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Motivation: applications difficult for DC

Large areas to be covered
e - Resistive layer “shields” target
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Outline

Basic Survey

Ampere’s and Faraday’s Laws (2-coil App)
Circuit model for EM induction

Frequency and time domain data

Sphere in homogeneous earth

Cyl code

Energy losses in the ground



Basic Experiment

Setup:

— transmitter and receiver are in a
towed bird
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Basic Experiment
Setup:

— transmitter and receiver are in a
towed bird

Primary:
— Transmitter produces a primary
magnetic field Fiei

Induced Currents:

— Time varying magnetic fields
generate electric fields
everywhere and currents in
conductors

Secondary Fields:

— The induced currents produce
a secondary magnetic field.
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Basic Equations: Quasi-static

Faraday’s
Law

Ampere’s
Law

No Magnetic
Monopoles

Constitutive
Relationships
(non-dispersive)

Time % Frequency W

Vxe:—a—b VXE=—-—1wB
ot
Vxh=] VH=J
j=oe J =0E
b = uh B =uH
d =ce D =cE

* Solve with sources and boundary conditions



Ampere’s Law VxH=

Wire
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Faraday’s Law

Lenz’

/////’-LaM/
L 0b

VXxe=——

ot

Ohm’s Law

j=oe
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Field lines
)

Faraday’s Law
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Magnetic Flux

Faraday’s Law

O :/b-ﬁda
A
Induced EMF
V = EMF = —% = ()

@p : constant

Ob

Vxe=——

ot

voltage
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Faraday’s Law

Magnetic Flux

Dp = / b1 da
A
Induced EMF
v pap -

<(

VXe:—a—b

ot

voltage
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Faraday’s Law Vxe=-——

Magnetic Flux
Dp = / b1 da . l
A o

Induced EMF
V= EMF — —% > ()




App for Faraday’s Law

L]
2 / \ppS- InductionRLcircuit_Harmonic %

C @® localhost:8889/notebooks/notebooks/InductionRLcircuit...

e Harmonic
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AR

Two Coil Example: Transient

Primary currents

Magnetic flux

Time-variation of
magnetic flux

Secondary currents

dp (f)

d®p /dt

Time

S

I,(V)

R

17



Response Function: Transient

Step-off current in Tx Time constant
— R
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Current (A)

1.0 1

0.5 1

0.0 1

We have seen a transient pulse...

Transient and Harmonic Signals

—02 0.0

0.2

0.4
Time (s)

0.6

0.8

1.0

What happens when he have a harmonic?

1.0 1

Current (A)
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2 Coil Transient app (demo)

° | nd UC-tI On R I_CU I’CU IJ[_TraﬂSIGHJ[ InductionRLcircuit_Transient X oo
= C @ localhost:8888/notebooks/notebooks/InductionRLcircuit_Transi... & Y @
«  Parameters: _ Jupyter InductionRLcircuit_Transient @ | Logout
File Edit View Insert Cell Kernel Widgets Help Not Trusted |Pyth0n3 (o]
— Current + </ @ B 4 & MRun B/ C| W Makdown *
— Radius, position of Tx, o O 00
target loop O 10,00
T . ag, == 5.00
— Resistivity, inductance of " o 000
target loop & —O 500
0 O 0.00
. VieW: log10(R) O B 2.00
log1o(L) () -2.00
— Model log10(2) O -4.00
— Magnetic flux
— Response through time iz
145,3;';‘3;
0.3 0.0e+00 == Tinl:;[g] —
20
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Two Coil Example: Harmonic

Induced C t
Nnauce urrents C@

I,(t) = I, coswt I,(t)
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Two Coil Example: Harmonic

| C t
nduced Currents C@

I,(t) = I, coswt I,(t)

Is(t) = I cos(wt — )

= I cos Y cos wt + I sin 1 sin wt / \ /X\
\ ) ——
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Harmonic response

* Quantifies how a target responds to a time varying
magnetic field

Response Function

« Partitions real and imaginary parts

Response Function

1-0 T T N T T
— In-phase
osll =" Out-of-phase
0.6 |
0.4}
0.2
00— m==2 - N

107 10~ 10+

10° 101 102

Induction number

o =

wl

R
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Out-Of-Phase

Time 23



2 Coll

InductionRLcurcuit_Harmonic

Parameters:
— Current, frequency

— Radius, position of Tx,
target loop

— Resistivity, inductance of

target loop

View:
Model
— Magnetic flux

— Response curve

— Partition of signal into real
and imaginary components

armonic app (demo)

