTS REQUIREMENTS

* Eachlab requires 2 weeks = How to earn 50% = How to earn >50%
= You have 1 week after the lab « Show up « Show up
to submit the report « Do lab + Complete lab with good, clear
+ Write report with figures and figures and diagrams
one sentence explanations * Do a proper write up; aim,
+ Captions must be 100% correct background, method (do not
. NO PLAGARISM! get carried away with the
Lab 1 Lab 1 Lab 2 method), discussion and
conclusion
Week 1 Week 2 Week 3%Week 4 Week 54Week 6 TURNITIN WILL BE USED + Reference with 15th Ed. - The
Chicago Manual of Style

Lab 1 Due Lab 2 Due

Curtin University
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Fundamentals of EM for Targeting | S$22015

= Electric and Magnetic Field Definitions

= Maxwell's Equations
= Wave Equation

DO NOT COPY OR DISTRIBUTE

Coulomb’s Law

The Electric Field or (E-Field) is the force a charged particle
would experience at a location X — charge is the source of E-
field

That is, the force per unit charge (NeC-1)

Use volts per metre (Vem-)

The electric field surrounding a single charged particle only
and in free space is defined by Coulombs law

q

E=——
4meyR?

Curtin University

Computing The Field (Source code if you are inclined)

ElectricField.py ]

import numpy as np \
import numpy as np

permitivityOfFreeSpace = 8.854*1E-12; \l/

e = permitivityOfFreeSpace; J

def efield(xsource,ysource, xreceiver, yreceiver, charge): /T\

rx = (xreceiver - xsource); #compute x distance \

ry = (yreceiver- ysource); #compute y distance I
r = np.sqrt(np.power(rx,2)+np.power(ry,2)); #compute total distance
vector = np.array([rx/r,ry/rl); #force vector in direction towards source
et = charge/(4*np.pi*e*np.power(r,2)); #compute the total electric field
efield = np.multiply(vector,et); #efield vector in direction 'vector'

ﬂ return efield;

N - R
THIS IS ELECTROSTATICS

2D vector field surrounding an electron (Source code if you are inclined)

RUNnEH.py ]
import ElectricField 1. Create a grid of electric field ‘receivers’
import numpy as np 2. Compute the response at each receiver

#### Charge of a single electron
echarge = -1.6021765*1E-19;

1. #### Create a 2D Grid of Receivers

xs = np.linspace(-1,1,21);

ys = np.linspace(-1,1,21);

¢ = np.array([np.linspace(i,j,N) for i,j in zip(xs,ys)])

#### Define a source location
sourcexl = @; #source x position
sourceyl = 0; #source y position

#### Loop over all receivers and compute efield vector
for i in range(0,len(xs)) :

for j in range(®,len(ys)) :
ef = efield(sourcexil,sourceyl,xs[i],ys[j],echarge);

2! THIS IS ELECTROSTATICS




2D ve field surrounding an elec

Electric Field Surrounding a Single Electron

Resulting vector field 10
surrounding the electron

-7.00

-7.25

Note that the amplitudes are .
plotted on alog scale.

-7.50
-7.75

-8.00

Y Distance (m)
°
>

-8.25

RN i}/ /e
B/ /T N NS
Total E-Field (Iog10(V/m))

-8.50

-8.75

-9.00

-1.0,

0.0 1.0
X Distance (m)

THIS IS ELECTROSTATICS

Computing a rudimentary electric bipole

RuUunEH.py ]

#### Define a source location
#### THIS TIME ADD A SECOND SOURCE
sourcexl = 0;

sourceyl = -0.5;
sourcex2 = 9;
sourcey2 = 0.5;

#i### Loop over all receivers and compute efield vector
for i in range(@,len(xs)) :
for j in range(®@,len(ys)) :
efp = efield(sourcexl,sourceyl,xs[i],ys[j],echarge); #-ve charge
efn = efield(sourcex2,sourcey2,xs[i],ys[j],-echarge); #+ve charge
et = efp + efn; #the total is the summation from both charges

THIS IS ELECTROSTATICS

04,2049 . .
" Cartin University

2D vector field surrounding a rudimentary electric dipole

Electric field surrounding a positive and negative charge
3 3 -15.6

If a positive and negative
charge were held in place

by an infinitely resistive

material, this would be the os
resulting electric field.

-15.9

()
/
4

-16.2

-16.5

Which is + and which is - 2 .

0.0
-17.1

Y Distance (m)
e~ — - TN

Total E-Field (log10(V/m))

-17.4
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T R—

s
s
/
bt
\
N
~
~

-17.7

-18.0

THIS IS ELECTROSTATICS

If you place a
charged ion in this

areq, it will follow the
path of the field lines

Y Distance (m)

streamlines are used
to visualize field lines

X Distance (m)

THIS IS ELECTROSTATICS

Curtin University




What is a Magnetic Field?

The Magnetic Field or (H-Field) is the force a moving
charged particle would experience at a location X
given velocity v — current is the source of H-field (but
see Ampere’s law later...)

That is, the force per meter per Ampere (Nem-sAl)
Use Ampere’s per metre (Aem)
The magnetic field that surrounds a current carrying

. . . _
wire is given by: H=_—

Curtin University

Source Code if you are Inclined

MagneticField.py ]

def hfield(xsource,ysource, xreceiver, yreceiver, current):
#current travelling in vector direction v<0,0,1> out of the page)
rx = (xreceiver - xsource); #compute x distance
ry = (yreceiver- ysource); #compute y distance
r = np.sqrt(np.power(rx,2)+np.power(ry,2)); #compute total distance
#tvector in direction perpendicular to current flow (unit vector)
vector = np.array([ry/r,-rx/rl);
ht = current/(2*np.pi*r);
hfield = np.multiply(vector,ht);
return hfield;

#Compute total H-Field
#Create H-Field Vector

Curtin University

H-Field Defined : Computing The Field

1I\élagnetic Field Surrounding a Current Carrying wire

The resulfing
magnetic field is a
vector field

s 8
» N
Total H-Field (log10(A/m))

Y Distance (m)

-0.5 0.0 0.5
X Distance (m)

Curtin University

The Four Equations

GAUSS' LAW GAUSS' MAGNETISM LAW
V-D= P V-B=0

FARADAY'S LAW AMPERE'S LAW
VXE= I8 VxH=]+ b
ot =] ot

"Curtth University




Maxwell’s Equations

Breaking it Down: Gradient Operator (Del)

vV Gradient Operator

Represents the standard derivative

9 9 0 9/
V:(al,@],&k) a/ax
0 9 9 a/a
Vilx,y,2) = é i+£j+a_£ k L /9z.

= Curtin University

Maxwell’s Equations
Breaking it Down: Divergence

IfA =

Ax a/ax
Ay and V=%,
A, 6/02

The dot product between the 3D vector A at
point P(x,y,z) (i.e., V- A) is considered to be:

0A 04 0A
V-Alx,y,z) = 6xx+ Y z

Maxwell’s Equations
Breaking it Down: Divergence

V- Divergence at point (x,y,z) measures
the flow out of the point.

Consider an surface surrounding a point.
Sum up all of the vectors flowing through that surface.

If positive : Pointis a source  If Negative: Point is a Sink

|

Maxwell’s Equations

Breaking it Down: Zero Divergence

V.V = O Cases when there is zero divergence




Breaking it Down: Curl

IV X Curl

The Curl Operator measures the
rotation of a vector field

Curtin University

Breaking it Down: Curl

A, a/ax
fA=|4y[and V =|%/,,
A, a/az

The cross product of V. and A would be:

i j k (aAz/ay _ aAy/az) spin in Y-Z Plane

VxXA= i i i = (an _ 04, ) spin in X-Z Plane
dx 0dy 0z " 0z o ox

A, Ay A, ( y/ax - x/ay) spin in X-Y Plane

Curtin University

Breaking it Down: Curl

Note
\ An analogy of a water
wheel is often used:

Think of a vector field

T as flowing water and

the rotation speed at
\ / which a water wheel
— / placed in that water is

the curl.

Breaking it Down: Curl

Spin counter-clockwise, curl is positive Spins clockwise, curl is negative

/4—\\ / /—>\\




Perpendicular Vectors

B and D contribute to rotation,
Net resulting curl is positive

Breaking it Down: Curl

Maxwell’s Equations

Parallel Vectors
A and C cancel out rotation,
net resulting curl is zero

O
h

b

Maxwell’'s Equations

Medium dependent equations aka Constitutive relations

J =oE (7)
B=pH (8
D =¢E (9)

o, pand € determine the Earth’s reponse to inputs E and H

niversity of Technology

Curtin University

Maxwell’'s Equations

Medium dependent equations: Physical Constants

J=0ocE 7

Electrons in the
presence of an electric
field (E) will flow.

The amount of electrons
that will flow in a given
area (J) is determined

by the material’s
properties (a).

In essence itis a

Vectorised version of
Ohm’'s Law

V=IR o E=J(§)

Current Density

J

Current per unit cross
sectional area

Sl units A/m?2

AN

Electrical Conductivity
g

Measure of how easily
current can flow through
a medium

Sl units S/m

Air ~5x 10715
Sea Water ~3
Fresh Water < 0.05

Maxwell’'s Equations

Medium dependent equations: Physical Constants

B=uH @

In many ways the
magnetic flux density (B)
and magnetic field
intensity(H) are similar
but are related by the
magnetic permeability.
B depends on the
material whereas H does
not.

Curtin University of Technology

Magnetic Flux Density
B

Measure of the strength of
the magnetic field

B has Sl units T or Whb/m?
H has Sl units A/m

Magnetic Permeability

u

Measure of how easily a
magnetic field can pass
through a medium

Uo = 4m x 10~7H/m
Sl units H/m (or N/A?2)

Relative u, = Y
Ho

Air 1.0
Water 0.999992

Curtin University




Maxwell’'s Equations

Medium dependent equations: Physical Constants

D=c¢g

In many ways the
electric displacement
field (D) and electric
field (E) are similar but

the displacement field is
not medium dependent

Refer to Coulombs law
_ . q
E= 2

o q
D =¢E _t—4ﬂ/R2

D givesrise to a
displacement current

Displacement Field
D

Density of transported
charges in a second over
a given area.

Sl units C/m?

Electrical Permittivity

&

Measure of how easily a
material stores charge
when an electric field is
applied
& = 8.854187 X 10712F /m

Sl units F/m

L2
Relative &, = —
€o
Air 1.0
Water 80
Granite 5 —20

% Curtin University

Maxwell’s Equations

Breaking it Down: Gauss’s Law

GAUSS'S LAW
V-D=p,

(3)

Gauss’' Law dictates electric field behaviour around
electric charges

If an electric charge exists, an E-field must exist
If no electric charges exists, the E-fields is zero

Note: electric charge density p,, denotes the number of electric

charges in a given volume (C/m3)

of Curtin University of Technology

Maxwell’s Equations

Breaking it Down: Gauss’s Law, What is possible and Impossible

GAUSS'S LAW
V-D=p, (3
No Charges
D
— — —
— — =]
—p — ——)
S
Agrees

No electric charges but
divergence is zero

Case 1: No Charge, No Divergence

Positive Charges

Violates
Positive charges exist but
divergence is zero

Negative Charges

0—0—0—
0—0—0—
0—0—0—
©—0—0—

Violates
Negative charges exist
but divergence is zero

Maxwell’s Equations

Breaking it Down: Gauss’s Law, What is possible and Impossible

GAUSS'S LAW .

V-D=p, 3 Case 1: No Charge, No Divergence

No Charges Positive Charges Negative Charges
D
—_— —0—> — —
—_— — — — — 0 —
— 0 —> «— 00—

S
Violates Agrees Violates

Divergence is non-zero,

Positive charges exist and
but no charges exist

divergence is positive

CRICO!

Negative charges exist
but divergence is positive




Breaking it Down: Gauss’s Law, What is possible and Impossible Breaking it Down: Gauss’s Law

GAUSS'S LAW
V-D=p Case 1: No Charge, No Divergence
v GAUSS' MAGNETISM LAW

No Charges Positive Charges Negative Charges V-B=0
D
=) ) — ) t— —_ O — Gauss’ Law Magnetic Monopoles do not exist
— — — 0 — — ° Pra— (i.e., single magnetic charges do not exist)
— e —_— O —_— 0 — Divergence of the magnetic flux density is always zero

S
Violates Agrees Violates

Divergence is non-zero, Positive charges exist but
but no charges exist divergence is negative

Negative charges exist and
divergence is negative

Curtin University

Breaking it Down: Gauss’s Law Breaking it Down: Ampere’s Law

GAUSS' MAGNETISM LAW

AMPERE'S LAW
rEel VxH=]+ 9D
xH= —
— | ot
4 / — N 4 —_— — —
\ \ 1/ Flowing current (J) within a medium creates a
l 1 1 I - . — > —_— =) ) circulating magnetic field (H)
\ / /1\ Also, A i ing electric field f
so, A time varying electric field generates a
\ — /, / l \ > » . circulating magnetic field
Agrees Violates Agrees
Divergence is zero Divergence is non-zero Divergence is zero
as flow is circular Represents magnetic as flow is parallel

point source

Curtin University




Breaking it Down: Faraday’s Law Fundamental equations to EM wave propagation

FARADAY'S LAW

VxE= 0B Start off with Maxwell’s equations
ot
V-D=p First two equations not required as
VB =0 v these are conditions rather that EM
Known as Faraday’s Law of Induction - field behaviour
A fime varying magnetic field creates a circulating E-Field _ oB
A time varying circulating E-Field generates a time varying B-field VXE = - E
VxH=]+ oD
X H = —
dt

Curtin University

Curtin University

Fundamental equations to EM wave propagation Fundamental equations to EM wave propagation

0B — _j
VXE=—— VXE= ioB
ot VxH=]+iwD
VxH=]+ b
XH=]+—
dat
=oE
Step 2: Substitute the medium B =uH
Step 1: Rewrite equations in time harmonic form dependent parameters D = ¢E
VXE=—iwB
\7><H=]+ia)D VXEz—ia)uH
VX H=0E+ iwcE




Fundamental equations to EM wave propagation

VXE=—iwpH
VXH=0FE+iwecE

Step 3: Take the Curl of both sides
NOTE: That vector identity V X V X H = V(V - H) — V?H

VXVXE=-V2E = —iwu(V X H)
VXVXH=-V2H =0V XE) + iwe(V X E)

Curtin University

Fundamental equations to EM wave propagation

—V2E = —iwuw(V X H)
—V2H = o(V x E) + iwe(V x E)

Step 4: Substitute Ampere'sand V X E = —iwpnH
Faraday’s Laws VxH=0E+ iwcE

—V2E = —iwu(oE + iweE)
—V2H = o(—iwpH) + iws(—iwpH)

Curtin University

Fundamental equations to EM wave propagation

—V2E = —iwu(oE + iweE)
—V?H = o(—iwuH) + iws(—iwpH)

Step 5: Rearrange to equal zero

V2E + (—iwpo + w?pe) E =0
VZH + (—iwpo + w?pe)H =0

Curtin University

Fundamental equation to EM wave propagation

FINAL SOLUTION TO THE WAVE EQUATION

V2E + (—iwpo + w?ue) E=0
V2H + (—iwpo + w?pe)H =0

let the wavenumber ~ k? = —iwpo + w?pe

V2E+Kk*E=0
V2H+k*H=0

Curtin University




Deriving The Wave Equation

Fundamental equations to EM wave propagation

So why is the solution to the wave equation so important

k? = —iwpo + w?ue (20)
V2E+Kk?E=0 (21)
V:H +k*H=0 (22)

At frequencies below 100kHz  w?pe << wuo the equation is
predominantly dominated by the diffusive component

The influential earth property is conductivity

2 ; —
V'E — iwpcE = 0 (TEM,FDEM,MT,CSAMT...)

VZH — iwpucH = 0
% Curtin University

Deriving The Wave Equation

Fundamental equations to EM wave propagation

So why is the solution to the wave equation so important

k? = —iwuo + w?ue (20)
V2E+k’E=0 (21)
VZH +k?H=0 (22)

At frequencies abovel100kHz  w?pe >> wuo the equation is
predominantly dominated by the reflective component

The influential earth property is electrical permittivity

V’E +w’ ueE = 0 (VHF, Radar....)

VZH + w?usE = 0
% Curtin University




Fundamentals of EM for Targeting Il

Maxwell’'s Equations (Recap)

Resistivity versus Conductivity
Archie's Law
Rock Electrical Resistivity

S22015

Driving current through the ground

DO NOT COPY OR DISTRIBUTE

Questions should know the answers to

What is an magnetic field (include units)2
What is an electric field (include units)?
Differentiate electro-static, magneto-static and electromagnetics?e

Define current (include units)
What is current density (include units)2
What are displacement currents (include units) 2

What is magnetic flux?2 (include units)

What is magnetic field intensity2 (include units and symbol)
What is electric field intensity2 (include units and symbol)

Curtin University

The Four Equations

GAUSS'S LAW
V-D=p,

FARADAY'S LAW

JdB
VxE:—E
J =0E
B = uH
D = ¢E

GAUSS' MAGNETISM LAW

V-B=0

AMPERE'S LAW

VXH= +6D
=J dt

Curtin University

The Wave Equation

k? = —iwpo + w?pe
VZE+K*E=0
VZH + k*H =0

Curtin University




What is conductivity and resistivity

Textbook definition

Conductivity

“The ability of a material to conduct electrical current. In isotropic
material, the reciprocal of resistivity”

- Sheriff's Encyclopaedic Dictionary of
Applied Geophysics, fourth edition

% Curtin University

Types of Conduction

Metallic Conduction

* Metals consist of arigid lattice of atoms, the electrons in the outer
shell can freely dissociate

» In the presence of an electric field it is the movement of electrons
and not the atoms themselves that creates the current (i.e., see drift
velocity)

» There is no chemical change due to the movement of electrons

« There is no net change in mass of the material due to the
movement of electrons

Free Electrons

Metallic Particles

Footer text - slideshow title

Iniversity of Technology

Footer text - slideshow title

Types of Conduction

lonic Conduction

lonic conduction in pore fluid is a major form of conduction you will
encounter in the earth

It is caused by the flow of ions rather than free electron flow

These ions are particles that move in the fluid in the presence of an
electric field

There is a change in water chemistry due to the movement of ionic
conduction

Negative lon
(Anion)

~— @@ @ o
Pore space

\QNQ"Q_.

Positive fon/
(Cation) W

Types of Conduction

lonic Conduction

» Positive ions include:
« Sodium (Na+), Potassium (K+), Magnesium (Mg2+), Calcium
(Ca2+)
» Negative ions include;
+ Chloride (CL-), Sulfate (SO42-), Bicarbonate (HCO3-)

Negative lon
(Anion)

-— @9 @ °
Pore space

\QNQ"Q_.

Positive ion’
(Cation) W

Footer text - slideshow title

mark of Curtin University of Technology
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Electrical Resistivity

= Diffusive electromagnetic
methods detect variations in
electrical resistivity

= Consider the scenario of
passing a current through a
rock sample

Electrical resistivity of rocks?e

= length(l) ==p
Area

(A)

Current (1)

Electrical Resistivity

The rock resistivity

P - Electrical Resistivity — (Q-m)
R _Electrical Resistance (Q)

A - Cross sectional Area (m?)

[ -Sample Length (m)

<4 length(l] ==p

Area

(A)

Current (1)

Electrical Resistivity

Electrical Resistivity:

Practically measuring RESISTANCE

Ammeter
Resistance
R %4
i
Power Source

Voltmeter 0
urtin University

Practically measuring RESISTANCE

Of course rocks can be
very heterogeneous the
resistance measured is
the average over each
rock grain and fluid
properties

Power Source

Voltmeter

Note: electrical resistivity is a tensor.

That is, rock is electrically anisotropic.

Ammeter

Curtin University




Electrical Resisﬁvit}l
IA}ONPUOD [DIU}OS|T

Compute the inversel

Electrical Conductivity is purely the inverse
of resistivity

p=c!

P - Electrical Resistivity — (Q-m)
O - Electrical Conductivity (S/m)

% Curtin University

Electrical Resistivity: Theoretical

Relationship between electric field and resistivity

* When you have a resistor within an open
environment, you have to view resistivity
slightly differently:

+ An electric field inside a rock will cause
electrical current to flow through it.