InductionRLcircuit_Harmonic X

= C @ localhost:8888/notebooks/notebooks/InductionR
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Q
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File Edit View Insert Cell Kernel Widgets Help Trusted | Python3 O
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Current (A)

Response Functions: Summary

Step-off Harmonic
tol SYNNNNAN S
g 0.5 A
0.5 Eo.o—
Bt VARYARVARVARVARY
0.0 ~1.0-
—6.2 O.IO O.|2 0.|4 016 0:8 1:0 —6.2 O:O 0:2 O.I4 016 0.I8 110
Time (s) Time (s)
In both:
 |nduce currents
B Ob
’ VXxe=——
ot

<_ Target
<®> g « (Generate secondary magnetic fields

I,(t)

Vxh=]

25




Secondary magnetic fields

Induced currents generate magnetic fields

« Ampere’s Law

VxH=J

Secondary
Magnetic
Field

260




Recelver and Data

Magnetometer b (t)
* Measures: -
— Magnetic fields &’;’,’((A‘\“‘}
— 3 components L =4
. eg. 3-component fluxgate i
Fluxgate
Coll 8 b

 Measures: _

— \oltage 81’;

— Single component that depends on
coil orientation

» Coupling matters
e eg. airborne frequency domain

— ratio of Hs/Hp is the same as Vs/Vp Coi
Oi

27




Coupling

* Transmitter: Primary
I,(t) = I, cos(wt)

B, (t) ~ Icos(wt) NUll coupling

0
0

 Target: Secondary

Perfect,coupling

O B Null edupling
Emp = - 208
ot
0
———(B,-n)A
ModerateCoupling/ parfect coupling Perfect coupling

28



Circuit model of EM induction

Primary EM field

Tx > Rx

Modified Eddy currents Secondary
primary field field

Conductor
Loop1 Loop3
(Tx) M., (Rx)
S S S—
Loop2 p
- (body) P
M12 M

Coupling coefficient
* Depends on geometry
dls

Mof]{dll
Ir —r/|2°

Response function (Q)

Magnetic field at the receiver

H? MisMss [a? + 1
Hv ML \[ 1+ a? ]J
Q
Induction Number
 Depends on properties , _ %
of target R
0.8 | L— mag .
0.6 | i
0.4} —
0.2 i
0.0 = ~ e e )

1073 1072 101 10° 101
Induction number («)



FDEM

AVAVATAVE

Circuit model of EM induction
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FDEM

AVAVATAVE

Circuit model of EM induction

le—8
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FDEM

Circuit model of EM induction

le—8
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FDEM

Circuit model of EM induction

le—8
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FDEM

AVAVATAVE

Circuit model of EM induction

le—8
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DEM

Conductor in a resistive earth: Frequency

Profile over the loop * Induction number
_ wl
(2) (b) () *= R
« When a=1
O — Real = Imag

1.0ff = real
o - = imag
— 0.8} .
9
= O
== § 0.6 | i
= 3
T S 0.4r §
o
0
x 0.2} -
0_0 '——’ 1““““ ““““'1‘,“!.“h_—_¢—.u-u.n
-6 | | . 10° 10 10° 10° 10 10? 10°
-10 -5 0 5 10 Induction number («)
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Conductor in a resistive earth: Frequency

Profile over the loop * Induction number
wlL
() (b) () &= R
o o oo
« When a <1
O — Real < Imag
2 1e=8 | | o = 05
1.0H = real
o - = imag
Z 0.8} .
.0
= 0
T 04} |
o
& 02] ! ]
/, ~
-10 -5 0 5 10 Induction number («)
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Conductor in a resistive earth: Frequency

Profile over the loop * Induction number
wlL
(2) (b) () *= R

e When oo > 1

|H*[ / [H?]

O — Real > Imag
0.4 re—’ . . . T T T IR T 2

' | : 1.0 — real
o - = imag
— 0.8} .
o
O
§ 0.6 -
2
c 04} i
o
o
0
x 0.2} i

0_0 l_—’ — ] | M S IO SRR

-1.0 | ! . 10°  10° 107 10° 10* 10? 10°
-10 -5 0 5 10 Induction number («)

37



db/dt (V)

Conductor in a resistive earth: Transient

Profile over the loop  Time constant
T=L/R
« Step-off current in Tx

|||||

1.0 i
0.8F
0.6}
0.4}
0.2}
0.0}

Current (A)

.....

-0.2
—-0.20.0 0.2 0.4 0.6 0.8 1.0
Time (s)

* Response function
depends on time, T

q(t) =e "

102
S ' — 7=0.1
S : : | — 7=0.05|]
= 1 : : : =VU.
E 10 NN o s o E
E i - ' S f—0.0l ]
v | : : : : ]
2 100 e N S~ e s -
o ; : : : : ]
n
(0} .
o I : : : »

10-1 | | | |

0.0 0.1 0.2 0.3 0.4 33 0.5

Time (s)



App: Three Loop Model

« FDEM_ThreeLoopModel FoEV Trvestbanmiacal %

& C  ® localhost:8891/notebooks/notebooks/FDEM_ThreeLoopModel.ipynb
::. JU pytel‘ FDEM_ThI’eeLOOpMOdel (unsaved changes) P Logout
¢ Param ete rS : File Edit View Insert Cell Kernel Widgets Help Trusted | Python 3 O
: : + < @ B 4 ¥ MRun B C » Code ;
— Location, separation of - ,
H H XC 0.00
transmitter and receiver "
zc B

— Number of sounding locations

ddecl 90.00

— Oirientation of target loop :

— Resistance, inductance of U e
-ta rg e-t |Oop — Plot 1: EM responses of loop . Plot 2: EW cross section along Northing = 0.0

e View: =

102 101 10° 10! 102 -100 -75 -50 -25 00 25 50 75 10.0
H a= wL/R Easting
- Respo nse fu nCt I O n 10 Plot 3: Real Component 10 Plot 4: Imag Component
5

— Real and imaginary 8
components (plan view and a P .
profile line) e N

rthing (m)

Northing (m)
T
i
H
i
i
H
M
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Recap: what have we learned?

Basics of EM induction
Response functions ?

Mutual coupling
Data for frequency or time

domain systems

Circuit model provides
representative results

— Applicable to geologic targets?

40




Response function (Q)

Sphere in a resistive background

How representative is a circuit model?

TX RX
O O
50m
0 S/m
1.0 | == real
- = imag
0.8} il
0.6 | _
0.4 -
0.2 | il
0.0 Lo i = A | MR | . I~''E.|.l.h_—_l.-n.l.n-n-.l.l.
103 1072 101 10° 101 107 10°

Induction number (a)

—~ 400
2 350

a 300

of

m
N
Ul
o

= o= N
o O U1 O
o O O O

magnetic field (pp

=O

TX BRX
< <
10°® S/m 20 mI 8m
50m
10° S/m

- .
-
-

10° 10* 105,41 10°
frequency (Hz)



44, simpeg

-
[ee)

Cyl Code

harmonic_vmd_sounding_over X

C' @ localhost:8892/notebooks/notebooks/harmonic_vmd_sounding... & ¥

« Finite Volume EM
— Frequency and Time <
= Jupyter harmonic_vmd_sounding_over_sphere (autosav ed) v A
| Python [default] O

File Edit View Insert Cell Kernel Widgets Help
+ < @ B 4+ ¥ N B C | Markdow a 0 it o
)

)
plt.show()
return ax

v CellToolbar

(@)

ipywidgets.interact(
plot_bSecondary,
freq_ind=ipywidgets.IntSlider(min=0, max=len(fregs)-1, value=0),
real_or_imag=ipywidgets.ToggleButtons(options=['real', 'imag'])
)
freq_ind 0

real_or_im | real imag

10

* Built on SImPEG

|B real|

« Open source, available at:
http://em.geosci.xyz/apps.html

1018

 Papers
Cockett et al, 2015 x
42
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http://em.geosci.xyz/apps.html
http://www.sciencedirect.com/science/article/pii/S009830041530056X?via=ihub
http://www.sciencedirect.com/science/article/pii/S0098300416303946

Recap: what have we learned?