+ The resistivity is the ratio of the electric
field and current density

% Curtin University

Resistivity in Rocks

Resistivity (Q+m)
0.01 0.1 1 10 100 1000 10000 100 000
Massive Sulfides | I | |
Shield
Unweathered Rocks
Graphite
Madfic Felsic Duricrust
Igneous Rocks : Weathered Layer
Metamorphic
ivels and sands
Glacial Sedimenis

Shales Sandstone Conglomerate

Lignite/Coal Dolomite, Limestone

Salt Water

q

[

Permafrost

[

Sealce

100 000 10 000 1000 100 10 1 0.1 0.01

Conductivity (m$S/m)

Nabbighian. "Elecromagnetic methods in
d geophysics (19911
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Resistivity of Sedimentary Rocks

Electrical Conductivity in the Earth

In sedimentary environments the earth is composed mainly
of unconsolidated sands.
These sands are silicate rich and natural insulators
Quartz for example has a resistivity of

~1x107Q-m
The most conductive component of a sedimentary
formation is typically the fluid that resides in that rock.

Resisfivity (Q+m)

001 0.1 1 10 100 1000 10000 100 000

Dolomite, |

Sall Waler Permalrost

100000 10000 1000 100 10 1 ol 001

Conduclivity (mS/m)




Resistivity of Hard Rock

Electrical Conductivity in the Earth

Resistivity of Hard Rock

Electrical Conductivity in the Earth

* In hard rock environments massive sulphides
are the most conductive features

+  Graphitic shale packages may mislead
geophysicists as they are also conductive

Resistivily (Q+m)
001 0.1 1 10 100 1000 10000 100 000
Shield
Unweathered Rocks
Weathered Layer
100 000 10 000 1000 100 0 1 0.1 001

Conductivity (mS/m)

- In massive sulphides, conduction is due to metallic
conduction. Compared to basaltic and granitic rock, massive
sulphides are extremely conductive compored to the host.
< Aluminium (~2.8 X 1078Q - m)  see y 4.pot
« Copper (~1.7 x 10780 - m)
« Iron(~10 x 1078Q - m)

Resisfivity (Q+m)
001 ol 1 10 100 1000 10000 100 000
Massive Sulfides il |
Shield
Unweathered Rocks

Graphile

100 000 10000 1000 100 10 1 01 001

Conductivity (mS/m)

Resistivity of Hard Rock

Resistivity of Sedimentary Rocks

Electrical Conductivity in the Earth

Other ore minerals include
« Chalcopyrite (CuFeS,) : 1.2 x 10750 - m
« Pyrite (FeS,) :3.0x 1075Q-m
+ Galena(PbS) :3.0 x 107°Q - m
+ Hematite (Fe,O,) :3.5% 1073Q - m
+ Magnetite(Fe;O,) 1 5.0 x 107*Q - m

See i i 4.pdf

Resisfivity (Q+m)

001 ol 1 0 100 1000 10000 100 000

sity is a trademark of Curlin University of
r Code 00301)

Archie’s Law in Context

Gus Archie wanted to determine a relationship between
permeability and electrical resistivity.

He did noft find any relationship, nor has anyone since found any
relafionship between permeability and electrical resistivity.

Instead he found a relationship between electrical resistivity and:
* Pore fluid (R,,)

» Porosity (¢) (Within the scope of the course)

* Fluid Saturation (S,,)

+ Cementation (m)

« Tortuosity (a)

So in 1942 Archie's law was founded Rt = aRW(P_mS‘;n

Curtin University




“It is no exaggeration to say that the entire logging industry is based on
‘Archie’s Law’.” — Parasnis, D.S., 1997

F_Ro_a S”—RO
Ry, o¢™ " R,

Curtin University

Physical characteristics of sedimentary formations influencing electrical conductivity

A sedimentary formation’s resistivity is generally influenced more by the
fluid properties than the rock matrix.

« water chemistry (solute type and concentration) R

» formation femperature Sy = -

« Porosity (¢) Ry

» degree of saturation (S,,) R, a
« the nature and degree of cementation (m) R R, D o™
+ sediment consolidation and compaction (a)

+ clay type
* clay content
« and clay/cement/silt/sand/gravel distribution within the formation.

Curtin University

Archie’s Law links electrical conductivity of sedimentary rock to its porosity
and fluid saturation (i.e., how much of it pore space filled with fluid)

R a Example constants and cementation factors
F=—0=— §i=—"
] — w —
R ¢ m R Weakly cemented detrital rocks, such
w t as sand, sandstone, and some 088 137
limestones, with a porosity range from . )
25 to 45% usually tertiary in age
. Moderately well cemented
F —Formohon FOCTOI’ sedimentary rocks, including 062 172
R, —Resistivitiy of formation when 100% sandstones and limestones, with a
. . porosity range from 18 to 35%
S, —saturated with formation water (Qem) .
Well cemented sedimentary rocks with 062 195

R,, —Resistvitity of formation water (Qem)
R, —True resistivity of formation (Qem)

a —Proportionality constant

¢ —Porosity (%)

m —Cementation factor (1.3-3)

S —Water Saturation (%)

a porosity range from 5% to 25%

Highly porous volcanic rocks, such as
tuff, aa, and pahoehoe, with a porosity 3.5 1.44
in the range of 20% to 80%

Rocks with less than 4% porosity,
including dense igneous rocks and 1.4 1.58
metamorphosed sedimentary rocks

Curtin University

Archie’s Law in Context

Pore Fluid In mostscenario’sionsin the pore fluids confrol the resistivity
Resistivity of a porous rock formation.

(Rw) The fluid’s resistivity is controlled by several factors including:

 Total dissolved salts (TDS)
+ Temperature

R; = aR,¢p™™S,"

Curtin University




Resistivity of Sedimentary Rocks Factors Influencing Fluid Conductivity

Archie’s Law in Context More Total Dissolved Salts (TDS), more ions, more conductive.

. . Conductivity influenced by Total Dissolved Salts (TDS)
Pore Fluid Total dissolved salts (TDS) 1

Resistivity The more ions dissolved in the pore fluid, the more ions that
(Rw) can move in the presence of an electric field. 0.1
E
As TDS increases, conductivity increases. a - Expected Value (@25 C) (S/m)
S
For example: 5 S -+~ Hanna
Rainwater is <100 mg/L (~100 Qem) - EU B R o = - ﬁ%%g (2@:;’ 55) Q)
Tap water 250-400 mg/L (~50 Qem) 3 0001 ==
‘Undrinkable water' 1000-2000+ mg/L (~10 Qermn) | 7
Sea water 30,000 mg/L (~0.3 Qem) T
0.0001
10 100 1000 10000
TDS (mg/L)
N\ N Fresh Water 0-1,000 mg/L
NN m n
R; = aR,¢p™™S,, Brackish Water 1,000 - 10,000 mg/L
_ Seawater >35,000 mg/L

% Curtin University
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Resistivity of Sedimentary Rocks Factors Influencing Fluid Conductivity

Archie’s Law in Context

The more greater the temperature, the more conductive the fluid

Pore Fluid Inionic conduction (not metallic conduction):

Resistivity As temperature increases, conductivity increases. Seawater Conductivity/Resistivity
(Rw) Versus Temperature o
lon mobility in solution increases with femperature. An € 0.4 60 o
approximate formula can be established linking resistivity as £ ’ 8_
a function of temperature. In seawater it is : c 0.3 40 S
r e 0.2 <
c=3+—S/m = 20 =z
) 10 > 0.1 —
Tis temperature = %
g 0 0 3
& 0.1 ] 10 100 1000 =

Temperature (°C)

R; = aR,¢p™™S,"

Curtin University
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. Consider a sedimentary rock, it consists of a rock matrix and
POTOSIfY pore fluids within that rock matrix. The porosity is the
(¢) percentage of the total formation that could be filled with fluid.
With increase porosity increases possible pore fluid capacity

ﬁwag@ Grains

D S s
' =, 30% Pore Space
- wg O 2 Bl (Porosity)

Rock Matrix Formation Pore space
Curtin University

. The saturation is the fraction of the available pore space in the
Saturation formation that is filled with fluid:
(Sw) If Sy, = 100% all pore spaces are filled with fluid
Note: Not all pore spaces are filled with fluid

Grains

Free Pore Space

Saturated
Rock Matrix Formation Pore space Pore Space

Curtin University

Archie’s Law Effect of Clay

+ The presence of clay complicates Archie’s law
« Clay causes resistivity to be frequency dependent
« With increasing clay content, bulk resistivity decreases

According fo Berkley, 2015,

“The effect on the bulk resistivity was first noticed in studies of rocks
containing clay where it was found that the Archie equation obtained
with low resistivity pore fluids consistently overestimated the bulk
resistivity predicted when high resistivity pore fluids were substituted. The
effect is due to the fact that clay minerals have an electrically ‘active’
surface layer”

Seet i i keley.edu/dc/EM44.pdf

Curtin University

Induced polarization (IP) are caused by ionic
movement in fluid filled pore spaces when metallic
and clay minerals are present.

Before Current Turn At Turnoff and
off Early Time Mid Time Late Time

Loop
D ————— %

@

P *.’..,

S e et
-—

Total Current Total Current
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ROCk Proper‘“es Conductivity is a tensor and represents ROCk Proper‘[]es

the degree to which the rock conducts
electricity for a given electric field.

Low frequency electromagnetics is
diffusive and as a result it detects bulk
volumes of rock.

] =goE .
Packages of thin layers may appear as a
X y z . . . . . .
Driving current in multiple directions g X [ Driving current in multiple directions single anisotropic or isotropic unit.
y Oyy
z Ozz

E:
Rocks are generally anisotropic.
Alternating layers, fractures, grain and

pore orientation, fluid conductivity O
variation etc..
Real Life What can be What is typically
discerned comput_ed
Ex {Anisofropic) (lsofropic)
Oxx Oyx Ozx o o
o= Oxy Oyy Ozy o p
. o. [
xz yz zz oy o
Full tensor, for each grain, ~ Only horizontal (a,) and Constant conductivity
Ey fracture, layer etc... vertical (g;,) conductivity g
ot Uty s asomat ot ety of Ty i Unversty o Tchnoogs

An isotro py Complex/computationally expensive ROCk Pro pe rt|es Remember the connection between Ohm’s Law
(V = IR) and current density (] = dE):
x y z .
Pxx Pxy Pxz V=IR<E =J(;)
Full Resistivity Tensor
Pyx Pyy  Pyz The earth can also be thought as a circuit of
Pzx  Pzy  Pzz connected resistors. The total resistance of the
Computation Layers as a circuit ‘earth circuit’ depends on which direction current is
driven.
Resistivity and  Conductivity g ’ Y Vertical Resistivity Horizontal Resistivity
= X :
are both fensors. However £ _ h 2D Anisotropic Resistivity Tensor
different forward and inverse & p=Yy Pn (Horizontal and vertical only) =
codes may simplify the full g z Py 7$ =
conductivity/resistivity tensor. =% =R e e SO
x |
g -
€
3 x y oz
2 X p Isotropic Resistivity Tensor : \ )
® _ (Horizontal and vertical only) . . ) Resistors in parallel
g p=y p Resistors in series AN
£ z p Ry = Ri+Ry+R3+Ry... Rr Ry Ry Ry Ry
Sensitive to highest resistance Sensitive to lowest resistance
‘simple’/computationally inexpensive

urtin University




Anisotropy

These are electric field Driving Current Through the Earth
lines and represent the

direction of current flow.
Both images have the same volume

Remember!

Driving current through the earth of resistive and conductive material
(TOP) Note that current is driven The electrical property of earth detected from an EM survey is determined
verfically through the body when it is by the direction of current flow through the earth.

. layered avoids the package of

- interbedded rock. :

- :¢'Currenf

- (BOTTOM) Note that the current -]

- ‘avoids’ the resistive (red) material Ro

o and preferentially is driven between Rs

moe ooy m® " the conductive (blue) blocks. = Ry

oy % B Resistive Material

e :D / B Conductive Material

1400. \_/

1250.  700. 150. -400.  -950.  -1500.
X

% Curtin University

Driving Current Through the Earth

Question

First Some Definitions

Bipole or Dipole

Dipole

1. A pair of equal charges or poles of opposite signs that ideally are

infinitesimally close together.

Bipole
2. Inresistivity and IP surveying, a pair of nearby current electrodes that
approximates a dipole field from a distance, or a voltage-detecting “A dipole electrode arrangement in which the
electrode pair. Where the electrode separation is large, it is sometimes electrodes of the dipole are an appreciable distance
called a bipole. apart when compared to source-receiver separation.”
3.

In electromagnetic surveying, an electric- or magnetic-field transmitting or

receiving antenna which is small enough fo be represented mathematically - Sheriff’'s Encyclopaedic Dictionary of
as a dipole. The near fields (electric and magnetic) from a magnetic and

Applied Geophysics, fourth edition
electric dipole (respectively) vary as the inverse cube of the distance.

- Sheriff's Encyclopaedic Dictionary of
Applied Geophysics, fourth edition

Curtin University
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Driving Current Through the Earth

First Some Definitions

Electric Magnetic

Bipole

Dipole

% Curtin University

Driving Current Through the Earth

Types of sources

The fransmitter type and orientation determines how
current travels in the subsurface

There are three main types of electromagnetic sources :
+ Electric field

* Magnetic field

* Electromagnetic plane wave

Electric

Vertical Magnetic field dipole

Magnefic Electric

Field Field Current is driven along the

electric field lines

For VMD, current is horizontal
For VED, current is vertical
For plane wave, current is horizontal

Vertical Electric field dipole

Curtin University

Driving Current Through the Earth

What is an electric field source?

An electric bipole source consists of two electrodes connected
tfo a waveform generator.

Source

In a horizontally layered earth,
a horizontally placed electric
bipole will drive current will be
driven vertically through the
earth

\Electrode 2

Curtin University

Driving Current Through the Earth

Electric field sources

Note the
circulating

¥ Distance (m)

magnetic field. Just
like the circulating
magnetic field
around a wire, but
fime varying

H-Field lines

Electrode 1 " Electrode 2

Curtin University




Driving Current Through
the Earth

Examples of electric field sources

Ground based CSEM using an
electric bipole tfransmitter

Two Electrode pits

o Lined with aluminium foil

* Filed with saline water

* Connected to current source

Question

Using this electric bipole transmitter:

1. What direction is current driven into the Earth?2
2. What component of the conductivity tensor are we sensitive to?
2. Is this system sensitive to ‘conductive’ or ‘resistive’ layers?2

§ L Curent
ER |

ER2 | A

A

WA
f

Driving Current Through
the Earth

Examples of electric field sources

Marine based CSEM using an
electric bipole fransmitter

electrode 2 electrode 1

300m
ri Sipole ‘ = seafloor
[ D

Transmitter “fish” (From Key, K. (2009). Scripps undersea
electromagnetic source instrument. http://marineemlab.
ucsd.edu/instruments/suesi.html.)

To Source

100-4,000m Depth

1000A Source

Question

Using this electric bipole transmitter:

1. What direction is current driven into the Earth?2
2. What component of the conductivity tensor are we sensitive to?2
2. Is this system sensitive to ‘conductive’ or ‘resistive’ layerse

To Source

seafloor
100-4,000m Depth

i L Curent

T

ER2 | A

A
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Driving Current Through the Earth

What is a magnetic field source?

An magnetic loop source consists of a loop circuit connected
to a waveform generator.

Transmitted Magnetic Field
(Bp)
Current

—_—

Transmitter
(Tx) ‘)Curreni

Source

Driving Current Through
the Earth

Examples of magnetic field sources

Airborne EM, Tempest magnetic
field loop source

Question

Driving current through the earth

Using this horizontal magnetic loop transmitter:

1. What direction is current driven into the Earth?2
2. What component of the conductivity tensor are we sensitive to?
2. Is this system sensitive to ‘conductive’ or ‘resistive’ layers?2

Transmission and detection of electric and magnetic fields

Physically Transmitters and Receivers are the same
(Except one transmits and one receives)

Magnetic Field Electric Field
Loop Dipole Bipole
Vertex Positions Dimensionless Vertex Positions

(only orientation)

Curtin University




Frequency Domain Electromagnetics $2 2015

Eddy Current

Earth as a RL Circuit
FDEM Complex Response

Relationship between Time Domain and Frequency
Domain

Attenuation, Skin Depth and Diffusion Depth
Applications of FDEM

DO NOT COPY OR DISTRIBUTE

Questions should know the answers to

What is conductivity

What is it's relationship to resistivity

How do you measure rock conductivity in the lab
What are the two main types of conduction

Rank the following from most conductive to least conductive
Clay
Salt Water
Sandstone saturated with fresh water
Granite
Massive Sulphide Ore
List the main types of electric and magnetic field transmitters?

In a horizontally layered earth what direction does current flow due fo a horizontal
magnetic field loop transmittere

Curtin University

What is Frequency Domain EM

Frequency domain
Energizes the earth with a few discrete frequencies

The response is analyzed in frequency domain
(Amplitude, phase, in-phase, quadrature versus frequency)

Time domain EM
Energizes the earth with a wide, continuous range frequencies

The response is analyzed in time
(Amplitude versus time)

Curtin University

What is Frequency Domain EM

Frequency domain EM
(FDEM)
Transmits a time varying,
typical monochromatic
(Single frequency) frequency




What is Frequency Domain EM

FDEM surveys transmit a time varying electric or magnetic field. The waveform
is typically constructed to emphasize several key frequencies.

Consider this example of a 0.25Hz 100% duty cycle waveform. The
waveform distributes its energies on odd harmonics of the base
frequency (i.e., 0.25,0.75,1.25,1.75...)

p

|

]

J

]

]

-
Fundamental

15 T T T T

© o o0
N B o o®

o
— T

0.5 b

Ampllitude

- R
® > 5N

Amplitude

05| =}

N

) \ a5 | | | L | L | |
05 10 15 20 ~o 1 2 3 4 5 3 % 8

Time(s) Frequency (Hz)

Eddy Current

“A circulating electrical current induced in a conductive body by
a time-varying magnetic field. Lenz’s law states that the direction
of eddy current flow is such as to produce a secondary magnetic
field that opposes the primary field. The secondary field has a
quadrature component that depends on the ratio of the
resistance to the reactance of the eddy-current path. In
electromagnetic prospecting, eddy currents should be
distinguished from naturally occurring currents or those of natural
electrochemical origin. *

- Sheriff's Encyclopaedic Dictionary of
Applied Geophysics, fourth edition

Curtin University

Mutual Inductance

Mutual inductance:

When a fransmitted magnetic field via a coil
induces a voltage in an adjacent cails.

Think tfransformers.

What is Frequency Domain EM

Transmitted Magnetic Field
(Bp)

The primary fransmitted field i

A loop of wire that has Transmitfer | o mmme——__

flowing current will induce a (Tx) s )Curren’f
magnetic field. ]




Frequency domain EM

What is Frequency Domain EM

Frequency domain EM

Receiver
(Rx)

i it
The received field mr}'}’;}' s < )
This induced primary ;-—.—-'; <

magnetic field can be
detected in a second loop
receiver (Rx). The field
Primary H-field will induce a
current in the Rx Loop.

Induced Current

The secondary field
The primary magnetic field Rx

12 iy
will induce eddy currents to b ? ©)
flow in a conductive ore Ty S

body. The current will
induce a secondary (Bs)
magnetic field.

—
Induced Voltage
Secondary

This secondary magnetic A Induced elachic

field is also detected at the cument flow
receiver.
E Secondary
. v L\ Magnefic field
o ()

Frequency domain EM

Frequency domain EM

What is Frequency Domain EM

_=h

transmitter \/ \/ Tlme

Induced Primary
Voltage

Voltage at

Receiver A

Induced Secondary
Voltage

The receiver loop will detect voltages induced from both the primary
and secondary magnetic fields.