« Basics of EM induction

* Response functions ?
* Mutual coupling

« Data for frequency or time domain

systems
» Circuit model is a good proxy TX
2-Coil Apps -

* Frequency domain
 Time domain

Major item not yet accounted for...

« Propagation of energy from
— Transmitter to target
— Target to receiver

43




How do EM fields and fluxes behave in a
conductive background??



Revisit Maxwell’s equations

First order equations

Ob -
Vxe=—— J =o€
RY -
Vxh=j+— od -
=) ot d =ce
Second order equations
oh 0°h
2
h — —
ViR ot o ot ’
dn‘fusnon wave
propagation

In frequency
V:H+E’H=0

k? = w?ue — iwpo

* Same equation holds for E



Plane waves in a homogeneous media

In frequency Plane wave solution
VZH+EkH=0

k? = w?ue —iwpo

Quasi-static
even if...
o= 10_4S/m
w_&: <1 f — 104HZ H = Hoe—aze—i(ﬂz—wt)
o ~— v
then attenuation phase
2~ 0.005
o Skin depth

0 : skin depth

2 1

—o—i Y 0 =4/—— =503/ —;

=a—10 3 WO of
46




Plane waves in a homogeneous media

In time

0*h
Ot2

oh

V°h — =0
Rtz — H ot

h(t = 0) = hod(¢)

Solution for quasi-static

(/M)l/ Ze poz? /(4t)

h(t) = T 9r1/243/2

z: depth (m)

Amplitude

Amplitude

Peak time:

H % 1 % 1 ; 1
Bt (@)
A i : : : : : 9
6F .
i ; Woz
5L ] s -
4 i g tmam - 6
i
3+ 1
1
2l
1k !
0 i ; L ; ; ;
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Time (ms)

Diffusion distance

(B

1 1 |
-100 -150 —-200 —-250
Depth (m)

Lo




Plane Wave apps

2 a p pS . HarmonicPlanewaveWidget — x

& C' @ localhost:8891/notebooks/notebooks/maxwell1_fundamentals/... & ¢
- TranSIent = Ju pyter HarmonicPlanewaveWidget (autosaved) 2 [ ot
File Edit View Insert Cell Kernel Widgets Help | Python [default] O
(Auj)l/ZZ 2 B+ x @ B 4+ v N B C Code t @ Cellfoolbar & O & O
h(t) —poz?/(4t)
_ « Scale: Choose "log" or "linear" scale
27-‘- 1 / 2 t3 / 2 « Freglog: A float slider for log10 frequency (only activated when slider is checked)

« SiglLog: A float slider for log10 conductivity (only activated when slider is checked)
« Slider: When it is checked, it activates "flog" and "siglog" sliders above.

_ H armoniC In [4]: dwidget = PlanewaveWidget()

Q = dwidget.InteractivePlaneWave(); Q

Field | Ex Hy

. (IB ‘[;) AmpDir | None | Amp Direction
P —Qaz —1 zZ—Ww
H - HO i(-J (& C:L:T:;ee): Im  Amp  Phase

Frequenc 10
phase y

Sigma 1

attenuation

Scale log linear

Time 0.03
0 Re(Ex)-field from SheetCurrent EM data at Rx hole
2.3e-01
800 |
-200
9.0e-02
5 600 |
_ —400 E E
E -4.5e-02 ¢ v
N % 5 400
-600 E a«
g
K]
o
-1.8e-01 200 |
-800
0
1000 3.1e-01
-3e-01 0e+00 3e-01
X (m) Re(Ex)-field (V/m)

-400
-200
-20
0 200 0

X(m) 400  —400

In [5]: ax = plotObj3D()

http://em.geosci.xyz/apps.html "
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Dipole sources

Primary field has a
geometric decay away
from the transmitter

— very different from a
plane wave source

Two principal sources (for
small transmitters
characteristic of airborne
surveys):
— VMD: vertical magnetic
dipole

— HMD: horizontal magnetic
dipole

Z(m)

Magnetic field from a vertical
magnetic dipole in a wholespace

10—3.1

1040

=

9
un
L=

=

9
(=]
(=]

10—6.9

49
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Vertical Magnetic Dipole
over a halfspace (TDEM)

Step-off
“““““ Time
0 Pair = 00 2m
VMD
= =
E I z=20m
£ Of
o
g
Phalf = 100 Om
=50

-50 0 50
Distance (m)

50



Depth (m)

50 |

Current Density

Time: 0.01ms

Geometry

—50 0 50
Distance (m)

Depth (m)

Y (m)

Current density (j,)

=50

0
Distance (m)

50

w w w w
Current density (A/m?)

2.0e-08

0.0e+00

-2.0e-08

Current density (A/m?)



Summary: propagation through time

Depth (m)

Depth (m)

J

0.002 ms

=50 0

Distance (m)

Jy

0.035 ms

-50 0
Distance (m)

50

50

4.4e-07

0.0e+00

-4.4e-07

2.3e-09

0.0e+00

-2.3e-09

Current density (A/m?)

Current density (A/m?)

2.0e-08
0.0e+00
-2.0e-08
-50 0 50
Distance (m)
Nabighian (1979)
M."; ) IooI2 16 4 M"‘: e 12 16

=8

Meters X 100
®

N )

IS

Contours X 1076  A/m2

Meters X 100
©

Contours X 10°7 A/m?

Current density (A/m?)
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Important points

magnetic field (on-time)

1.7e-08

Currents flow in same plane as ;\\\Qs\\ V —
l 50 ~
transmitter currents =\ /\ N

8.6e-09

Depth (m)
o

Currents diffuse outward downward

-50

=

<4
\\\

NS

Each transmitter has a “footprint”

0.0e+00
0 50

. \ tance (m)
Max resolution controlled by earliest j
time .

Depth of investigation controlled by
latest time

Depth (m)

-4.4e-07

Magnetic field (T)

nt density (A/m?)

Curre



Important points

magnetic field (on time)

1.7e-08

Currents flow in same plane as
transmitter currents

8.6e-09

Depth (m)

Currents diffuse outward downward

Magnetic field (T)

Each transmitter has a “footprint”
Max resolution controlled by earliest
time 2.3e-09
Depth of investigation controlled by
latest time

0.0e 00

nt density (A/m?)

Depth (m)

Curre

-2.3e-09
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Effects of background resistivity: Time

« Buried, conductive sphere « Time:10°s
« Vary background conductivity |

o

102 S/m background Current Density

X

1e-08 S/m

{-3
—50 | . bﬁ =50
{-4 = N
=

—100 |

—100

—-150 |

] ] ] _8
-100 =50 0 50 100 -100 =50

50 100

57

[J]



Effects of background resistivity: Time

« Buried, conductive sphere « Time:10°s
« Vary background conductivity ﬁ
107 S/m background Current Density
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10° s
Effects of background resistivity: Time
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Effects of background resistivity
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Effects of background resistivity: Frequency

Buried, conductive sphere

« Vary background conductivity
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Effects of background resistivity: Frequency

« Buried, conductive sphere « Frequency: 10 Hz
« Vary background conductivity W
1 S/m background Current Density
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10% Hz
Effects of background resistivity: Frequency
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Recap: what have we learned?

Basics of EM induction
Response functions
Mutual coupling

Data for frequency or time
domain systems

Circuit model is a good proxy

Need to account for energy
losses

Ready to look at some field
examples
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Athabasca Oil Sands,
Canada: Monitoring

Mt. Isa, Australia:
Mineral Exploration

2,
Resistivity (Obmam) %

o .

=

’4, Bookpurnong,

Australia: diagnosing
Wadi Sahba, Saudi river salinization
Arabia: static

corrections for seismic

IStories

Depth (m)

X (m)

HeliSAM at Lalore:
Minerals

Kasted, Denmark:
mapping paleochannels

West Plains, Canada:

T R
Dom Jo3o. Brazil: Mineral exploration
water flood

. . 68
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NN
o

Resistivity (Qm)
o

Deccan Traps, India:
mapping sediment
beneath basalt

Marine CSEM

Barents Sea, Norway
Hydrocarbon de-risking

10 km

lceland: characterizing
geothermal systems

stivity (Ohm-m)

-‘OI = N
1

Resi:
1

Red Sea: Mapping

Santa Cecilia, Chile: complex marine geology
Mineral Exploration 69



Case Histories
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End of EM Fundamentals

broal ng@ L on g , MWX—>
GPR

DC Resistivity EM Inductive Grounded Natural Inverse Induced The
Fundamentals  Sources Sources Sources Theory Polarization Future
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