The induced secondary recorded voltage will be lower than the
induced primary voltage and at with phase (¢) offset.

iversity is a trademark of Curtin University of Technology
CRICOS Provider Code 00301J

Real and Imaginary Components

= A sinusoidal wave has multiple = These representations are

representations including: interchangeable
Standard Representation Ay =+ a? + b?
y = Agsin(2rft + ¢p) ¢ = atan2(b, a)
Complex Representation
z=a+ bi

Induced Primary
Voltage

Voltage at
Receiver A
Induced Secondary

Voltage




Frequency domain EM

Mathematical Representation of Mutual Coupling

Frequency domain EM

Mathematical Representation of Mutual Coupling

System as a RL Circuit

We can conceptualise the earth as
mutual conduction or magnetic flux
linked circuits. In this case a LR circuit.

Bp

! Tx Moment (M)
Tx A N ©)

Tx Moment (M)

" Source
duced Voltage
Secondary

Rx Moment

Resistor

A Induced electric

\
Ore Body, /| curent flow

+ 4 %\ Secondary
1 %\ Magnefic field
M (Bs)

Rx Moment

System as a RL Circuit

We consider L to be a mutual induction term
and links each circuit. n Tx Moment (M) B

The alternating primary magnetic field there
creates are “Primary Field Linkages”.

e L13 - Primary Flux
* L12- Inducing Flux

The eddy currents induced in the body
generates a secondary magnetic field. This
creates “Secondary Field Linkages”

+ 123

Frequency domain EM

Frequency domain EM

Mathematical Representation of Mutual Coupling

System as a RL Circuit
L13 is the mutual inductance link between
fransmitter and the receiver. It incorporates Tx Moment (M)
all information about TX-RX geometry and n

Q>

L12 is the mutual inductance link between Source
the transmitter and earth body. It is the 112
excitation force.
L22 is the targets own self inductance

L23 is the secondary field linkage

Mathematical Representation of Mutual Coupling
System as a RL Circuit

L13

The primary magnetic flux generated at Tx Moment (M)

the receiver can be computed using the n B
equation:

Source

=M L12
D apr2 L23
Where,
M = Al
u=126x10"° (L)
r= Distance from transmitter (m) E

A=Transmitter Loop Area (m?)
/= Transmission Current (A)

Curtin
CRICO!




Frequency domain EM

Mathematical Representation of Mutual Coupling

Frequency domain EM

Mathematical Representation of Mutual Coupling

System as a RL Circuit
Mutual Inductance
The voltage of the system also is
proportional to the inductance and the

change in current with time.

The higher the change, the larger the
induced voltage

dl
e= _LE (Differential Form)
e = —iwLl  (Frequency Form) E

n Tx Moment (M) n

System as a RL Circuit

Coupling between the transmitter and
receiver (L13) Tx Moment (M)

The magnetic flux from the primary loop n B
cuts across the receiver loop. The voltage
induced follows

Source

. L12
ep = —l(A)L1311

I, - Transmitted Primary Voltage

dl . .
e=-—L B (Differential Form) E

e = —iwLl  (Frequency Form)

Frequency domain EM

Frequency domain EM

Mathematical Representation of Mutual Coupling
System as a RL Circuit

Coupling between the induced EMF and
receiver (L23) Tx Moment (M)

The secondary magnetic flux induced from n B
the circuit cuts across the receiver loop. Q.
The voltage induced follows Source

L12

es = _i(l)nglz

Mathematical Representation of Mutual Coupling

System as a RL Circuit

e = —i(l)L2312

n Tx Moment (M) B

The Induced eddy current in "body* (I,)is
computed from:

I = —(A)lell
2= R22 + iOJLZZ

Note that the induced eddy currents are
proportional to the fransmitted current.
Double the current, double the response.

Curtin
CRICO!




Frequency domain EM

Mathematical Representation of Mutual Coupling

Frequency domain EM

Mathematical Representation of Mutual Coupling

System as a RL Circuit

n Tx Moment (M) n

The ratio of secondary to primary voltage
at the receiver

es LipLo3 lwt
ep - L22L13 1+ iwt

System as a RL Circuit

What is z? n Tx Moment (M) B
7 is the time constant gives you an idea of
earth properties. It is dependent upon the
circuits shape, size and conductivity.

Source

L12

L
T_—
R

In a survey you discover a target with a large time E
constant, you can conclude that it is either large,
conductive or better yet both large and conductive.

Frequency domain EM

Frequency domain EM

Mathematical Representation of Mutual Coupling

Mathematical Representation of Mutual Coupling

So how do you display Frequency Domain results?

Note:
In-Phase (Re) In-fhase (Re) These phrases are

° ° interchangeable

© Nol

=} = Y .

= 4 = | L T Real Component

Q *.Quadrature (Im) & Quadrature (Im) Re

£ £

< Mo < _ In-Phase component

Log Frequency (w) Linear Frequency () Imaginary Component

Im

The results are typically plotted on a linear-log plot of 'Cr)“fogdrmure

amplitude versus frequency of both the real and Out-of-phase component

imaginary components.

So how do you display Frequency Domain results?

Amplitude and Phase Plot
Phasor Plot

asbyd
Imaginary

Amplitude

Log Frequency (w) Real

Remember that amplitude and phase can be converted from Re an Im

Ay =+re? +im?

¢ = atan2(im,re)

(Note: Display FD information is not limited to these representations.)




Frequency domain EM

Side Note: Why use atan2 and not atan

Frequency domain EM

Mathematical Representation of Mutual Coupling

So, why do you use atan2 instead of atan to compute phase
calculations?
atan takes in a single value re/im, while atan2
takes both arguments and handles negatives.
Ay = Jre? +im? ov gatv
¢ = atan2(im,re) Imag

AN

V.
k/ \
A
o

Curtin University

In-Phase (Re)

g .
| ~
e,

: >

Amplitude
R
(=
o
<3
o
<
(1]
g

On a log-log plot the in-phase and quadrature response smoothly
fransitions between the low and high frequency limits. The fransition
centres upon the characteristic frequency.

w, the characteristic frequency is dependent upon the circuit’s shape,
size and conductivity.

Frequency domain EM

Mathematical Representation of Mutual Coupling

In-Phase (Re)

O

©

2

TE)_ N Quadrature (Im)

< :

! =
Resistive | Conductive
Limit < we=17 N Limit

The Low-frequency limit is termed the The High-frequency limit is termed the

resistive limit. This occurs when the inductive limit. This is where the amplitude

induced current (1 VL, w) from the ©f the induced flux converges on that of
dt

resulting magnetic flux is so weak that the the primary magnetic flux.
magnetic flux in target loop is near zero.

c

U
CRICOS Provider C

Frequency domain EM

Mathematical Representation of Mutual Coupling

Shallow
Conductor

Imaginary

Redal

See how different geo-elecirical factors influence the frequency
domain response in lab 1

ark of Curtin University of Technology




Attenuation with distance

EM Wave attenuation

= Electromagnetic waves do not = EM Energy is merely the

attenuate in free space. For conversion between other
low frequencies consider it as forms of energy
infinitely resistive. « Heat

= In the earth, and at low - EM to Sound (electro-seismic)
frequencies, the conductivity + Sound o EM (seismo-electric)
of the earth influences the rate « Mechanical

of energy loss.

% Curtin University

Attenuation with distance

EM Wave attenuation

\ . k? = —iwpo + w?*us
2
Remember the solution to the wave equation? V2E + K2E = 0
VH+Kk*H=0
£o = 8.854187 X 10~12F /m Mo = 4T x 10-"H/m

In Air In Granite
Egranite = 10 X &g
gqir = 1.00054 X &, Hgranite = Ho

o e 5

air ~

if f = 1000Hz if f = 1000Hz

kZ = —iX790X 10—15 + 4.4 % 10—10 k2 = —[{ X790 X% 10_7 + 4.4 X 10_9

The imaginary component becomes significant in more conductive material

% Curtin University

Attenuation with distance

Attenuation with distance

EM Wave attenuation

k? = —iwpo + w’ue
VZE+K*E=0
VZH + k*H =0

Remember the solution to the wave equation?2

£y = 8.854187 X 10"12F /m o = 4w x 10~ 7H/m

In air and poorly conducting rocks k ~0
V2E=0
VZH =0
In conductive environments k becomes significant (and at low frequencies)

V2E = iwucE
V2H = iwucH

Curtin University

EM Wave attenuation

V2E = iwucE
V2H = iwucH

(travelling along z axis with xy polarization plane)

The solution for the above wave equations for a plane polarized wave
tfakes the form:

H = Hy(z,t) = Hye'wt+mz

Where m? = iwuoc = —(1 +1) (%)

Taking the real component we get

_ [won
Hy,=Hope N\ 2~

% Curtin University




Skin Depth

1/e

Skin Depth

1/e

WO
uZ

Hy = Hoe

- [wor
E,=Epe N 2~

Rearranging equation for Hy will
enable us to determine the depth at
which the in-phase component of the
electromagnetic field will drop to 1/e

= /iz 503JEm
oUW f

% Curtin University

Skin Depth

The effective depth of penetration of electromagnetic energy in a
conducting medium when displacement currents can be neglected.
The depth at which the amplitude of a plane wave has been
attenuated to 1/e (or 37 percent).

F—SOBIm

o —Conductivity (S/m)
p — Resistivity (Q2em)
f — Frequency (Hz)

- Sheriff's Encyclopaedic Dictionary of
Applied Geophysics, fourth edition

% Curtin University

Skin Depth
N fiz R
T 503\/;m

lpenetration depth

TFrequency leads to
TWaveform period leads to  Tpenetration depth

TEarth Conductivity leads to  |penetration depth
TEarth Resistivity leads to Tpenetration depth

Curtin University

Skin Depth

Computed skin depths

Skin Depth for Various Resistivity
Mediums versus Frequency

2000

- i —0.10m
E 10005 — 0.20m
< 600 — 0.40m
T 400 S — 0.20m
3 X — 0.50m
2 200
£
“ 100

60 |

001 ol T T 0

Frequency (Hz)
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Examples of FDEM Systems Examples of FDEM Systems

EM-38 (20,000Hz)

DIGHEM V Helicopter Borne FDEM System

Credit: Romios Gold Resources Inc , 2015

Image reproduced from http://www.romios.com/s/TrekPhotos.asp2ReportiD=326921 Credif: Agrosal, 2015

Image reproduced from http://agrosal.ivia.es/imagenes/b_sonda_vertical.jpg

ark of Curtin University of Technology
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Time Domain EM and the Impulse Response S$22015

Time Domain Principles

Time Domain Surveys

Eddy Currents and Secondary Magnetic Fields
Smoke Rings

Applications in Time Domain EM

DO NOT COPY OR DISTRIBUTE

MOCK TEST

1. Whatis an electric field (1 sentence)
2. Whatis an magnetic field? (1 sentence)
3. Write down Maxwell's four (4) equations
(Ampere’s Law, Gauss’s Law, Faraday’s Law, Gauss’s Magnetism Law)

What are the constitutive/medium dependent parameters

What is conductivity and what is its relationship to resistivity.
(Use the phrase “current density™ in your answer)

6. List several factors which influences the resistivity of a sedimentary rock? (e.g.,
clay content)

7. Which of the following scenarios will result in the greatest skin depth?

* 1 Qem earth given a transmission frequency of 1Hz

+ 100 Qem earth given a transmission frequency of 1Hz

* 1 Qem earth given a transmission frequency of 100Hz

+ 100 Qem earth given a transmission frequency of 100Hz

Curtin University

Frequency Domain EM

What is an eddy current?
What is mutual inductance?
What is amplitude and phase in relation to real and imaginary?2
What are the characteristic curves for FDEM?
How do EM Fields attenuate?
What is the skin depth?e

Curtin University

Time vs Frequency Domain EM

Frequency domain
Energizes the earth with a few discrete frequencies

The response is analyzed in frequency domain
(Amplitude, phase, inphase, quadrature versus frequency)

Time domain EM
Energizes the earth with a wide, continuous range frequencies

The response is analyzed in time
(Amplitude versus time)

Curtin University




Time Domain Electromagnetics Time Domain Electromagnetics

Overview Overview

= Time domain electromagnetics also known as TEM = Time domain electromagnetics also known as TEM
or TDEM or TDEM

= Transmits a fime varying field, typically attempting = Transmits a fime varying field, typically attempting
to capture a wide continuous range of to capture a wide continuous range of
frequencies frequencies

= Performed in the air, ground and in marine settings. = Performed in the air, ground and in marine setftings.

= Depending on the survey parameters and = Depending on the survey parameters and
environment can see 2km+ depth (MTEM) environment can see 2km+ depth (MTEM)

= This lecture will focus on ground TDEM systems that
have a shallower depth of investigation

% Curtin University

% Curtin University

Time Domain Electromagnetics

Time Domain Electromagnetics

Overview Setup

Overview Ground EM: The Transmitter

Transmitter . .
Loop = The ground based TEM transmitter consist

of a Magnetic Loop

Sensor
Transmitter -
Power + Waveform Generator

= This loop is typically a 100x100 or 200x200 m
rectangular loop

Current
—_—

= To transmit a current of around 5
Ampere(I>5A)

= The current flows the loop

Receiver - Switch Box

= The current needs to then stop in the loop PEWER
in a short amount of time <0.1ms v Source




Time Domain EM

= There are two important modes of

Time Domain

excitation Impulse versus boxcar frequency response
EleCtroma gn etiCS = The waveform controls the frequency Wavaionm spectrum Specttum (dB)
content which in turn confrols the 02 005 40
. depth of investigation and resolution. 04 23
Overview 50ms 20 i

0§04 0045 005 0055 006 0020 1000 2000 3000 4000 5000 jgo 1000 2000 3000 4000 5000

20
Impulse Response Step Response 02} 2.0ms o E—

§,04 0045 005 0055 006 00:0 1000 2000 3000 4000 5000 ':20 1000 2000 3000 4000 5000
20
——————————— 05 1.0ms 0

aa

004 0045 005 0055 006 00 1000 2000 3000 4000 5000 400 1000 2000 3000 4000 5000
B (t) ) t Bo(t) > t 4 005 ;g
’ ‘ ‘ 2t 02ms 0
-20

T H H 804 0045 005 0055 006 00 1000 2000 3000 4000 5000 _400 1000 2000 3000 4000 5000
The impulse response frequency In reality, the impulse response is Je @ [CS0] [Ochp e
. . : e
spectrum is equal across all :cmpo§5|ble. The closest practical sl 0.1 ms o
. . . -20
frequencies (Dirac Delta Function) uncfion we can produce is the step . . x

fU nchon. 004 0045 10.05 0055 0.06 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

time (s) frequency (Hz) frequency (Hz)

The holy grail of geophysical signals

Modified from : ACL, 2013 — T ——
3 3 3 http:// .phon.ucl.ac.uk/courses/spsci/S&S-AS&AVM/' k )! 02013%20Impul: Orespon: Oprint.pdf
% Curtin University oo ° o

Time Domain Response

LR Circuits
= Consider the LR Mutual = The received secondary
Inductance circuit voltage from a time varying KON <ﬂ> (ﬂ) e—%
I Loy T

change in current follows 2

es _ <L12L23> <@> e_% where t = =
T
A A

’ Be(t) » t Be(t) » t

— Source
Induced Voltage
Sacondary Resistor

(R)

ﬂ Small T
» t
Bs(t) V Large « > t Bs(t) Large t

4 Induced electiic

Ore Body,// R curent flow ——

Secondary
Magnetic field
(Bs)




The Transmitted Waveform The Transmitted Waveform : Rise Time

To generate a large magnetic flux (2—?) the current needs to be
Initial drop from I, to 0 amps in a short period of time.

< 1 Rlsﬂ'e ! Turn off D;on Prior to turn off, the current needs to reach and maintain Iyqy
- Q (equilibrium ‘:i—f:O)
E g '__BSTO Listen Time The current is built exponentially
8 **é Turn On — The behaviour otf the current during rise time is determined by:
é Ramp . / Iy = IMax(l —e70) o Inifial
= Where, 2 Rlsmer - D:Icly
v L . g
R xLoop Size 8 E Turn On‘:l
L «Number of turns S Ramp

Curtin University

The Transmitted Waveform : Current in the Loop The Transmitted Waveform : On Time

The maximum current in the loop follows Ohm'’s Law The on-time (i.e., the fime between reaching and turn off) is
Vo important
Iyax = R
v, —Voltage of source The rise time will generate a magnetic flux (i—f) and you must wait
. to record so this flux generated decays enough to not influence the
R —Resistance of loop

recorded response

Initial -
Rise Time © Delay o Initial
— Tum off  H Rise Time t Delay

— Tumn off H

Data Listen Time

Turn On

Turn On

Currentin
fransmitter Loop (A)

Ramp

Curtin University

Currentin
transmitter Loop (A)




Ground TEM Overview Ground TEM Overview

The Transmitted Waveform : Factors influencing Turnoff The Transmitted Waveform : Converting Potential energy to EMF

Initial
Rise Time © Delay

= The best TEM waveform has a sharp furn off ramp bl I

= The current TEM waveform turnoff time is
dependent on
* Loop size
* Number of turns
» Resistance of loop

Data Listen Time

Turn On — ;
Ramp

Current in
fransmitter Loop (A)

* Transmission current Think of a the waveform as lifting a full bucket
» Near surface conductivity nifial
— Rise Time © Delay
:(;i Tumoett H You build up potential energy (Voltage) as you lift it off the ground. You
£9 : o also perform the same amount of work regardless if you lift the bucket 1 m
€2 Data Listen Time ) ) :
S5 ] — off the ground slowly or fast. Dropping it releases the potential energy
3-‘5 Tum Gn (Voltage). The speed at which it drops impacts the resulting kinetic energy
5 (EMF).

Ground TEM Overview

The Receiver : Overview

Ground TEM Overview

Common Duty Cycles = Receivers consist of
Waveform : Duty Cycle 100 | | « A sensor either a magnetic coil (% sensor) or
7% magnetometer (B-Field sensor)
. » Analogue to Digital converter
= The duty cycle percentage defines how .
* Pre-Amplifier
long the transmitter current is turned 50% p .
compared to that of the off time. LI * Recording device/Computer
Duty Cycle 25% [] '
1. The proportion of time a switch is ‘on.’ A/D Converter
2. The percent of time in which current is Sensor  _ >_
delivered during a complete cycle of a
fransmitter (such as an IP transmitter). Pre-Amplifier Ampilifier Computer
-SEG Wiki
Curtin University




Ground TEM Overview Ground TEM Overview

The Receiver : The Recovered Voltage The Receiver : Analogue to Digital Conversion
= For a roving vector receiver (RVR) or magnetic loop receiver = The receiver converts the analogue voltage into a digital signal to
the induced voltage recorded by the receiver follows be stored on the computer
Faraday's law = This means converting the continuous analogue signal into a
discrete digital value (See A superficial guide to Matlab: Section Bits
EMF=G-A-N% & Section Bytes)
at
G —Gain = The dynamic range of the instrument is rafio of the maximum value
A —Effective Area of Receiver coil fo the minimum value the instrument can record
MM T - = Recording at multiple gain levels may be required (e.g., 1 and 20) to

recover the full signal (both large and small voltages)

A/D Converter A/D Converter
Pre-Ampifier Ampilifier Computer Pre-Ampifier Amplifier Computer

CRICOS Provider Code 00301J

Ground TEM Overview Ground EM Overview

The Receiver : Dynamic Range Definition The Transmitted waveform and received signal

Dynamic Range Definition
1. The ratio of the maximum reading to the minimum
reading (the minimum often being the noise level)

50% Cycle

Transmitted

which can be recorded by and read from an B A
instrument without change of scale. The induced secondary magnetic field F » t
occurs as a result of the changing e

2. The ability of a system to record very large and very primary magnetic field.

small amplitude signals and subsequently recover Received dB/dt

them. The smallest recoverable signal is often taken A ‘Z_‘: occurs at two points, during the rise _dB

to be the noise [evel of the sysTem, and dynamic time and during the off time. dt t

range as the ratio of the largest signal that can be

recorded with no more than a fixed amount of

distorfion (often 1 to 3%) to the rms noise;

- Sheriff's Encyclopaedic Dictionary of
Applied Geophysics, fourth edition

T————— Curtin University

Curtin University




Ground TEM Overview

The Receiver : Dynamic Range Definition

Initial
A Rise Time t Delay
< | E— Tumn off H
a i i
c 0
=39 Data Listen Time
O3 |loooeoosl = o000
5= TunOn e !
(O
Z Ram
o
v Transmitted

Current

Sample Interval

The interval between readings, such as the

Secondary Voltage

il
time between successive samples of ! Recorded
. H <= 1
(voltage...). Also called sample period. E 10us-100ms i Voltage
- Sheriff's Encyclopaedic Dictionary of Applied Somple rate

Geophysics, fourth edition

mark of Curtin University of Technolo

Receiver Channels

Time Binning

The secondary magnetic field decays rapidly
and requires a larger bin widths at later times
bin to be accurately measured as the signal
becomes smaller and smaller rapidly in time.
The receiver channel design depends on
- Geo-electrical target (shallow or deep)
- Vertical resolution required (i.e., complex — ————
overburden)
- Receiver sensor
- Noise (i.e., using all sample points without
binning will have significantly higher noise)
- Survey requirements
- Waveform

——
Increasing bin size

niversity of Technology
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Survey Loop Geometry

See Nabighian Vol. 2 pg 455.

Rx|
Tx & Rx
T TX
I
Single Loop Coinci Coinci
Or One Loop
(Good if SPM effects are present)
Tx Rx Tx
d |(Fixed) L—"IRX
e
ix (S R >
L2 ¥ A
Slingram - Separated Loops Slingram - Separated Loops
(with large loop Rx) (with dipole Rx)
Tx
o o
— 1
In-Loop Fixed Loop
(Dipole Rx) (with Roving vector Receiver - RVR)

Curtin University

Receivers and Transmitters

Inferchangeability

Conceptually Transmitters and Receivers are the same
(Except one transmits and one receives)

Magnetic Field

Loop Dipole Bipole
Vertex Positions Dimensionless Vertex Positions
(only orientation)

Electric Field

Curtin University of Technology
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XYZ Orientation

Type of Dipole Coil Orientations

Not only are there many transmitter-

the direction of the transmitter and

receiver geometric relationships, but Femean O_*

receiver vary!

See Parasnis pg. 215
Nabighian Vol 2. pg 291

f et e e
(Horizontal)
Vertical Coplar®

cE

CrossCoupled

Y- Component
(Horizontal )

Curtin University

Documentation in the field

Loop Configuration Coincident/ Slingram
Line Spacing 100m
Station Spacing 50m
Transmitter(Tx) Receiver (Rx) (Slingram)
Transmitter Loop 100mx100m Receiver Type RVR
Number of Turns 1 Tum Receiver Area 10000m*
Transmitter Area 10000m*
Receiver (Rx) Receiver (Rx) (Coincident Loop)
Receiver Instrument SMARTem V Receiver Loop 100mx100m
Number of Channels 38 Number of Turns 1 Turn
Early Gains 1 Transmitter Area 10000m?
Late Gains 20 Offset Distance 2m
Current Effective ~11A Ramp 0.04ms
Voltage Effective ~25V nitial Delay 0.022ms
Power Source 2x12V Batteries Rise Time 0.05ms
Frequency 1.6Hz Composite
Cycle Type 50% Duty Cycle
Stacks 64

Curtin University

The electromagnetic field is three-
dimensional. In fact we measure it

as a time varying vector.

easure in multiple directions?

Curtin University

do we need to measure in multiple directi

N

The magnetic field is also a three dimensional
vector that can be recorded.

Curtin University




These fields vary in all directions and can be complex to interpret.

These vectors represent a
point source in space. The
electric and magnetic
fields are continuous, three
dimensional and can be
extremely complex.

Curtin University

Coming up dipoles

While there are many different

forms of transmitters (i.e., coil, loop,

bipole and dipole), from a distance - , e
they all look like dipoles.

)

"Eliftih University

Electromagnetic smoke rings

.

Curtin University

What happens during on-time

fo
» Time
1) Atty the current in the loop is
constant. This means there is
a constant B-field, but no a8
dt Ground
—_—
Current

Curtin University




What happens at turnoff

T

» Time

2) At the moment of a current
change (turn off t;) a
filament of current forms
under the loop to maintain
the magnetic field.

In accordance to Lenz's Law,
the current filament acts to
oppose the primary B-Field

Energy just doesn’t disappear

Ground

Curtin University

What happens shortly after turnoff

—( —
:TZ » Time
3) The current diffuses and

resistive looses reduce the

total current. Both act to Ground

reduce the amount of

current density over time.

—_—

Curtin University

The diffusion of the smoke ring

4) The smoke ring diffuses,
expanding larger and larger.

o 1314 Is... Time
)-0-0-0-0—)

In a horizontally layered earth  groung
the current filament diffuses
out at an angle of ~47°. The

speed of the expanding /
‘smoke ring’ is dependent

upon the sub-surface
conductivity.

Curtin University

Contour Plot of Electrical Current Density

The current flament becomes more diffuse in time as it travels
through the rock.

t=0.0001s t=0.001s t=001s t=01s

-m l l Okm
. .‘ 2km
-2km 0km 2km -2 km Okm 2km -2km 0km 2km -2km 0km 2km

Credit University of Alberta, M. Unsworth, 2015, from
https://www.ualberta.ca/~unsworth/UA-classes/223/notes223/223D5-2009.pdf
A worthwhile read.

Curtin University




Electromagnetic smoke rings

Remember, Amperes law states that a circulating magnetic field
is generated from an electric field (VX H =] + ‘Z—LZ ). This magnetic

field is typically measured by ground based magnetic loop
receivers.

Hz>0 Hz=0 Hz<0

e e

Equivalent Current
Filament

Locus of equivalent
Current Filament
~47°

A
Locus of maximum

electric field
~30°

Curtin University




Profiling with TEM S22015

Understanding channels

Smoke Ring Revisited

Early Times versus Late Times

Profiles and Pseudolog Plots

Forward Modelling

Inversion

The Solution Space and Electrical Equivalence

DO NOT COPY OR DISTRIBUTE

What happened last week?

What is an impulse function?
What is a step function?2
What are the main components of a TEM waveform?
What are channels?
What are the different types of loop geometries?
What is a Smoke Ring?

Curtin University

Question?

You are tasked to perform a ground TEM survey 100km east of Kalgoorlie.

What things would you need to bring to the field
to perform a Ground TEM Survey?

Curtin University

Some terms you will come across

Half-space vs Whole-space
Homogeneous vs Heterogeneous Earth
Isotropic vs Anisotropic
Apparent resistivity vs resistivity

Curtin University




Definitions

What is a Half-space?

Half-Space

"A mathematical model bounded
only by one plane surface, i.e., the Negligible
model is so large in other dimensions

that only the one boundary affects Ar
the results. Properties within the model

are usually assumed to be

homogeneous and isotropic, though Infinite Ground

other models are also used.” l

- Sheriff's Encyclopaedic Dictionary of
Applied Geophysics, fourth edition

Definitions

What is a Whole-space?

Whole-Space

A whole-space is an infinite
region of space

A theoretical response of an

EM source in a whole-space is

one where there is a negligible —
effect of the air-earth

interface. (i.e., induction

logging tool deep within the

earth)

INFINITE  —

Definitions

Definitions

Homogeneous

Homogeneous Earth

The same throughout; uniformity of a
physical property throughout a
material.

urtin University

Heterogeneous

Heterogeneous Earth

Lack of spatial uniformity. Opposite of
homogeneity.

Curtin University




Definitions

Heterogeneous

\‘Expected decay for isotropic halfspace

Apparent Resistivity

Received

Recorded Channel
B/t 5

“the resistivity of a homogeneous Time
halfspace which will produce the same
response as that measured over the
real earth with the same acquisition
parameters”

Spies and Eggers (1986)

/
Constant Resistivity

Understanding Channels

Consider the Smoke Ring

The velocity of the outwardly ) fofsta fs. Time

diffusing smoke ring is given by
Nabighian (1979) pg. 222:

Topet

Ground

>

Curtin University

Understanding Channels

Consider the Smoke Ring

The radius of outwardly i totstets.. -
diffusing smoke ring is given by ~ ———————————0-0-0-0-0—-1Me

Nabighian (1979) pg. 222:

437 xt
R =
Tl

Curtin University

Understanding Channels

Consider the Smoke Ring

The depth of outwardly tl f2 t3ta ts.. Time

diffusing smoke ring is given by
Nabighian (1979) pg. 222:

2Xt

d=2m
Olo

Where tis time in s

>

Curtin University




Depth of Maximum
Current Density (m)

Understanding Channels

Consider the Smoke Ring

Depth of Maximum Current Depth of Smoke Ring after Turn-Off
-1 Ohmm -e100hmm -—e-100 Ohm m

100000.00
10000.00
1000.00
100.00

10.00

1.00 2Xt

Olo

d=2m

0.10
0.00001  0.00010  0.00100 0.01000  0.10000  1.00000 10.00000 100.00000 1000.00000

Time after turn-off (ms)

% Curtin University

Diffusion Depth/Width Equation

Smoke Ring Depth

The depth of maximum current density at a
fime (1) after an impulse response in an
homogenous earth of resistivity (p )

d=731x[pt

p —Resistivity (Qem)
t —Time (ms)

Curtin University

Diffusion Depth/Width Equation

Smoke Ring Depth: What you should take away?

d =731 x ,/pt

The smoke ring diffuses faster and fravels deeper in a shorter
amount of time in resistive earth over a conductive earth.

Curtin University

Diffusion Depth/Width Equation

Smoke Ring Depth: What you should take away?

Conductive Resistive

=50 ms =50 ms
=

Curren
Filament

Magnetic -~
field

Curtin
CRICO!




Depth of Investigation

Received Voltage for an In-loop survey

The received voltage for a in-loop survey over a homogeneous half-space is:

3 5
V() =16X107Y7 X I x Ax 02Xt 2
I —Current(A)

A —Transmitter Area

o —Half-space conductivity

t —Time

% Curtin University

Voltage in a 100x100 m In-loop Receiver
1, 10 and 100 Ohm m Half-space
——V(f) 1Ohmm —e=V(f) 100hmm —e=V(t) 100 Ohm m

Example Noise Floor

Voltage (V)
o
o -
o
o
o
o
9

0.00001 0.0001 0.001 0.01 0.1 1

Time After Transmitter Turn-off (s)
% Curtin University

Depth of Investigation

Noise Threshold

3 5 I —Current(A)
Vi) =16Xx10"Y7 xIXAX 02Xt 2 A —Transmitter Area

o —Half-space conductivity
t —Time

Example
Consider a SmartTEM V system with a transmission current of 10A and
loop dimension of 100 m x100 m (10,000 m2) — Moment = 1 X 10%Am?

If the noise of the systemisn = 30nV /A (i.e., 30nV @ 1Am)
If the noise scales with receiver transmitter moment with 0.5nV/m?

Substitute n intfo the equation and solve for ¢

Remember voltage scales with
¢ fransmitter moment

Curtin University

Understanding Channels

What are channels

A channel is the average of < Width 5
the samples within a time Start Centre End
range. Channel have a start
and end and are plotted

usually at the centre of the bin. Decay

(Voltage in coil)

Window/Bin/Channel

% Curtin University




Understanding Channels

What are channels?

Example Decay Curve

Channels/Windows/Time Bin Example

E T T Decay Curve Analysis
+ Line8, Station 550
r . Halfspace a=-3.06 (99.6%)
Turn off L . SPM a=-1.00 (99.9%)
v \ = Halfspace Response
Current in E AN e Superparamagnetism
Loop E S 3
\)
> E . E
> r ]
Time i - ]
Received L i
dB /gt i ]
Time s
: 1o 1
et S T Curtin University
Log(®/at)
° o ° o ° ° 0——chl Plotting TEM Data : Pseudo Log plot
o o o o o o o oh2
Decay Profile ° o ° o o o Ch3
i 1o Q Q Ch4
Representation : E e Recaivad P Proﬁ_le
E‘;‘j////.i Ch7 Voltage Representation
» Offset (m) UV/A

0

Sounding at
each site

Station/Site 0

100 200

100 200

o
o
o

Earth

T & &

100 Ohm m

60 Ohm m

CRICOS Provider Code 00301J

10000 |--2 e ® e e e ®. &

1000
o o o o o o o ch2

Plotted 100
Logarithmically 10 ° °. o o ° ° ° *ha

| o § § §—
Plotted 0 2 8 g§———© ©
Linearly
-0.1
Plotted a
Logarithmically
v -10 Offset (m)

0 100 200 300 400 500 600




Coincident Loop EM Response WINDOW TIMES (ms) CD I
15000 From the start of the Ramp
1 :0.0940 20 :5.869
2 :0.1440 21 :7.069
10000 3 :0.1940 22 :8.669 .« .
. : “10: Conductivity Depth Images
Linear Plot ¢ e ahe y bep 8
000 N : 7 losr e i ; ;
Ch 5-20 :x:\é/ \ 5 08190 27 2067 » Conductivity depth images (CDI) are a rough and quick
o e ?3 :S%Egiﬁ % gggz Tronsfgrmo’r.ior? method to estimate sub-surface geo-
Station (metres) Channels 5-20 12 1369 31 4147 electrical distribution.
4 12068 % rordr
S s 1o 2000 % w507 + There are many available, but the solution of Macnae et al.’s
> 10 ~ 17 :3.469 36 :95.87 . .
. : . / g 17346 o algorithm is presented.
Linear Plot g 05 2 SURVEY PARAMETERS
Ch 20-38 A # ‘ —_— Gonfouraten | ColcidentLocp + It uses Thg notion of a holfspgce.resisﬂvify fo colg:ulofe eoch
S e e oo RECEVER V(t) that f|’r5 V(t) to use the d|ffu5|or) dep’rh at a time t,. That is,
Station (metres) Channels 2038 focser - St The algorithm determines the relationship between recorded
o Mo Chammas 138 channels and depth. It establishes at which time and depth
oop - 100m  100m . . !
10000 Ranvea o002 a step-response amplitude is equal to the current filament
1000 — OffsetDistance  :2m loop.
100 TRANSMITTER
Pseudo-| og ° Transmitter + Geophysics Transmitter 2
1 Loop :100m x 100m 1 a t
Ch 5—20 01 Tx Area :10000 m"2 = ——2
ol e Ko 0z
4 ‘ | Effective Current : 11A
0 100 200 300 400 500 600 700 800 900 if:‘e;:::: Voltage fz\;ms
Stati i annels 5-. ime B ms 3 1 3
ation (metres) Channels 5-38 ?:r:mf ::fzoms T % Curtin University
Turn On 0.05ms

Interpret this Profile

10000

CDI Transform

What is noise? Is the near surface resistive or conductive?

10000
1000 ‘ ‘ — ‘ ‘ ‘ ‘ ‘
100 4 i \\ ‘
An Example 101
N
0.1 4
Station (metres) Channels 5-38 Vog 4
= An Example CDIimage - : : : o |
. . 0 100 200 300 400 500 600 700 800 900 1000 1100
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understanding conductivity 3 00 -
distribution with depth £ E '
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2 £
= CDI's are not inversion 8 H
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What is noise? Is the near surface resistive or conductive?

What is noise? Is the near surface resistive or conductive?
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Station (metres)

Example AEM Survey

The difference is air

Airborne TEM Ground TEM
The Airis a lossless medium

and no energy is lost @

Data can be collected much
more rapidly in the air
(thousands of stations versus 5
or six by ground crew)

Tx

o dis

Airborne is limited by listen < o
fime, power constraints and
transmitter-receiver
geometries

https://www.youtube.com/watch?v=BjJ9gX0nQAQ




AEM Profile

Example Survey

MWoodridgeny
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X-Component

Tempest AEM Survey - X Component

Easting (m)
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Voltage (mV)

AEM Profile

Z-Component

Tempest AEM Survey - Z Component

Easting (m)
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=——1Ch_] =—ICh_2 ——ICh_3 1Ch_4 =—ICh_5 =—1ICh_¢ ==—1Ch_7 ===—1Ch_8 ==——1Ch_9 ==—1Ch_10 ===—1Ch_I1 ==—1Ch_12 =——1Ch_13

% Curtin University

Voltage (mV)

350000 360000
100

=—=1Ch_] ===1ICh_2 ===1Ch_3

Log10{Electrical Conductivity) mSfm Cross Section (W - E) AEM Line 25 - Seed 7, ms=1.81

Tempest AEM Survey - Z Component

Easting (m)
370000 380000 390000 400000 410000

ICh_4 ====]Ch_5 ====1Ch_6 ====ICh_7 ===1Ch_8 ====ICh_9 ====ICh_]0 ====ICh_|| ====ICh_12 ===1Ch_13

2500

200 2143

- 178

O, e wiopangsl  Jiwr oo - o= - 1429

m W A ey i A 1071

Al il ,Mmﬂ"‘* ! ! s

J 0357

400 0000

-0.357

-600 -0.714
360000 370000 400000

380000, 330000
Electrical Resistivity Importance (%)

420000




Forward Modelling

What is Forward Modelling ? Computing a synthetic response

Forward Modelling

Determining the expected effects from a model, solving a
direct problem, such as predicting the electric potential for
a given distribution of resistivity current sources.

(Sheriff)

% Curtin University

Forward Modelling

What is Forward Modelling ? Computing a synthetic response

Input Output

Synthetic Earth

- , Forward Output Data
Transmission and Model X
recording )
parameters -

Survey Geometry

NOTE: ALL OF THESE COMPONENTS ARE SYNTHETIC

Forward Modelling

What is Forward Modelling ? Computing a synthetic response

Given a 1D problem, another way of looking at forward
modelling is terms of
data (d) and model space (m)

d=Gm

G is the forward modelling operator

d is the model response

m is the model parameters, including 1D layer
thicknesses and conductivities

Curtin University

Earth Representations

So you have the earth, infinitely complex. We must simplify

We can’'t model the earth in it's full
complexity and therefore must be
simplified to be represented
mathematically. There are many forward
modelling approaches:

* 1D - Layered Earth Modelling

* 1D + Plates — Layered earth modelling
with plates (filament modelling)

« 2D Finite Difference

» 2D Finite Element

» 2.5D Finite Difference

» 2.5D Finite Element

» 3D Finite Difference

« 3D Finite Element

+ 3D Infegral equation

Curtin University




Inversion

What is Inversion? Deriving Subsurface Conductivity

Inversion

Deriving from field data a model to describe the subsurface
that is consistent with the data; determining the cause from
observation of effects.

(Sheriff)

Curtin University

Inversion
What is Inversion? Deriving Subsurface Conductivity
Input Output
Recorded
Field Data

Synthetic result + Misfit

Known 1 Inversion

Transmission —— . .

& recording Derived synthetic model
parameters >

Known Survey
Geometry

Curtin U
CRICOS

Initial Field Data
) Model Clots
Inversion \ /
Update Model
Procedure Forward Model Parameters
dwa=Gm Am=J-‘ (dobs-Qfwd)
Inversion is an iterative Compute Emor UF;d“Te M1°de'
. = - aramelers
process and will 6= Cobs - dwd e
continue updating the
model until,
* The erroris minimized olum ol Is emor less than Compute
* The maximum and diwa ~¢—— threshold Jacobian
number of iterations is o< ad/amn

reached l
+ The model diverges
Has reached

maximum lterations
it > max it

Non-Uniqueness

Solution Space

You have to defermine a layer’s thickness
(m;) and conductivity (m,). If you
computed all solutions and plotfted the
resulting error. You produce this map.

High Error
Global Minima I
Low Error

ocal Minima g % Curtin University

Consider the
following scenario:




Non-Uniqueness

Solution Space: Solution 1

Non-Uniqueness

Solution Space: Solution 2

You start the inversion at location i and plot
the inversion process. It finishes after 5
iterations after the inversion cannot reduce

the error.
High Error
Mo I
Low Error

urtin University

You start a new inversion at location i and
plot the inversion process. It also finishes
after 5 iterations after the inversion cannot
reduce the error.

High Error

Low Error

% Curtin University

Non-Uniqueness

Solution Space: Non-Solution (diverged)

You start then begin a new inversion af location i. The
error begins to drop after 2 iterations, but then increases
after the next iteration, diverging from any solution. The
inversion stops.

High Error

Low Error

; urtin University
m  Curtin University |

Non-Uniqueness

Solution Space: Solution 2

Which is the correct solution?

High Error
- i
Low Error
my

Despite both solutions converging on a solutfion you will need
extra information to determine which solution is correct. (e.g., well
logs, geological knowledge efc..)

EM is NON-UNIQUE which gives rise to multiple solutions

% Curtin University




Non-Uniqueness

Non-Uniqueness

Case Study

Case Study : 200 models

Log10(Electrical Canductivity} mS/m Cross Section (W - E) AEM Line 25 - Seed 7, rms=1.81

2.500
2.143

e 1.786
A ~ w 1.429 !
A L 1071 . |
0714 .
0000 : i 200 random seed
—0.35" o .

(starfing/initial/input) models

—0.7L

360000 370000 _. . .3spgoo . 330000 400000

; i were generated and
e = = inverted over this borehole.
The blue lines represents
data with high misfit while
the red lines represent the
solutions with low misfit.

Consider the previous example. When
matched up with a known well log, there
was a reasonable fit in the upper layers.

But... are there better models?

Curtin University Curtin University

Non-Uniqueness Equivalence

Case Study : 200 models Different model, similar response...

There is a large variability in the range

solutions from the 200 models. Most Resistivity (p)
— A converged but those above 8% Electrical Equivalence
yd probably did not converge. Both model 1 and 2 a
= fé?dgﬁszs fhe same EM Combinations of layer resistivities
% 30 P and thicknesses that would
O T | b produce practically
@) = indistinguishable electrical
D 15 5 Model 2 sounding responses. Also called
O g _________ layer equivalence.
@) Model 1
> 0 Sheriff Dictionary

2 3 45 6 7 8 91011 12 14+
RMS Error (%)

ark of Curtin University of Technology




Response of Discrete Targets $2 2015
Galvanic versus Inductive Current Flow

What are Plates?

Filament modelling of plates
TEM Anomaly Flat Body

TEM Anomaly Vertical Body
TEM Anomaly Inclined Body

DO NOT COPY OR DISTRIBUTE

What is a channel?
Whatis a decay curve?
What is a profile?

What is a pseudolog plof

Draw an inloop profile for the following scenario :

100 200 300 400 500 600
W, W, Y i— 4 V— .4 — .4
& & & & & & &
20 Ohm m /
100 Ohm m

=

Whatis a CDI2

What is forward modelling?

What is inversion?

What is electrical equivalence?

What is the resistivity thickness product?

Curtin University

Inductive Current in a Plate

Consider a conductive target in free space. The transient
decay of the primary magnetic field in the body rapidly
decays to zero.

A inter-body EMF is induced in that target proportional to
. . . . dB, .
the time varying magnetic field (E) in accordance of

F(E)aradays Law = —Z—f. This causes Vortex Currents (J) to
flow within that body. (McNeill et al., 1984)

McNeill, J. D., R. N. Edwards, and G. M_ Levy. "Approximate
calculations of the transient electromagnetic response from buried
conductors in a conductive half-space.” Geophysics 49.7 (1984): 918-
924,

Curtin University




Electrical Currents in the Earth

Inductive Current Flow (Vortex Flow)

Host Rock

Inductive: Eddy currents circulate
approximately independently of the host rock.

The circulating currents/inductive
response effectively forms a magnetic
field dipole

Magnetic Field

Electrical Currents in the Earth

Galvanic Current in a Plate

Galvanic currents also known as current channeling,
current gathering or current streaming.

The current that flows in a conductive plate-like body
does so in accordance with Ohm's Law. The current that
diverted around the plate moves along the secondary
electric field lines. (McNeill et al., 1984)

McNeill, J. D., R. N. Edwards, and G. M_ Levy. "Approximate

calculations of the transient electromagnetic response from buried

conductors in a conductive half-space.” Geophysics 49.7 (1984): 918-
K of Curin Universiy of Technology

Curtin University

Electrical Currents in the Earth

Comparison of Inductive versus Galvanic

Galvanic Current Flow

Galvanic Current: Current is focussed within a
conductive target. The secondary electric field
response effectively forms an electric field dipole

The decay is
exponential:

For a B-Field Sensor

t
Bg < Bpe 7

For a Coil Sensor (Z—f )

Curtin University

Current

EM Fields and a thin conductive plate

Primary Field Secondary Field
Bp Bsv
Induced !
Mudor
Ep A
u Bsg (Vortex Currents)
Galvanic '
Conductor
Jsg
Ep: Primary Electric Field Bp: Primary Magnetic Field
Jwv: Secondary Induced Currents Bsw: Secondary Induced Magnetic Field
Jig: Secondary Galvanic Currents Bsg: Secondary Galvanic Magnetic Field

Reproduced from McNeill, J. D., R. N. Edwards, and G. M_ Levy. "Approximate calculations of the transient electromagnetic
response from buried conductors in a conductive half-space.” Geophysics 49.7 (1984): 918-924.




Decay in a Bounded Conductor

Decay in a Bounded Conductor

The TEM response and late
fimes is exponential for a
conductive discrete targets.

Exponential Decay of Plates

Recorded In-loop Voltage over
a Dipping Plate in Free Space,
log-log plot

§ IE+02 | eee ey
£ e *tee.,
~ LS
) > 1E-04 e,
-z 5 1E-07 *
% 1E-10 o
]
T 1E-13 "
s 1E16 o
g 1E19 .
& 1E22 .
1E-25
1E-28 *
0.001 0.01 0.1
Time (s)

% Curtin University

Exponential Decays of Plates

Recorded In-loop Voltage over a
Dipping Plate in Free Space,
Linear Plot
The TEM Response & 9E+01
decays extremely rapidly < SE+01 o
and typically are plotted ]
on alog-log plot.

Recorded dB/dt (V/Am

.
.

o
OE+00 \unooooo o o 0o o o 3
0 0.02 0.04 0.06 0.08 0.1
Time (s)

% Curtin University

Decay in a Bounded Conductor

What are Discrete Targets?

7 (Tau) the time constant of the

The Time Constant of the bounded conductor (Tau)

Exponential Decay of a Bounded Conductors,

bounded conductor controls

the exponential decay rate.

Larger conductors and plates
with larger conductance's will
have larger tfime constants.

Linear Plot
100
90
= 80
o
= /0
k)
5 60
2 50
2
3 40
S 30
[7]
I ® 20
—xe T 10
0
0 0.02 0.04 0.06 0.08 0.1
Time (s)

——Tau 0.5 —e=Tau2.5 —e=Tau 10

% Curtin University

Plates and what are they?

Exponential Decay of a Bounded Conductors,
Log-Log Plot

A larger time constant means a

target becomes easier to

detect.

100
10

1

0.1
0.01
0.001
0.0001
0.00001
1
1

Recorded Field (dB/dt)

0.00000
0.000000
1E-08
1E-09
0.001 0.01 0.1
Time (s)

——Tau 0.5 —e—Tau2.5 —e—Tau 10
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Filament Modelling

Plates and what are they?

Filament Modelling

Computing the Response of Plates : Current Filament Modes

Generally plates can be
considered zones of
conductive thin massive
sulphides. (e.g., VMS deposit in
a resistive host)

VMS sheet deposits in mafic or
felsic hosted rock

* Ni-Cu

« Cu-In

* In-Pb

* Au-mineralization zones

Au-Mineralisation

Current filament approximation (Barnett,1984) is used to fit current
filaments to the observed eddy current distribution in plates
(Nabighian, 1988). The modelling of plates rely upon the
computation of modes of eddy currents in a conductive sheet. These
modes are similar to the perimeter of the shape. At early times the
eddy currents circulate the edges of the body, while at late times
eddy currents circulate the centre of the body.

Early Time Late Time

/<

Ie‘ inygrsﬁgn Q‘f’ time-domain data: Geophysics, v49, p925-933

.. ed. "Electromagnetic methods in applied

geophysics: theory." (1987).

Filament Modelling

Coupling of Plates

Computing the Response of Plates : Current Filament Modes

Many Modelling Programs
use a current filament
model of a discrete
conductor.

« Maxwell

* Mulfiloop

In practice the plate is
composed of cells and
the current filament in

each cell is computed.

Cells supporting Modes
Early time Filaments

Other programs have derived a full analytic solution,
computing the solution for each frequency and carrying out
an ifft to retrieve the time domain response.

CRICOS Provider Code 00301J

Coupled versus Null-Coupled

The plate is coupled (plate induces a secondary field) with the
fransmitter when the electric field (current flow) is parallel with the
plate’s face. That is, when the magnetic field crosses through the
body’s face. If there is no tangential component crossing the plate, it
is considered null coupled and a secondary response cannot be

detected.
Coupled Null Coupled

e ot
B/N .

;l=>E




Coupling with Plates

Coupled Null Coupled

In-loop

X-Component

The conductive plate will
A oppose the primary

magnetic field (Bp - Red),
resulting in a secondary
Eor|y Time field (BS - ber).
4_,_,:\/\—_ This resulting in loop
receiver will record the
L secondary field

: component (purple arrow).

---------

In this scenario, there is no
conftribution to the vertical
field, but there is a
horizontal component.

Late Time

No Plate - 1D Earth

CEEEEER]

300 Ohm m

100 Ohm m

Display a Perspective View Laver 0 1 0 Pointer 34%

Curtin University

B
]
MEEIED

300 Ohm m

100 Ohm m

Leoi 11 0 Pointer 4%
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Leroi 1 1 0 Pointer (5%
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The Four Cases over a Vertical Plate

Case 1: Out of Loop Case 2 : Transmitter Over Plate
Bp null coupled with plate

Case 4: Receiver Over Plate
Vertical Mag-Dipole Rx Nul| C

<« Primary Magnetic Field *
I SEETTE LT Secondary Magnetic Field-..

= 0 5 =

Curtin University




300 Ohm m

300 Ohm m

100 Ohm m

100 Ohm m

Curtin University

In layered earth, the voltage decays with a power law decay while bounded
conductors decay exponentially and may be detected late time. If the
cover is too conductive it can mask the impact of a bounded conductor.

REFEHNoENEEEEE

Remember

Voltage in a 100x100 m In-loop Receiver —— 1 S E—— —————
1, 10 and 100 Ohm m Half-space e
0.00001 0.000 0.00 0.01 0.1 1
The received voltage for a ‘
in-loop survey over a
homogeneous half-space is:

3 5
V() =1.6 X107V X I X AXx o2 xt 2

10 Ohm m
I —Current(A)
A —Transmitter Area

o —Half-space conductivity - e
t —Time

V(t) 1 Ohm m

1000 Ohm m

—e— V() 100 Ohm m

Curtin University

Leoi 11 0 Pointer 3%
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1000 Ohm m
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Conductive overburden - Power Law Decay of Overburden

ror
~ . ‘ ‘ - o Power Law Decay
S Line 0, Station 130
I a=-3.62
P Intercept=871.455
ha. RMS Fit=99.98%
‘n\‘\ Observed Data
o ~ Computed Fit
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Display a Ponk Secton Koot Pomer 3%
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Conductive overburden - Power Law Decay of Half-Space

Power Law Decay
Line 0, Station 130
a=-2.85
Intercept=25.070
RMS Fit=99.99%

Observed Data
Computed Fit

Z- ket Thau)

£ Pomed Lan

2o

& [Bowas
o (20w

AMS Fit 9. 983%

Channets | Conpute i
Close

Leroi 11 0 Pointer (3%
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‘Resistive’ 50 m thick 200 Ohmem Overburden

= 8 5 = )

100 Ohm m

1000 Ohm m

Lei 11 0 Poimter 33%
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Effect of Overburden -
Inloop Response of Conductive Plate in resistive halfspace

Resistive overburden - Power Law Decay of Overburden

Effect of Overburden -

Inloop Response of Conductive Plate in resistive halfspace
Resistive overburden - Exponential Decay of Plate

Power Law Decay Exponential Decay
™~ Line 0, Station 260 Line 0, Station 260
S| a=-2.27 — tau=0.868
I Intercept=20.239 Y Intercept=46.014
Y RMS Fit=99.54% S~ RMS Fit=99.70%
S Observed Data \"\ Observed Data
Computed Fit L —— Computed Fit
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\x‘\. "
- S \ 3
T e B : « e \
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Effect of Overburden -

Inloop Response of Conductive Plate in resistive halfspace
Resistive overburden - Power Law Decay of Halfspace

Power Law Decay
Line O, Station 260

P a=-2.62
S "~ Intercept=3.235
N ~1 RMS Fit=99.90%
s e — Observed Data

Computed Fit

Tei 0 Pomer 1%
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Response of Discrete Targets

What is the difference between galvanic and

Decay Curves and Soundings $2 2015
inductive Current Flow?

Decay Curves: power law versus exponential decay

How is a bounded conductor identified?2
Layered half-space decay
. Why is it difficult fo detect bounded conductors
Thin layered earth decay beneath conductive cover?
Superparamagnetism (SPM)
Bounded Conductors
NelileNalliS

NelU[glellgle - T

DO NOT COPY OR DISTRIBUTE

The Halfspace Response The Halfspace Response

=t Coil Sensor Magnetometer

dB P
i g G2 Total magnetic field (B
The half-space response is due to the decaying, Derivative of magnetic field (dt) 9 ( )

diffusing eddy currents in resistive layered media. dB s 3
|4 otz B,xt 2
It can be identified by a power law decay. dt
. Halfspace Decay N
A .
" Increasing C
Coil Sensor Magnetometer .
dB NN B Received Received
Derivative of magnetic field (E) Total magnetic field (B) Log(%/a) Log(B)
5 3
Vv dBZ X<t 2 Bz Xt 2
dt
% 5 : > >
V() =16X107"" XIXAXo2zXt 2 - > 3 i
) Log(Time) cocIxAx o8 Log(Time)




Understanding TEM Decay Curves

Understanding TEM Decay Curves

The Thin Conductive Layer Response

The thin layer response

= Characterised by a power law
decay that is steeper than the
halfspace response.

= Caused when thin, conductive

Resistive Layering
overburden overlies the resistive
basement.
Coil Sensor Magnetometer
dB P
Derivative of magnetic field (E) Total magnetic field (B)
dB N\
z -4 B, «t™3
V( o ) o t >

The Thin Conductive Layer Response

Coil Sensor Magnetometer
dB NN
Derivative of magnetic field ( dtz) Total magnetic field (B,)
MR )
( dt ) B ot
N Vot .
A AN Vats
Received ReLceivBed
Log(®/qi) °g(8)
LOg(Tlme) ” LOg(Tlme)

Understanding TEM Decay Curves

Understanding TEM Decay Curves

Superparamagnetic (SPM) Effect

“An SPM effect in rocks is connected with the process of magnetic moment
change of orientation of very fine grains of ferromagnetic materials in the

initial stage after a sharp change of the excitation magnetic field”
(Barusukov et al., 2001)

SPM particles
i.e., magnetite)

S Wire (
Coil Sensor

dB
Derivative of magnetic field (dtz)
V(

dB,
)oct™t
t

d Shortly after turnoff

For extra information also visit

Barsukov, PAVEL O., and E. B. Fainberg. "Superparamagnetic effect over gold and nickel
deposits." European Journal of Environmental and Engineering Geophysics 6 (2001): 61-72.
Nabighian Vol. 2 pg 452 or

Krafzer gt al, Detgefion and corectionof SPM effects in airborne EM surveys, 2012

Superparamagnetic (SPM) Effect

= SPMis created by extremely small particles of magnetite and maghemite

SPM effects can be freated as frequency dispersion in magnetically suscepfibility
rocks

Intensive SPM effects exist in areas of volcanic sedimentary; superficial clay
formations covering parent rocks

= Manifests itself most intensively in cases when closely located or coincident
fransmitter and receiver loops are used

Late time SPM effects can be seen as a low gradient power law decay of 1.

SPM particles
Wire (

COI' Sensor i.e., magnetite)
NN NN aB * No magnetic field
Derivative of magnetic field ( Z)
dB, ) dt
v dt RK Shortly after turnoff

For extra information also visit

Barsukov, PAVEL O., and E. B. Fainberg. "Superparamagnetic effect over gold and nickel
deposits." European Journal of Environmental and Engineering Geophysics é (2001): 61-72.
Nabighian Vol. 2 pg 452 or

Krafzer gtal, Detgction and correctionof SPM effects in airborne EM surveys, 2012




Understanding TEM Decay Curves

Superparamagnetic (SPM) Effect

According to Barsukov et al. (2001) The SPM effect can be reduced by:

1) Reducing the mutual inductance of anfennas
2) Increasing the size of coincident antennas
3) Lifting the coincident antennas above the surface of the ground

Some people consider the SPM effect noise due to masking late time data, however
some consider it a useful exploration signature for certain types of mineral deposits.

SPM (Coil)

Received Halfspace

Log(9®/at)

Log(Time)

Barsukov, PAVEL O., and E. B. Fainberg. "Superparamagnetic effect over gold and
nickel d its. European.Journgl.of Environmental and Engineering Geophysics 6
(20019261 i

Case Study 2: Nickel

Exploration Cue

Superparamagnetic (SPM) Effect

= Superparamagnetic effects were X
common in this survey area because | -
of the large amount of hematite in
the near surface

= Paramagnetic materials, such as Latefti
magnetite are slightly susceptible and | mas
can be magnetized E

Curtin University

Understanding TEM Decay Curves

Bounded Conductors

Bounded conductors

= Due to eddy currents being E
formed in the conductive | S J
body \_(/

= Massive sulphides or
graphitic conductive Conductor
bodies produces these
decays (See lecture 06)

= Characterised by an
exponential decay.

Bsg (Vortex Currents)

Coll Sensor Magnetometer
dB N
Derivative of magnetic field (E) Total magnetic field (B)

t
V(8B & ot B« Bpe®
dt

Understanding TEM Decay Curves

Bounded Conductors

Coil Sensor

Magnetometer

Derivative of magnetic field (E) Total magnetic field (B)

t
B « Bpe T

Received
Log(/at)

Received
Log(B)

\ 4

Log(Time) Log(Time)
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CRICO!
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Understanding TEM Decay Curves Understanding TEM Decay Curves

Current Channelling Current Channelling

Current channelling

“The terms current gathering and
current channelling are used

= Occurs when there is greater
amplitude at a particular station than

interchangeably in the literature to — f surrounding stations Log(V) t

describe two different classes of EM pull Up' 3 = It's appearance is that of an Pull Up' S

response. Since there is no standard i > " apparent ‘pull-up’ in the TEM oy N .
useage, we use the following Log(Time) " fffﬁggts:d 1o the presence of @ Log(Time) '
definitions to desg:rlbg WK Te.rm.s. = — L= shallow weak cor?ductor bounded = —- ¢
Current channelling is a restriction \ §; S

by an resistive insulating barrier

= Current channelling can be seen on
the decay curve as a slow decay but
with raised amplitude

= If no exponential decay can be seen
in the curves near “potential”
anomalies , then it could be a result

E-Field

. S E-Field
on current migration due to an e

insulating barrier or a constricting or
narrowing of a conductor.”
- Spies et al., 1984

Conductor ) . Conductor
of current channelling with some
Spies, Brian R., and Patricia D. Parker. "Limitations of large-loop transient reloﬂvely Iorge weak conductors
electromagnetic surveys in conductive terrains." Geophysics 49, no. 7
(1984): 902-912.

Understanding TEM Decay Curves Understanding TEM Decay Curves

Induced Polarization

Current Channelling Man Made

“When a uniform ground has a
conductivity which may be described
by a Cole-Cole relaxation model with a A IP Effect
positive time constant, then the fransient
response of such a ground will show
evidence of induced polarization (IP)

Cultural structures can also produce
current channelling effects:

= Pipes effects. The IP effects cause the transient ng(e(;;'/if;

= Power lines initially to decay quite rapidly

= Fences and fo reverse polarity. After this reversal
the transient decays much more slowly, Break o
the decay at this stage being about the (Negative)

Y

same rate as a non-polarizable ground.” -
Log(Time)

(Lee, 1981)

Lee, T. "Transient electromagnetic response of a polarizable ground.”"
cuin GEOPDYSICS A6, 00. 7. (1981:.,1037-1041.
o 00301

CRIC!




Understanding TEM Decay Curves oy S|
Induced Polarization Case StUdy 2: Nickel = x

Exploration Cue (IP Effect) | DS iandl -

Induced Polarization

= Energy is stored in the ground and later released Case Study: Cue, Nickel Exploration - P
= Think of this effect as a leaky capacitor in the LCR circuit . I F=Ngy B
= Caused by electrode polarization/Over voltage effect caused by ionic * IP effects early channels, decaying R I
movement in fluid filled pore spaces when metallic and clay minerals quickly into a negative response oo £ e 3
are present. = Resulted from either graphite or pyritic © ST
mineralisation . st —
Before Current Turn At Turnoff and o X 100r
off Early Time Mid Time Late Time = Over voltage effect caused by the N BRY
transition from an electric to ionic PEAN T
Loop conduction, in effect a natural Ky »

electrochemical half cell

= The inducing EM field generates a
current, charging the equivalent of a
poor battery or leaky capacitor

Scale 1:12500

Froject Geophysics 2007

Cue, Western Australia
TEM Survey

Conductivity Psuedosection of Channels

Lines

Coincident Loop

= This electronic storage is commonly e o o T 0 0 e
. . . . iaton {metres) Date £ 10/ Oclober 2007
seen in massive or disseminated

sulphides and graphife. Curtin University

Total Current

urtin University

Case Study 3: Hart and Lane, 2001 Case Study 3: Hart and Lane, 2001

Detection of conductor beneath conductive cover Detection of conductor beneath conductive cover

Location Geological History

505500 506000 506500 507000 507500 505500 506000 506500 507000 507500
+ + + + + + + + + +

= Bull Creek Prospect, NW Queensland Alteration and mineralisation resulting in a
coincident magnetic and conductive body

occurred in three phases:

Target

= Magnetite-pyrrhotite mineralisation

1. Widespread albite alteration (pyrrhotite rich
event with lesser magnetite, pyrite and
chalcopyrite)

Target Properties
= Magnetic and conductive

= The mineralisation of Proterozoic age
2. Magnetite alteration (pyrite-rich with lesser

pyrrhotite and chalcopyrite)

= Buried beneath 30-50m cover

Cover Properties .
3. Two-stage Fe-rich

= Overburden conductance values of 10to 30 §

Geophysical Information

= Airborne electromagnetic systems

= Ground TEM (Moving loop) N . N N . N % #

= Drilling information

505500 506000 508500 507000 507500 505500 506000 508500 507000 507500
Case Study taken from: Hart, J., Lane, R., 2001, Comparison of Airborne Ground magnetlc data Ground magnet|c data
and Ground TEM systems for a conductor beneorh conductive cover - P Hart, J., Lane, R., 2001, Comparison of Airborne and Ground TEM
an example from North-West Queensland, Australia, ASEG 15th systems for a conductor beneath conductive cover - an example from
o wreky e a mj(ﬁﬁOphyszcm Conference and Exhibition, August 2001, Brisbane. Noithewest Quesnsland, Austrdlici ASEG 15th Geophysical Conference d

and Exhibiti

, August 2001, Brisbane.




Case Study 3: Hart and Lane, 2001

Case Study 3: Hart and Lane, 2001

Detection of conductor beneath conductive cover

conductive overburden
causing early-time ‘bunching’

GROUND GEOPHYSICAL DATA OVER BULL CREEK PROSPECT
Moving Loop SIROTEM and Ground Magnetic Data

Line 40700N

A

w N
'\\

1000 TR e

UDTOIOT

Overburden ~3 Qsm

Amplitude (mV/A)
Magnetic Intensity (nT)

Phase 2 Mineralization ~10h m:

Phase 1 Mineralizafion ~0.1 Q+m

A(
4

. Bounded conductor
(Magnetite-pyhotite)

s (83025 maec

Resistive Host ~1000 Qem

1000 10500 1000 1s00 12000

Easting (metres)

Hart, J., Lane, R., 2001, Comparison of Airborne and Ground TEM
systems for a conductor beneath conductive cover - an example from
Notthewest Queshslana Austrdlici;’ASEG 15th Geophysical Conference
and Exhibition, August 2001, Brisbane.

% Curtin University

Detection of conductor beneath conductive cover

200 100 So what was useful?

500 t0 1000
W 1000 o 5000

The TEM inversion provided “good
estimates” of:

15

200m,

IMGCOND Section u

.
il ToetoE T e THboE

= Depth of overburden
= Depth to target
= Target geometry

51 | [Conauctity anmsm

0t 200

200 to 400

s “Conductivity sections derived from
| moving loop TEM data. Depth to
basement from drilling is indicted with
crosses. Drillhole BCD002 is shown
along with downhole magnetic
susceptfibility.” (Hart and Lane, 2001)

Curtin University

Hart, J., Lane, R., 2001, Comparison of Airborne and Ground TEM
systems for a conductor beneath conductive cover - an example from
Nothewest Quesnsland, Austrdlic’ASEG 15th Geophysical Conference

and Exhibition, August 2001, Brisbane.

Case Study 4: Cunion, 2009

Ground TEM for Kimberlites Under Cover

Location Geophysical Information

= Kalahari Kokong kimberlite field Bostwana  Airborne electromagnetic systems
Target (VTEM)
= Kimberlites Ground In-loop TEM

. Gravity and Magnetic
Cover Properties

Case Study 4: Cunion, 2009

Ground TEM for Kimberlites Under Cover

= Resistive Kalahari-Cover ~120 m  thick

Kalahai 100 m thick

>1000 ohm m

Basal Kalahari
Epiclastic

10 m thick

Pyroclastic 6-18 onmm
70 m thick
Tuffitic 19 ohmm
Diatreme

500 m

Cose{Squy taken fro,rjn‘: Cunion, Ed. "Comparison of ground TEM

and ViEM responses over kimberlités in the Kalahari of Botswana*."

Exploration Geophysics 40, no. 4 (2009): 308-319.

System========> Protem 57 Zonge ZT30 VTEM 2004
Loop type Ground in-loop Ground in-loop Airborne in-loop
Loop size 100 m square 100 m square 26 m diameter
Loop area 10000 m* 10000 m? 531 m’
No. of turns 1 1 4

Peak amperage 25 30 140
Peak moment NIA 250000 300000 297000
Sounding separation 100m 100 m 3m (average)
Tx waveform Square Square Trapezoid
Duty cycle 50% 50% 40%
Base frequency 6.25Hz 4Hz 30Hz

# Rx channels 20 31 27

Rx decay time range 0.346 to 28.1 ms 0.126 to 48.1 ms 0.13 to 7.54ms

Cunion, Ed. "Comparison of ground TEM and VTEM responses over
kimberlites in the Kalahari of Botswana*." Exploration Geophysics 40,

no. 4 (2009): 308-319.

% Curtin University




Case Study 4: Cunion, 2009

Ground TEM for Kimberlites Under Cover

22 ch23 4] | L704:1 F300F D6340F D7540F
TEM [ o519, 060 =
g o LIJ « ] _'.lJ
traverses — —

—

N B
I\
: N\
600 metres \,,,\ :—“./\\:.:-;_.
027 —— — \:\ o.02065f ,_\J/'tﬁ-;’::‘:
KN70 TMI PROTEM ZEROTEM VTEM
1.26-8.32 ms 1.34-7.81 ms 1.34-7.54 ms

Cunion, Ed. "Comparison of ground TEM and VTEM responses over
kimberlites in the Kalahari of Botswana*." Exploration Geophysics 40,
no. 4 (2009): 308-319.

Curtin University

Case Study 4: Cunion, 2009

Ground TEM for Kimberlites Under Cover

dB/dt dB/dt

TEM nV/Am2 uv/A

traverses 0.264 0.323 0.422 6.765 7.943
[ — =}

PROTEMCh15
8.32ms

600 metres

KN70 TMI

600 metres 600 metres 600 metres

Curtin University

Cunion, Ed. "Comparison of ground TEM and VTEM responses over
kimberlites in the Kalahari of Botswana*." Exploration Geophysics 40,
0.4,(2009):,308-312....,

Case Study 4: Cunion, 2009

Ground TEM for Kimberlites Under Cover

KS40 Gravity Negative Extent 750 m E-W
4700 4800 4900 5000 5100 5200 5300 5400 5500 5600 5700 5800 5900 6000 6100 6200

o 0
1
E—— . ————
8 Borehole log KS40-3 Z Kalahari -100
N
"Epw
s . —200
o )
' Pyroclastic
0.7
8 -300
&
8
3 —400
9
0.1 3 -500
- 1
4700 4800 4900 5000 5100 5200 5300 5400 5500 5600 5700 5800 5900 6000 6100 6200 Depth
metres
Log Res K840 Zonge CDI
ohmm 500 m

Cunion, Ed. "Comparison of ground TEM and VTEM responses over
kimberlites in the Kalahari of Botswana*." Exploration Geophysics 40,
2009)::308:31. %000,

urtin University

Case Study 4: Cunion, 2009

Ground TEM for Kimberlites Under Cover

So what was useful? “TEM is an effective method in the

Kokong kimberlite field for prioritising
the aeromagnetic signatures of
kimberlites buried by up to 120m of
Kalahari cover. Both the VTEM and
ground TEM systems return diagnostic
TEM responses for 90% of the kimberlites
fraversed. The VIEM is as effective as
the ground TEM systems when
prioritising most kimberlite magnetic
and gravity signatures.”

= Targeted and characterized
the kimberlite pipes, when TEM
and gravity datasets are
combined (i.e., conductive,
low density anomalies)

= CDI's were useful to identify
kimberlites when TEM
responses were subtle and the
enclosing basement was
conductive

(Cunion, 2009)

Cunion, Ed. "Comparison of ground TEM and VTEM responses over
kimberlites in the Kalahari of Botswana*." Exploration Geophysics 40,
»(%QQ? ):308:312 00

Curtin University




Department of Water - Hydrogeological

Aim

To determine subsurface electrical
conductivities to assist the targeting
and characterization of:

Clay layers

Potential Fresh water Aquifers

Salt water intrusion zones

Fault structural and geo-electrical

properties

N /

Water moving through —=\ s
fater moving

coastal limestone - [ — Water moving
e ‘.\ ” 7 through seciment
N ~—"

Reproduced from Gnangara Sustainability Strategy
http://www.water.wa.gov.au/sites/gss/ggs.html, Accessed 01/10/2015

Curtin University

Example Survey

Guilderton!
N
Start 25 7

\

e
Yianchepp,
%

)

Curtin University

Z-Component

Tempest AEM Survey - Z Component

Easting (m)
370000 380000 400000 410000 420000
S%, 1
5
0.0
ST T il Conducthity) ST Choés Secion W ~EVAEW Lina 25 - Séed 7, me=1.81 — "1 T meen
) 2183
) - o 1786
P e \m"‘v”.--” A\ };;z
A v i Y
-0 I v 0714
0357
-400) 0.000
0357
-600 0714
360000 370000 400000

380000 390000
Electrical Resistivity Importance (%)

Curtin University

3D Volume Renderi

Bk s HRIE(w D BE-OEQ S & B 6-E-B

Salt water \‘
intrusion zone

|
\
|

Potential conductive Dipping Fonductive
fault zone on west shale unit

side of fault

Curtin University




CASE 4 : Curtin University (Ongoing)

3D Volume Rendering

A — Curtin University

CASE 4 : Curtin University (Ongoing)

RMS Error

R Curtin University

CASE 4 : Curtin University (Ongoing)

RMS Error

Curtin University

CASE 4 : Curtin University (Ongoing)

RMS Error

Curtin University




Y

60 m depth slice Salt water Intrusi - 40 m depth slice

Curtin University Curtin University

So what was useful?
The AEM did recover (in great detail):

electrical properties of both the
aquifers and confining clay layers.
recharge window

salt water infrusion zone

140 mS/m

0.1mS/m

-2000 m =

Curtin University




The Magnetotelluric Method

S22015

Magnetotelluric Method Principles

1D MT Forward Modelling Formulation

Applications
CSAMT
VLF

DO NOT COPY OR DISTRIBUTE

Sees magma with the power of
lightning and solar radiation

“A method in which orthogonal
components of the horizontal and
magnetic fields induced by natural
primary sources are measured
simultaneously as functions of
frequency.”

- Sheriff's Encyclopaedic Dictionary of
Applied Geophysics, fourth edition

“The magnetotelluric method is a
technique for imaging the electrical
conductivity and structure of the
Earth, from the near surface down to
the 410 km fransition zone and

beyond.”

Chave, Alan D., and Alan G. Jones. The
magnetotelluric method: Theory and practice.
Cambridge University Press, 2012.

I

Natural - Passive Source EM

Year Day  Hour Minute Second

Magnetotelluric

arine CSEM

1(‘)4’ 107 106 105 104 10° 001 0.1 1

Frequency (Hz)

Several variants of the MT method

+ Magnetotelluric (MT)

+ Audio Magnetotelluric (AMT)

+ Confrolled Source Audio
Magnetotelluric (CSAMT)

ns

Land EM

Induction Loggin
R eogng

LWD (EM/Radar Range)

Radar

10100 1000 104 105 106 107 1os

)

Russian and French Scientists

BASIC THEORY OF THE MAGNET URIC METHOD
OF GEOPHYSICAL PROSPECTING*{}
LOUIS CAGNIARD§

ABSTRACT

Cagniard, Louis. "Basic theory of the magneto-telluric method of
geophysical prospecting.” Geophysics 18, no. 3 (1953): 605-635.

It has been known for a long fime that
currents have been flowing in the ground,
that is a potential difference between two
points

Developed by Frenchman Lois Cagniard
(1953) and Russian Tikhonov (1950)
Developed to find electrically conductive
targets that do not produce a magnetic or
gravity signature

“In General, petroleum and mining
geologists were not satisfied with the
ambiguous interpretations which
geophysicists could offer them on the basis
of equipotential data” (Cagniard, 1953)
Was adopted because it uses no current
source unlike electrical DC or AC methods
and can see deeper than a few hundred
metres.

Thought to be useful for oil and gas
exploration




MT

Applications

Mineral exploration

Geothermal studies

Environmental

Hydro-geophysics

Oil and Gas exploration

Curtin University

Survey Layout

Magnetotelluric Equipment Checklist (For two V8 Receivers)

Phoenix V8 Receivers _ Tarpaulin (To cover V8 on rainy days)
(Each V8 Should contain) Compact Flash Disk Card Reader

= Compact Flash Disk GrAFapton
s Is Charged
GPS Cable 5
Compact Flash Card pirit Level(s)

Hx/Hy/Hz to V8 cable Shovel(s)
Battery Cable T Measure(s) 100m

CSEM Tx Antenna
eter +/- electrode cables

Airplane Grounding Connector
[FirstAidKkit Water Canister (30 L)
Battery 12V (x2)o Water (for canister)
Is C| (CELCYAVEN Flectrical Tape

(Battery 2) o 800 m
[Compass |

000000000 06000

() o ¢
(x4) o

o E——
[Pries

a
Ph [E t Sheets (Field Not: o
T - Food + water + Personal supplies
Phone/Camera (field note recording) o 12VAir Compressor (for 4WD)

O0Oo0oooao

Curtin University

of Curtin University of Technology

Survey Layout

Magnetotelluric Survey Layout

= Base station
« 4 channel (minimum) electric and
magnetic recorder (i.e., Pheonix V8)
» GPS (for time synchronization and
location)
« Battery
+ Central Electrode

il
Electrode-N. #%

f Curtin University of Technology

Survey Layout

Magnetotelluric Survey Layout

= Two Electric Bipole receivers
« East-West oriented bipole
« North-South oriented bipole
« Consists of two electrodes per bipole
« Typically 50-200 m in length

(it
Electrode-N #%

Electiode: W




Survey Layout AMT Time Series

Magnetotelluric Survey Layout Example AMT Time Series of Electric and Magnetic components (>1 Hz)

= Two or Three Magnetic induction
receivers (i.e., magnetic coil receivers)

+ East-West oriented magnetic coil (Hy) EX T T | S S B N ;.4,,‘”_,4,,,«. |
+ North-South oriented magnetic coil (Hx)
« Vertical magnetic coil (Tipper) (Hz) ‘

Ey T + b l{ Mm.,«%,%ww.L.*+W*.;‘WW-».»V»MWW «p\.*.wu.w.ww.w.,.%,w.,*..,,.*,

X g8 o o MBS AN bk

Hy MW'WWWWMWWWWMWMMWMWMwwvw_

1000 ms

Curtin University

MT/AMT Power Spectra Source of Magnetotelluric Signal

Where is the signal generated?

lonospheric Signal

There are two main sources of energy = The ionosphere is a region ranging from
lonosphere (< 1Hz) Lightning (1-10,000 H 69 km ciiode
ightning (1-10, 7) = lonization of different molecules occurs
ic fi . . . at various levels (D, E and F)
Flectromagnetic fields generated Generated by lightning strikes. = lons at each level include nitric oxide

by fluctuations of the Earth’s
magnetic caused by solar
radiation interacting with the

oxygen ions , hydrogen and helium

= lons in within each layer of the
ionosphere can be disturbed by:

IOHOSDhere- Typical solar radiation/wind (H* He**)
MT Power Spectra AMT Power Spectra X-R db lar fl
R -Rays f:ouse : y solar flares
JRMF - Absoption of high energy protons from
E-Field E-Field solar flores
& Geo-magnetic storms
=&y Lightning (Lightning-induced electron
% precipitation)
H-Field H-Field \ = These interactions will cause net
H: Image modified from, IRIS Project, movement of charges within the
My http://www.propagation.gatech.edu/ECE6390/project/Fall2011/group . . .
5/website/ssp/sat/env/radiation.html, Retrieved, Oct 2015 |On05phere GChng asa Icrge electric
0.1 1 10 100 1000 10 100 1000 10000

Frequency (Hz) Froquency (H) sheet source

% Curtin University

Curtin University




AMT Time Series

lonospheric Signal

Source of Magnetotelluric Signal

Lightning

Ice crystals
= Results in a rapid flow of charged
l J‘ particles between cloud and
e . ‘ ﬁv at—t % #f s r--~+vw-¢~w’+ﬁ Water droplets ground resulting in lighting

= Other theories include:
 Positive and negative
Hail charge buildups swapped
between cloud and ground
« Triggered by cosmic rays,
high energy particles

HC At A o s

Flow of electrons through 4
ionized channel [

who Al o, wi i Ak M
Hy M‘"’ i W,‘Q*V%MKA,M g Wﬂyh‘.vﬂ}ﬁm\’,w‘l‘wmﬂw —W«wm WMWMAV MW‘W “)M"kawvﬂ"v‘, ,)‘vaw " rw

—_— - e Negative charge
e oe0 0000 oo.‘.Oo °° .‘.. ©%° o buid-up on ground

1000 ms

% Curtin University

Source of Magnetotelluric Signal AMT Time Series

Lightning Lighting Strikes

EX oot gt b vt . Jﬂ.v iAo Aednsostsriif I P

Ice crystals ‘ ‘

Water droplets Ey +# o l{ Mﬂhr; + N TMF N i e MRS s *’

What type of source is Lightning? ' ‘
A. Electric Bipole fransmitter Hail

B.  Magnetic Dipole Transmitter
Flow of electrons through
onized channel

Negative charge
B50®%° o buid-up on ground

Hx wwmwmwwmm«memwwmwwmw«ww

.‘.‘oooo-oooo.'.oo::

Hy P'\,J'VANA% ,'Vf\'dlwvgwi\m Wﬁ.whuf.vﬂﬁmb}\'mvuvw 1 MWWMMWWWWWMWMWWJW
| ' ‘
1000 ms

Curtin University




Source of Magnetotelluric Signal Plane Wave

Plane Wave Plane wave

It is assumed that the signals from the ionosphere and lightning strikes
are far away

= The signal is therefore considered to be a Q|Ohe wave Not a Plane Wave Plane Wave
> ) . NS — lonosphere
"Having wavefronts that are planar (with no curvature), as might originate ] P
from a very distant source. A common assumption in seismic and electro- B-Field Near Fields
magnetic wave analyses that is only rarely true in actual situations.” N X X S
B-Field

- Sheriff's Encyclopaedic Dictionary of
Applied Geophysics, fourth edition

(0%

U

R —
Fields so far away, assumed to have no curvature

% Curtin University

Plane Wave

What is Measured?

MT methods measure the

inferaction between the 4
electromagnetic field and the

interface of the earth

Upon interaction of EM energy and &
the earth, some energy is directed

Plane Wave

What is Measured?

info the earth and some is
reflected.
The transmitted energy refracts in

Eeap ™

accordance with Snell’s law.

Due fo the large contrast in
electrical resistivity between air and Transmitted Energy

ground, energy is directed vertically
into the ground

Most energy is lost in the outgoing
energy

sity is a trademark of Curlin University of
r Code 00301)

“In a uniform or horizontally layered
earth all currents, electric fields, and P,
magnetic fields are practically
horizontal, regardless of the direction
from which these fields enter the
earth. This comes about because of

the high conductivity of earth
relative to air. | t can be thought of
in terms of Snell's law in opfics, with

the velocity in the earth being orders

of magnitude smaller than that

outside. Furthermore, the currents Transmitted Energy y

and electric fields are at right angles
to the associated magnetic fields at
each point.”

Vozoﬂ Keeva. "The magnetotelluric method in the exploration of
y basins.” physics 37, no. 1 (1972): 98-141.




What property is MT sensitive to?

In a horizontally layered earth, what
property of the conductivity tensor is the
magnetotelluric method sensitive to2

Which is easier to detect using MT¢

A thin conductive layer buried at 250 m

A thin resistive layer at 250 m

B
S
o®/7 ©
O, o8
%, &
ch &
[ Ll
Transmitted Energy
Verfical
Conductivity
Horizonfal
Conductivity
Ox
g = Oy
Oz

What is Impedance

The wave impedance:

= Also known as Cagniard impedance, field impedance or
surface impedance

= |s considered to be the ratio of electric to magnetic
component E

Z, =2
Xy yx
H H,
= The impedance tensor can be written as:

51-E: 2t
Ey ZY x Zy Yy Hy

“In the magnetotelluric method, the rafio of the horizontal electric field component
in some direction, E,, to the magnetic field, H,, in a perpendicular direction. For a
horizontally layered earth, it is independent of the choice of x-direction.”

- Sheriff's Encyclopaedic Dictionary of
Applied Geophysics, fourth edition

Curtin University

Computing Apparent resistivity from Impedance

“The apparent resistivity can be
considered an average value of the
Earth's resistivity over a hemisphere
of radius 6. Thus, by computing
apparent resistivity as a function of
frequency, the variation of resistivity
with depth can be

determined.”

Gubbins, David, and Emilio Herrero-Bervera, eds. Encyclopedia of
geomagnetism and paleomagnetism. Springer Science & Business
Media, 2007.

The MT Impedance Tensor

2l =[z; z]lk)
Ey Zy X Z}’y H}/

=—|Z |2
pxy an[ll xyl

— 2
Pyx = m IZyxl

Curtin University

Computing Phase from Impedance

The phase can similarly be computed
from the impedance.

y=arg(Z,,) = atanZ(Im(ny),Re(ny))
Imag

®y, = arg(Z,,) = atanZ(Im(Zyx),Re(Zyx)) ®

The MT Impedance Tensor

2] =1z z]la)
E}’ Z}’ x Zy Y H}’

Real

Curtin University




Plane Wave

Phase Change at the Surface

—
Ex
= The large contrast between the
air (10 Qem) and the earth
(approx. 1-10,000 Qem) results in a
significant phase delay between

the electric and magnetic fields
at the earth’s surface 450
= Approximately ~45° (~"/,)change Phase shift

in phase will occur af the surface

Depth of Penetration

Attenuation of the MT signal with Depth

“The depth of penetration of the
fields into the earth is inversely
related to rock conductivity. In a
uniform earth E and H weaken
exponentially with depth; the more
conductive the earth, the less the >

penetration. The depth at which the o= /— = 503\/E m
fields have fallen off to e! of their opw f

value at the surface is called the skin
depth (6).

Vozoff, Keeva. "The magnetotelluric method in the exploration of
di tary basins.” Geophysics 37, no. 1 (1972): 98-141.

% Curtin University

Phase Change with Increasing Period

Relationship between phase change and A.Res and Frequency

= For high frequencies, the phase is d,, =451+ d(lLopxy)
sensitive to the near surface Y d(logyof)
= As f becomes much larger than p
the phase change trends towards d(loglop )
459 Dy =45( 1+ ——22
d(logyof)

MT Suffers from Equivalence Issues

“For a multilayer model, MT data can reliably determine the conductance of a layer. Conductance is
the vertically infegrated conductivity, and for a uniform layer the conductance is the product of
conductivity and thickness. A consequence of the inverse problem of electrical conductivity is that MT
data cannoft individually determine the conductivity and thickness of a layer. Thus layers with differing
values of conductivity and thickness, but the same overall conductance cannot be distinguished with
MT”

Gubbins, David, and Emilio Herrero-Bervera, eds. Encyclopedia of geomagnetism and paleomagnetism. Springer Science & Business Media,

2007.
Curtin University

Polarization
TE and TM Modes
Transverse Electric ':““’“ Transverse Magnetic )
Known as TE Mode T - Known as TM Mode g
E
H;

Sensitive to interfaces with contrasting resistivities

R NNE
Zy= H Zyy = ;:
AN NN 72
Pxy = 277.’f[1| xyl Pyx = 2nfpu v
by = arg(Z,,) ), = arg(Z,,)
In 1D isotfropic layered earth TE and TM modes are equivalent.
1D Case 2D Case 3D Case
P R a1 T e P B 1 R V| 4
Ey Z 0 Hy Ey Zyx 0 Hy Ey Zyx Zyy Hy

niversity of Technology




What is Plotted

Log(Apparent Resistivity) and Phase versus Log(Frequency)

Dead Bands

AMT Dead Band

Geo-electrical Model

[ SymreticData O Feld Xy O Fielax

a4 s o5 A
Log10 Resstvity (Ohm m) (O syminetcoia OFeaxy  OFeavk |

% Curtin University

“The energy sources for
magnetotellurics (MT) at frequencies

above 8 Hz are electromagnetic AMT Power Spectra

waves generated by distant A

lightning storms propagating W

globally within the earth-ionosphere | Efield jjﬂ

waveguide. The nature of the =4

sources and properties of this

waveguide display diurnal and HField jﬁ‘ N

seasonal variations that can cause H

significant signal amplitude e

attenuation, especially at 1-5 kHz ! 1000 10R0T 10000

frequencies — the so-called Frequency (Hz)

audiomagnetotellurics AMT dead

band.” AMT Dead band
1-5 kHz

Garcia, Xavier, and Alan G. Jones. "Robust processing
of magnetotelluric data in the AMT dead band using
the continuous wavelet transform." Geophysics 73.6
(2008): F223-F234.
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Dead Bands

MT Dead Band

Static Shift

What is it?

MT Power Specira

“This peak occurs in the middle of

the 0.2-5 Hz 'dead' band in I

magnetotellurics, where data is E-Field
usually of the poorest quality. A likely

|

explanation for the poor quality of
magnetotelluric data generally
obtained in this band is that the
natural magnetic field, which is of

H-Field

w-mr
W‘Y\

relafively low strength, is also most o1
contaminated by sensor motion.”

1 10 100 1000
Frequency (Hz)

Nichols, E. A., H. F. Morrison, and J. Clarke. "Signals and
noise in measurements of low-frequency geomagnetic MT Dead band
fields." Journal of Geophysical Research: Solid Earth 0.2-5Hz

(1978-2012) 93.B11 (1988): 13743-13754.
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= A major issue in MT

= Caused by erroneous measurement
of the horizontal E-field

= The measured E-Field component
does not reflect the true surface E-
field because of local, near surface
lateral inhomogeneities

= Similar to current channelling
(where current is directed along a
conductive pathway) >

= Static shift can corrected by using a
reference station

Log(p)

Log(Frequency)




Static Shift Example
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Static Shift

Static Shift in Depth by Alan Jones (1988)

“Static shift of an apparent resistivity curve is caused by an erroneous measurement of the pertinent
horizontal component of the earth's electric field of regional interest, where the size of the region is
given by the appropriate scale length at the period of interest. The erroneous values are due fo the
potential difference between the electrode pair not truly representing the horizontal electric field
component because of the presence of charges on local surficial, or near-surface, lateral
inhomogeneities. The effect is closely related to the current channeling problem of MT data; however,
it differs from the latter in that even at the highest frequency the potential difference does not give
the correct amplitude for the regional electric field, whereas the phase lead of the electric field over
the magnetic field is correct...”

“The basic difference between current channeling and static shift is that static shift does not affect
the phases of the MT impedance tensor, whereas current channeling does. Thus, static shift is, as
implied, a shift of the apparent resistivity curve by the same multiplicative factor at all frequencies
such that the shape of the curve is retained when plotted on a log-ordinate scale without any
corresponding change in the phase curve...."

“Static shift is due to local surface or near-surface inhomogeneities.”

Jones, Alan G. "Static shift of magnetotelluric data and its removal in a sedimentary basin environment." Geophysics 53, no. 7 (1988): 967-978.

Curtin University

Case Study 1

Laboratory 5 - MT sounding next to the ARRC (or what not to do)

Electiode-E '

Case Study 1

Raw Time Series (Note how the signal is dominated by cultural noise)

Ele View Spectra Options Help

= & «lv| BlE| Qo] Somspervndon [ =]

e

A

t 1 1 T 1

S TTRVRRTUITRS YN TPV IR TN TG TRATRTN T (0

- iy Farei ”mww‘w LAY YO R e MM‘W W

W NN
v wpw AV Y

=
-

=
i
=
—
==
=

=
-
L=
=
=

=

-
=
L
et

=
E

sers

“seros
o

500200
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8 Power Specra Densiy : E-channels Spectro

Power Specira Densty : F-channals
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Apparent Resistivity and Phase Curves (Note the static shift: potential pipes)
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Hydrogeological: North Perth Basin

Can you find hydrocarbon with MT?

Good to image structures that
could host potential hydrocarbon

reservoirs

Not good at directly imaging

hydrocarbon

MT E-Field is driven horizontally so
MT is insensitive to vertical resistivity

Marine MT is performed

simultaneously with marine CSEM

surveys to determine a good

background horizontal resistivity
model for use in CSEM inversion

1049 2884 6818 10751

Depth (m)

1 1337 2672 4008
X (m)

' 1000

C 100

L8]

16 18618 20551 Ohm-m

52

1000

[100

10

!

3 G619 sog Omom

Grandis, H., Widarto, D.S. and Hendro, A., 2004, Magnetotellric (MT)
method in hydrocarbon exploration, Department of Geophysics and

Meteorology, Bandung.
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Other cases

Oil and Gas Exploration: Rocky Mountains

Other cases

Oil and Gas Exploration: Marine MT

Resistivity model derived from a 2D inversion
of land MT data. This dataset is from the
Brazea Thrust fault in the Rocky Mountains.
MT was performed on a regional scale and
shows thrust fault geological features and
possible hydrocarbon frap locations.

Front BTF A1 A Albevrta
Ranges Basin

Y. VIV YVY VVV VV

) ——
Bl A wm Cret aceouss

(ohm.m)

Precambrian Basement

30
Distance (km)

Unsworth, M., 2005, New developments in conventional hydrocarbon
exploration with electromagnetic methods: CSEG Recorder, 34-38.

mark of Curlin University of Technology
301

The electrical resistivity model from a marine
MT survey over Gemini prospect in gulf of
Mexico, laid over a seismic section of a salt
infrusion

Resistivity (chm-m)

4000 6000 8000 10000 12000 14000
Horizontal Position (m)

Fischer, P.A., 2005, New EM technology offerings are growing quickly:
World Oil, 226, 6.

CSAMT

Controlled source audio magnetotelluric

If there signal is lacking in an AMT
frequency band, you can generate a
synthetic plane wave source to boost your

signal.

Grounded
Bipole
CSAMT - Controlled Source Audio MT
» Transmits between 10Hz and 10kHz e %/vmji
+ Generally uses a grounded bipole =
transmitter . }/\W\
* Uses standard MT receiver sites =T 1

Frequency (Hz)

“My target depth was in the AMT dead
/ band. Should have gone with CSAMT”

%

CSAMT

Problems and Solutions

Problem: CSAMT requires the transmitter to be located further away than
the skin depth & to maintain a plane wave approximation.

Catch 22: The skin depth is dependent upon resistivity and you won't know
an approximate resistivity until you perform the survey.

Solution: Assume an approximate skin depth, but keep it conservative (i.e.,
more resistive)

Another issue: Since the source is polarized, another transmitter is required
orthogonally to detect anisofropic structures.

Curtin University




Very Low Frequency (VLF)

= Operates between 15
and 25kHz

= The source of VLFis
mainly large military
fransmitters

= The skin depth is less than
10m

= Narrow band but useful
mapping near surface.

VLF

VLF: Snapshot

Wikipedia, 2015, HAARP,
https://upload.wikimedia.org/wikipedia/commons/7/71/HAARP20L.jog,

Retrieved Oct 2015
urtin University

1D MT Solution

For a complete 1D Forward MT solution...

Tutorial - 1D Forward Modelling (Mag;

Introduction

The 1D MT problem is rather simple o code. Please visit:
http://www.digitalearthlab.com/tutorial/tutorial-1d-mt-forward/
For a complete overview.

% Curtin University




Ground Penetrating Radar

The wave equation revisited

Dielectric constant
GPR Basics
Applications of GPR

DO NOT COPY OR DISTRIBUTE

Geophysics seen by geophysicists.

GEOPHYSICAL RESEARCH LETTERS, VOL. 38, L08307, doi:10.1029/2011GL04

Three-dimensional inversion of large-scale EarthScope
magnetotelluric data based on the integral equation method:

Geoel ical i ing of the Yell
mantle plume

ive

Michael S. Zhdanov,' Robert B. Smith," Alexander Gribenko,' Martin Cuma,'

and Marie Green'

Received 6 February 2011; revised 22 March 2011; accepted 28 March 201 1; published 28 April 2011

1 of the
data requires the development of a large-scale inversion
method which can address two common problems of 3D MT
inversion: computational time and memory requirements. We
have developed an cfficient method of 3D MT inversion
based on an IE (integral cquation) formulation of the MT
forward modeling problem and a receiver footprint approach,
implemented as a massively parallel algorithm. This method
is applied to the MT data collected in the western United
States as a part of the EarthScope project. As a result, we
present one of the first 3D geoelectrical images of the upper
mantle bencath Yellowstone revealed by this large-scale 3D
inversion of the EarthScope MT data. These images show a
highly conductive body associated with the tomographically
imaged mantle plume-like layer of hot material rising from
the upper mantle toward the Yellowstone volcano. The con-
ductive body identified in these images is west-dipping in a
similar way toa P-wave low-velocity body. Citation: Zhdanov,
M. 8., R. B. Smith, A. Gribenko, M. Cuma, and M. Green (2011),

mid-2010, MT data had been coll

ated throughout Oregon, Wal
California, most of Wyoming an
tions of Nevada. The preliminary
the EarthScope MT data collected|

tion, intraplate extension of the B
Yellowstone hotspot, is very imy

ical proces
[Bishop,

subducting Juan de Fuca plate o
from the effects of the Juan de

over a mantle plume currently log

Geophysics seen by the media.

NATIONAL
‘GEOGRAPHIC

News Video Pholography TheMagazne Envionment Travel Advenlure Televsion Kids Subscrbe  Shop

Yellowstone’s Volcanic Plume Even
Bigger Than Thought

Electric method gives new view of supervoloana’s plumbing, study says.

By Richard A. Lovett, for National Geographic News

What forms of noise are encountered in TEM?2
What techniques can be employed to combat noise?
Does doubling the moment halve the noise?

dio-Detection-And-Ranging

Does doubling the stacks halve the noise?
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Where does it Lie on the Frequency Spectrum?

Deriving The Wave Equation

Fundamental equations to EM wave propagation

Year Day  Hour Minute Second ms us ns
Magnetotelluric ‘
AMT
Marine CSEM
Land EM
LWD |EM‘Rddor Range)
Radar
I I | I | T T i T T | T T T
10® 107 10¢ 105 104 10° 0.01 0.1 1 10 100 1000 104 105 10§ 107 1
Frequency (Hz)

RADAR lies within between ~10 MHz to 1GHz

start off with convert o
Maxwell's VXE = T fime harmonic p « F = —iwB
equations aD VXxH=]+iwD
VXxH=]+ T
— J =0oE
VxE=-lopH B g subsitute

Take curl of VX H = 0oFE + iweE
both sidV D = ¢E

VXVXE=-V2E = —iwuV X H)
VXxVXxH=-V?H=0dVXxE)+iwe(V XE)

constitutive eq.

—V2E = —iwp(oE + iweE)
., —V?H = o(—iwpH) + iwe(—iwpH)

Sub Amperes and

Faradays Law
Rearrange

V2E + (—iwpo + w?pe) E=0
VZH + (—iwpo + w?pe)H =0

% Curtin University

Deriving The Wave Equation

Fundamental equations to EM wave propagation

So why is the solutfion fo the wave equation so important

k? = —iwuo + w?ue (20)
V2E+ Kk?E=0 (21)
VZH+k’H=0 (22)

At frequencies above 100kHz  w?pe >> wuo the equation is
predominantly dominated by the reflective component

RADAR is sensitive to conductivity but
unlike low frequency EM is also
influenced by electric permittivity.

Curtin University

Maxwell’'s Equations

Medium dependent equations: Physical Constants

D — SE (9) Displacement Field Electrical Permittivity
In many ways the D &
electric displacement , Measure of how easily a
field (D) and electric Density of fransported material stores charge
field (E) are similar but | €harges in a second over when an electric field is
the displacement field is A applied
not medium dependent sl units C/m?2 € = 8.854187 X 10™12F /m
Refer to Coulombs law Sl units F/m
_ AN
47‘[£R2q Relative &, = ™
D=¢E=§—— \
4mgR? Air 1.0
Water 80

D givesrise to a

displacement current Granite 5—20

% Curtin University




So what is Dielectric Constant

Definition

Dielectric Constant (g)
“A measure of the capacity of a

Think Capacitance. material to store charge when an
electric field is applied. It is the
dimensionless ratio of the capacitivity or

0 Q o Q permittivity, the ratio of the electrical

displacement D to the electric field
strength E, of the material to that of free

E space”

D=¢E

0000

- Sheriff's Encyclopaedic Dictionary of
Applied Geophysics, fourth edition

Dielectric Constant - Permittivity

Molecules are the collections of atoms. Some create dipoles.

Equivalent !
—_—

W ! Equivalent
In the absence of an e
electric field, these ?O g.
water molecules a 8}

random orientation.

Consider a water
molecule (it does not
have to be water).
The arrangement of
molecules essentially
forms a dipole.

Dielectric Constant - Permittivity

Dipoles aligned by external electric field

©0

In the presence of an electric field these
dipoles/molecules will align with the electric field lines.

Dielectric Constant - Permittivity

The alignment will reduce the net electric field.

Note that dipole moment
caused by the alignment of
the molecules will oppose
the inducing electric field.

E-Field due to
water molecules

1 Inducing E-Field

This effect will reduce
the total electric field.




Remember Coulomb’s Law

_ q
" 4me, eoR2 \ | .

/
AN
v ] N

&, is always greater than 1.0

So the E-field is always going fo be smaller in
a medium than in free space.

Thatis, in a medium, those dipole/molecules
will reduce the electric field.

&--Relative Permittivity (%) [also known as K]
go-Permittivity of Free space (F/m)
e-Permittivity of medium (F/m)

Note of Caution

The nature of high frequency
electromagnetism is reflective rather than
diffusive, therefore low frequency
approximations are invalid for use in GPR.

Curtin University

Velocity Attenuation
Transition Transition
Frequency Frequency
fQ ft
Diffusion Propagation < | Diffusion Propagation
.. | Dispersive 4m — m Non-dispersive 9 | Dispersive @m ~ mm Non-dispersive
= ©
$ S 5 P 1
> ow i % =z 12,58
H wms : by
- msl | - \} 2 i 2 \/E
H | |
0.001 1 1000 0.001 1 1000
Frequency (MHz) Frequency (MHz)

Annan, A.P. (2005). Ground penetrating radar in near-surface geophysics, In: Near-Surface
Geophysics, Investigations in Geophysics, No. 13, Society of Exploration Geophysics, Butler, D.K.,
pp.357-438, ISBN 1-56080-130-1, Tulsa, OK

Curtin University

Main Equations

Velocity
Velocity is dependent on:

1 1

VHoéréo +Ho€

c =

Annan, A.P. (2005). Ground penetrating radar in near-surface geophysics, In: Near-Surface
Geophysics, Investigations in Geophysics, No. 13, Society of Exploration Geophysics, Butler, D.K.,
pp.357-438, ISBN 1-56080-130-1, Tulsa, OK
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Main Equations

Attenuation is dependent on:
Attenuation

M
<
\S)
Amplitude

Annan, A.P. (2005). Ground penetrating radar in near-surface geophysics, In: Near-Surface
Geophysics, Investigations in Geophysics, No. 13, Society of Exploration Geophysics, Butler, D.K.,
pp.357-438, ISBN 1-56080-130-1, Tulsa, OK

Main Equations

Impedance

Ho

/= |—
&
Reflectivity

1 1

R
Z, " Z,

77 e VG
L1 Vatve

Reflectivity is dependent on:

Incident
Field

2,

Reflected
Field

Transmitted
Field

Annan, A.P. (2005). Ground penetrating radar in near-surface geophysics, In: Near-Surface
Geophysics, Investigations in Geophysics, No. 13, Society of Exploration Geophysics, Butler, D.K.,

pp.357-438, ISBN 1-56080-130-1, Tulsa, OK

The frequency fransition between diffusion to

o non-dispersive EM wavefield propagation.
fo=om
2TE
Transition Transition
Frequency Frequency
fi fi
Diffusion Propagation - | Diffusion Propagation
... | Dispersive 4m ~ mm Non-dispersive .S | Dispersive 4m ™ = Non-dispersive
- — e —————————————— © S ————S—
o H 3 H
$ 0 5 L)
- m.\‘ | 2 ‘/K
: |
0.001 1 1000 0.001 1 1000
Frequency (MHz) Frequency (MHz)
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Changes in conductivity will influence EM wavefield propogation style

Dry Soil

Wet Soil

Granite
Limestone

Ice

25

3.2

0.1

10
10

100
0.1

0.01

0.45
4.5
45

0.71
7.1
71

0.3

0.06

Annan, A.P. (2005). Ground penetrating radar in near-surface geophysics, In: Near-Surface
Geophysics, Investigations in Geophysics, No. 13, Society of Exploration Geophysics, Butler, D.K.,

pp.357-438, ISBN 1-56080-130-1, Tulsa, OK
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Electrical Properties of rock

Medium Relative dielectric Electromagnetic-wave Conductivity Attenuation
permittivity (&) velocity (m ns™ b (mSm ') (Bm Y
Air 1 03 0 0
Fresh water 80 0.03 0.5 0.1
Seawater 80 001 30,000 1000
Unsaturated sand 2.55-7.5 0.1-0.2 0.01 0.01-0.14
Saturated sand 20-31.6 0.05-0.08 0.1-1 0.03-0.5
Unsaturated sand and gravel 35-6.5 0.09-0.13 0.007-0.06 0.01-0.1
Saturated sand and gravel 15.5-17.5 0.06 0.7-9 0.03-0.5
Unsaturated silt 25-5 0.09-0.12 1-100 1-300*
Saturated silt 22-30 0.05-0.07 100 1-300*
Unsaturated clay 25-5 0.09-0.12 2-20 0.28-300°
Saturated clay 15-40 0.05-0.07 20-1000 0.28-300"
Unsaturated till 74-21.1 0.1-0.12% 25-10 b
Saturated till 24-34 0.1-0.12% 2-5 "
Freshwater peat 57-80 0.03-0.06 <40 0.3
Bedrock 4-6 0.12-0.13 10 °-40 7x10 °-24

From Neal and Roberts (2000).
# Unsaturated and saturated values not differentiated (van Heteren et al., 1998).
Values not available.
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Computer

GPR (

Computer )

Equipment

Serial Cable

C Console )

? i Fibre Oplic
Control Unit i

Nﬁigger Signal to Tx

Fibre Optic
Cable

Trigger Signal to Rx
Antenna

Antenna

I\Recorded Data Signal
\ A/D Converter

GPR Basics

Overview

1. Aradar pulse is emitted by an tfransmitting antenna

2. The high frequency electfromagnetic field interacts with electrical
discontinuities (boundaries having contrast in electrical properties)

3. A proportion of the signal is reflected by this interface

4. The returning pulse of electromagnetic energy is then received at
the surface

Transmitter Receiver

Do you notice the similarities
to seismic reflection?

Wave Propagation

Transmitting

Antenna
Air Wave

Ground Wave

/

Refracted Wave

Receiving
Antenna

Reflected Waye

iniversity of Technology




GPR Basics

Waveform
T=1/fc
A -—>
§
= Does not emit a single pulse 5 -
= A succession of repetitive pulses is € Time
fransmitted .
= Repeats 50 to 2 ps " !
= The power emitted is centred |
around the pulse frequency f. o |
= The frequency content conftrols 3 :
the depth of investigation and o I
layer resolution E !
fs Fr&quency

50 MHz Antenna

um spechum

50 MHz

GPR Frequency Spectra

Examples s

= The frequency of the ! % N & &
fransmitted pulse controls the
resolution and depth of 1 250 MHz Antenna
penetration o

Costall, A., 2014, Feasibility of Ground Penetrating Radar for Delineation
of the Saline Water Interface along Perth's Coastal Margin, Curtin i
University Exploration Geophysics. 100 0 0 400

200 00
frequency [MHZ]

Curtin University

niversity of Technology

GPR Basics

Waveform
High Frequency Low Frequency
Antenna Antenna
(e.g., 250 MHz) (e.g., 50 MHz)
$1+852=5 Si+8=5

Interface 1
Interface 2

e Better Resolution e Poorer Resolution
e Poorer depth of penetration e Better depth of penetration
o Interface 1 is resolved o Interface 1 is not resolved

If the central frequency wavelength (A) is bigger than layer
thickness (d), the layer will not be resolved.

NOTE
DO NOT use electromagnetic skin depth for estimating depth of investigation.

GPR Basics

GPR Footprint

The GPR footprint is important in Transmitting
survey design: Antenna

If the line or spatial spacing is
less than the radar footprint, a
small discrete target may not
be illuminated. D

& D L
4

K—1 Footprint Ellipse

A=Approximate radius of footprint (m)
A=Central frequency wavelength (m)
D=Depth of reflector (m)

k=Average relative dielectric permittivity (&) (%)




GPR Basics

Tx-Rx Geometry

Common offset Common Source

Common Mid-Point Common Receiver

T T T R T T T

GPR Basics

Tx-Rx Geometry

Zero Offset Profile Multi Offset Profile
Tx Rx Tx Rx
Borehole Borehole Borehole Borehole

23 4567829
A2V v/ A

GPR Basics

Common Offset Two Way Travel Time of Discrete Reflector

Common offset Common offset

R T

Yy v YV VY iva ¥ ¥

UV Y

-

Discrele Reflector
Using a common offset survey,

discrete reflectors are identified by

123 45 6 789

\4
TIRE

Refle:

diffraction patterns. The shape of
these diffractions indicate both the
style of the target and velocity of
the medium.

Distance

Velocities are typically measured in
meftres per nano second (m/ns)

Diffraction off sufface
of reflector

iademark of Cutin University of Technology
e 00301)

Two-Way-Time

TIME s

1504

GPR Basics

Common Offset Two Way Travel Time (TWT) of Discrete Reflector

DISTANCE [METER]
20

An example of a TWT diffraction pattern.
In this example it is a diffraction off a sprinkler.

Curtin University
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Processing GPR Data Applications

Case Study 1 : Accumulation Rates of Show

Trace head Spatial d Stati i . -, ey Rationale
f race neaaer patial down atic correction 3 ’ m : :
er?tvg (}jaitﬁg(\plbjt ST (o sampling (1 m of (from airwave . Snow accumulation rates on.fhe Anfqrchc
coordinates) traces) arrival) . Y- ice sheet are known to be highly variable
B over short distances...and over short time
o § interval....”

Iy Aim
S Topographic . b\h.nf‘ " .
Time-depth correction from z- Gain Subtracting mean - Develop a better understanding of the

(const. Velocity) °°°’d\i’;f‘;§{t°°“3t- (energy decay) (‘dewow”) : spatial distribution of snow accumulation
Y on the West Antarctic plateau, to
Case study taken from: Spikes, Vandy B., Gordon S. inVeSﬂgOfe hOW ’ropogrophy Ond ice ﬂOW

Hamilton, Steven A. Arcone, Susan Kaspari, and

Paul A. Mayewski. "Variability in accumulation rates influence measurements of accumulation

from GPR profiling on the West Antarctic plateau.”"

Annals of Glaciology 39, no. 1 (2004): 238-244. rate, and tfo examine the spatial
SEGY - exoort SEGY - Import persmence o_f Temporolnvonohons observed
P into OpendTect in accumulation record

Taken from Strobach, E., 2012, GPR - Ground Penetrating Radar, GP302
Lecture notes, Curtin University, Department of exploration Geophysics
Curtin Universi f Curtin Universiy of Technology

CRICOS Prov

niversity of Technology

urtin University
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Applications Applications

Case Study 1 : Accumulation Rates of Snow Case Study 1 : Accumulation Rates of Snow

Year 00-4 Distance (km) 00-5 Year

= AD. 0 10 20 30 40 50 60 70 80 90 100 AD- X

= 0Onsy rons  Q

£ oom i oy o s e _ 0.0m g

Q Q

< 3% ra%s =

Method £ 130 g
£

Common Offset GPR € oo Lo ©

@ | 3

Frequency: 400 MHz short radar pulse £ zome1 Fro

o [z

. H © 250ns F250ns —

Pulse: 1.5 cycle pulse lasting 3.8 ns £ adk 2561 9

 300ns- r300ns ©

. @ 30.24m 30.25m g

Survey Length:100 km transect o s =

. . . E c

Approximate vertical resolution: 35 cm £ 400 Fag0ne 8

H H H . K] 1860 a 0 1820 2

Depth of investigation: ~100 m 5 ) g ono [ 75 5

. . . S 500ns-{ 1840 2 s 1780 500ns

Typical dry polar snow dielectric constant (g) : 2.4 i = 7e0) a8 §

2 o] o0 210 o0 song 3

. = = £ 1740 2

OTher dOTO. %299?;- 18005 : - §,15 4720 g?gg: g.

= GPS = 650ns- R N ° 650ns @

P Results showing isochronal continuities 320 - o ) - 8

. 5 7000 3 @ “18Kk 18k ns 2

= |ce core logs and chemistry ; , Relative Smplitude 5

r T v T 7 T 3

@ 0 1000 2000 3000 4000 5000 6000 =

Trace number
Case study taken from: Spikes, Vandy B., Gordon S. Hamilton, Steven A. Arcone, Susan Kaspari, . . . Case study taken from: Spikes, Vandy B., Gordon S. Hamilton, Steven A. Arcone, Susan Kaspari,
<. SnFLPoUL A, Mayewski, Variability,in accumulation rates from GPR profiing on the West Curtin Universi tl_«l o andLPaul A Mayewski,-Veriability in accumulation rates from GPR profiing on the West
CRIC Antarctic plateau." Annals of Glaciology 39, no. 1 (2004): 238-244. o Antarctic plateau.” Annals of Glaciology 39, no. 1 (2004): 238-244.




Applications Applications

Case Study 1 : Accumulation Rates of Snow Case Study 2: Measuring Soil Water Content
- - Rationale Aim
Interval Avg. accE:muIatlon Percent difference Sotandard Dev Soil moisture influences crop  Qverview methods for estimating soil
(Years A.D.) |rate (m a'w.e.) (%) imigation and growth. water content
1966-2000  0.141 £ 0.0016 -22+12 15.6 N
1941-1966  0.151£0.0008  5.1%0.6 19.1 Pasition
1893-1941  0.151 £ 0.0004 5.1+0.34 141 g
1848-1893  0.137 £ 0.0003 -4.8+0.2 16.8 %
1815-1848  0.142 £ 0.0002 -1.7+£0.16 211 - 3
Anomalous =
Wet Zone =)
Could determine accumulation rate of snow over the 100 km transect =z
o
2
=
Case study taken from: Spikes, Vandy B., Gordon S. Hamilton, Steven A. Arcone, Susan Kaspari, . . . Eaiggﬁ;sizﬁxggﬁggm:; \ilﬁ,‘] gioin%ug::;?mjtlr?g §§§$030%2?$z;n:)2nu?2012
e S ol G R

Applications Applications

Case Study 2: Measuring Soil Water Content

Case Study 2: Measuring Soil Water Content

Energy that GPR transmits info

A 1 1

the soil will be partly reflected - —
when confrasts in R = Zy L K1 —AK
impedance are encountered -1 1~ Vi + Vs

Zy " Z,

The velocity of wet soil will be
slower to that of dry soil 1 1
Therefore travel times will be = =

c =
longer. VHoér&o HoE
m—n—

Time (ns)

0.45
Dry Soil 4 1 45
12 15 10 45
Position (m
Common Mid-Point ( ) 1 0.71
Wet Soil 25 10 71
T T T Example taken from Huisman, J. A., S. S. Hubbard, J. D. Redman, and A. P. Annan. 100 71
"Measuring soil water content with ground penetrating radar." Vadose zone journal 2,
no. 4 (2003): 476-491.
N
R Curtin University




(@) (b) (©

Estimated SWC Estimated SWC Estimated SWC
using CPT-Capacitance using ZOP GPR data using MOP GPR data
Technique at X2 and X3 X2-X3 coll d between X2 and X3
X

Applications S

Measuring Soil Water Content

Zero Offset Profile

Tx

\
Depth (m)
i

Multi Offset Profile

18 A B B
6 8 10 12 14 18 6 8 10 12 14 16

SWC (%) SWC (%)

1 2
Distance (m)

4 6 8 10 12 14 16 18
SWC (%)

Example taken from Huisman, J. A., S. S. Hubbard, J. D. Redman, and A. P. Annan.
[Megasuring. seil water.contentwith ground penetrating radar." Vadose zone journal 2,

cu

CRCOND:4+(2008)2 476-491.

Applications

Case Study 3

Rationale
Perth has a fear of water supply and
demand. Pumping and urban use
along coastal margins means salf
water intrusion.

Objectives
Evaluate the ground penetrating
radar (GPR) method for delineation
of the interface between salt and
fresh water along Perth's coastal
margin.
Determine the depth to this
interface and provide
recommendations for the use of GPR
for this issue.

Case study taken from Costall, A., 2014, Feasibility of Ground

Penetrating Radar for, Delineation,of the Saline Water Inferface along
Pefth's CoastalMargin, Curtin University Exploration Geophysics.

Curtin University

Applications

Case Study 3

Water moving through

coastal limestone Water moving

~ 1 through sediment

Curtin University

Case study taken from Costall, A., 2014, Feasibility of Ground
Penetrating Radar for Delineation of the Saline Water Interface along
- Perthis Cogstal Margin, Curtin University Exploration Geophysics.
0301

Applications

Case Study 3

Method
Common offset GPR
50 & 250 MHz GPR systems
MALA ProEx Radar
Real Time Kinematic Global
Positioning System RTK GPS

50MHZ_LINE_3.
100 200

TIME [ns]

8
8

8
8

£

g
8

Case study taken from Costall, A., 2014, Feasibility of Ground
Penetrating Radar for Delineation of the Saline Water Inferface along
Perthys Coastal Margin, Gurtin University Exploration Geophysics.

% Curtin University




Applications

Applications

Case Study 3

‘adibeti AR .
Case study taken from Costall, A., 2014, Feasibility of Ground
Penetrating Radar for Delineation of the Saline Water Interface along
Perth's Coastal Margin, Surtin University Exploration Geophysics.

0301

TE I

Case Study 3

50 MHz

DISTANCE (METER]

TIME [rs]

[supulgL 0=A e (w) uotens|3

“Tamala Limestone inhibits investigation with the 250 MHz antenna as the signal appears to be
scattered, while the unshielded nature of the 50 MHz antenna became an issue with
overwhelming airwave noise from wire fences along the fracks, additionally, it's inherently lower

resolution resulted in hindrances to the technique over this area.”
Curtin University

Case study taken from Costall, A., 2014, Feasibility of Ground

Penefrating Radar for Relingation-of the, Saline Water Interface along
Perttis CoastalMargin, Curtin University Exploration Geophysics.

Applications

Case Study 3

Other Applications

Other application of GPR and not limited to...

Outcomes
“The research concluded that the technique can be applied to
the detection and quantitative analysis of the af

coastal boundaries, estimations to the variation in
, including variability of along profile lines,
and have been observed”

Case study taken from Costall, A., 2014, Feasibility of Ground
Penetrating Radar for Delineation of the Saline Water Interface along
- Perthis Cogstal Margin, Curtin University Exploration Geophysics.
0301

urtin University

Curtin
CRICC

Civil engineering Agriculture
» Geotechnical + Soil Moisture
* Road inspection
» Cavity characterization Hydrological
» Concrete Inspection Rebar « Salt water infrusion
» Estimating porosity and fluid flow
Archaeology + Contamination
» Fossil exploration
» Grave detection Sedimentology
+ Sand dunes
+ Paleochannels
» Fracture detection

Curtin University




Expedition Unknown - GPR in the Media

MYSTERIES AT
THE MONUMENT
OMORROW 9|8c

travel

Curtin University
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Recap Lecture $22015

71N c . . z
g Your time is running out &

DO NOT COPY OR DISTRIBUTE

If you can’t answer these questions.... Fve-failedyou: You Failed.

What is an Electric fielde Unitse

What is a Magnetic Field?2 Units?

Write down Maxwell’'s Equations?2

What are the Medium Dependent Equations?
What is the EM Wave equation?2

EM wavenumber?

Curtin University

Conductivity, what is it?

What is Archie's Law?
Factors influencing the resistivity of a rock?2

What is the relationship between conductivity and
resistivitye

Describe the conductivity tensor?
What are the two main types of fransmitterse

What are the two main types of receivers?e

Curtin University

What the hell do we measure in EM?

What is the difference between Time Domain EM and
Frequency Domain EM. Pro’s and Cons of each?

What is the relationship between real and imaginary and
amplitude and phase?

What is mutual inductance?
What is the resistive and conductive limite
Define skin depth2 What is the skin depth fora 1 Ohm m

earth fransmitted at 1 Hz

What is the diffusion Depth?e




OMG! It’s getting real in here.

What does earth property does TEM detect?

What does a standard inloop profile response look like
over the following structure?

Station/Site 0 100 200 300 400 500 600
£ V) 1 £ £ V e 1 £ £
& & & & & & &
Earth 100 Ohm m /
60 Ohm m
Whatis a CDI2

What is the difference between forward modelling and
inversion?

What is electrical equivalence? How do we %)cemf=

non-unigueness of EM inversion

No. not the thing you eat off.

What is the difference between galvanic and inductive
current flowe

What is null coupling?

Draw the inloop profile response over a vertical condutive
plate in a resistive host overlaid by conductive
overburden?

Draw the slingram profile response over a vertical
conductive plate in a resistive host overlaid by resistive
overburden?

Curtin University

Don’t let your enthusiasm decay like a bounded conductor.

Draw a decay curve for a coil sensor that contains the
following feature (please note type of decay and decay
factors)

SPM

Halfspace

Thin Conductive Layer

Bounded Conductor

What is current channeling and how does it impact data

What causes an IP effect and how does it present in data?2

Curtin University

Don’t just sit passively by.

How do you conduct an MT survey?2

What are the TE and TM modes in the magnetotelluric
method?

What is static shifte How do you reduce it's impact?
What is CSAMT2 How is it different to MT¢

What are the steps to process MT data?

How does the skin depth equation relate to MT's depth of

investigation?2
Curtin University




Stop stacking on the signal. No you Die(electric).

. . ) What does RADAR stand fore
List as many types of noise are found in TEM data?

L . How do you conduct a radar surveye What
How fo you remove/limit noise? instrumentation is required?

How does increasing moment influence noise? How does the wavenumber relate to the

ropogation of high frequency EM fields?
How does increasing number of stacks influence noise? propeg ° 9 Y

H g binning inf o What properties of the earth are recorded?
ow does binning influence noise?
What earth property(s) controls reflectivitye
What earth property(s) control attenuation?

List some applications of GPR?

Curtin University Curtin University

Don’t freak out.

Curtin University Curtin University




