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Motivation: applications difficult for DC

Large areas to be covered
R : — S 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 grouna



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

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 WW

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

* Solve with sources and boundary conditions



Ampere’s Law

Wire

Cum > B — polenc qg
b 27r

Right hand rule

VxH=J

Current loop
o™

B =
43

(2 cos OF + sin 66)

Primary

Magnetic «-
Field -
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Faraday’s Law and Induced Currents

Lenz’

//////—-LaW/
Ob

Vxe:—a

Ohm’s Law

j = oe
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Two Coil Example: Harmonic

Source (red loop) Target (green loop)
« Time varying current = Time « Time varying magnetic flux
varying magnetic flux
%:/bﬁm
A

by(t)

vV
‘A’ > Target
CD resistance: R

[(t) inductance: L
Faraday’s Law EMF (voltage) is related to time rate
Ob of change in flux.
Vxe=—— -
ot

’ _ __dodv
Ohm’s Law V=EMF=-— v@\,) 1
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App for Faraday’s Law

Lenz’

L InductionRLcircuit
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Two Coil Example: Harmonic

Induced C t :
nduced Currents < @

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

Is(t) = I cos(wt — )

= I, cos i coswt + I, sin sinwt / \ /X\
H_/ H_/
In-Phase QOut-of-Phase { i L_l
Real Quadrature £, p VY I s

Imaginary

Phase Lag
) = g—l—tan_l (%) v@EO %L

In Pij;se
<§\

Out-Of-Phase

Time 14



Two Coil Example: Harmonic

Induced C t
nduced Currents C@

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

Is(t) = I cos(wt — )

= I cos coswt + I sin) sin wt / \ /X\
— ——
In-Phase Out-of-Phase i o .
Real Quadrature £, p VY I s
Imaginary
A
2~ e S
o s
c
Phase Lag Y =
v . OUL N4 -\ / -
Y= § + tan ! (f) v Q L g g 2 iy Y /I’ \\\
' \
= k 7
@7 8 ~ » o

Induction number Time 15



Response Function

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

» Partitions real and imaginary parts

Response Function

1.0
— In-phase / \ /X\
osll =" Out-of-phase
v 1 o\
& I.” —
é 0.6 P Y IS
&
v
c
¢ 04 [\
g -‘é \/"\.\/\'
B G
0.2 =
Y
~
= - ) - " -
0.0 .‘" : —_— g P S ’ \ =%
10° 107 10* 10 10° <l Y 2 s A
Induction number & - - -
O \ ’ . ’
CUL 4 \ y \ ¢
o = 8 . v 2
R Time 16



Two Coil Example: Transient

Primary currents
i """" 5 C@

[,(t)
Magnetic flux < ‘ R
Time-variation of < |
magne‘t|c ﬂux g ........ l ................................................
I,(t) = Ie /7

Secondary currents k T=L/R

I (t

17
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Secondary magnetic fields

Induced currents generate magnetic fields

« Ampere’s Law

VxH=J

Secondary
Magnetic
Field

18



Recelver and Data

Magnetometer
« Measures:

— Magnetic fields
— 3 components

e eg. 3-component fluxgate

Coil

 Measures:
— Voltage

— Single component that depends on
coil orientation

» Coupling matters
e Q. airborne frequency domain
— ratio of Hs/Hp is the same as Vs/Vp

19



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

Bp(t) ~ Ipcos(wt) Null coupling

Perfect coupling

« Target: Secondary

0 B Null eoupling
EMF = —i
ot
0
=~ (B, -A)A
ModerateCoupling/ porfect coupling Perfect coupling
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FDEM

Circuit model of EM induction VVUL-

Primary EM field
T

Magnetic field at the receiver

Modified

primary field e \ HS M]_2M23 a2 + 1
Y ) T
Al Hr MisL | 1+ a2
l ~ _/ / \ - J/
Cor;:l—u/ctor Q
Induction Number
e, y o i wlL
. . — * Depends on properties o — -
oo of target
(body)
M’.’ [\l "‘,’ R | R | R ToT T T T T ror T Tr
l ' 1L.OF| =— real
U[ g osl - = imag |
g 0.6 | .
Coupling coefficient £ 0l |
« Depends on geometry g 0a| |
dly - dl -
MlQ:@ . 2' 0.0 -3 I---2‘—‘ -1””””|o”““”|1'H'hhz___'“u3
A7t \r — r’|2 10 10 10 10 10 10° 10

Induction number («)



FDEM

Conductor in a resistive earth: FrequencyWW

Profile over the loop * |nduction number
wL
(a) (b) (©) @= R
oo o -
« When a=1
O — Real = Imag
a=1
1.OF| = real
o - = imag
~ 0.8} |
i g’ 0.6 | .
é 0.2} i
» 0.0 =T AT, BN RN BT SESS
-6 | ! | 10°  10° 10" 10° 10* 107 10°
-10 -5 0 5 10 Induction number («)
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Conductor in a resistive earth: Frequency

Profile over the loop * |nduction number
wlL
(a) (b) (c) 4= R
o o o
« When a<1
O — Real < Imag
2 le—8 . l i
10 = real
o - = imag
= 0.8} .
= =
- £ 0.6 .
=
"5 5 0.4} -
&
& 02} |
. 0.0 e A PO T B BT “ T SRS
-5 | ! | 10°  10° 10" 10° 10* 107 10°
-10 -5 0 5 10 Induction number ()
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Conductor in a resistive earth: Frequency

|H*| 7 [H”|

Profile over the loop * |nduction number
wlL
(a) (b) (c) “= R
s B oo
e When a > 1
O — Real > Imag
0‘4 1e_7 I ‘ ] R | A T T q'l ;"'"'I 2"""'
: : : 1.OF| = real
o - = imag
~ 0.8} |
g 0.6 | =
é 0.2} |
: : 0.0 = = N | R R ST N
-1.0 | ! | 103 10 10" 10° 10t 102 10°
-10 -5 0 5 10 Induction number (a)
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db/dt (V)

Conductor in a resistive earth: Transient

Profile over the loop

(a) (b) (c)
OO l— L—

Response function (q)

10°¢

10

10

10°

 Time constant
T=L/R
« Step-off current in Tx

1.0
08
0.6
04
0.2
0.0

Current (A)

-0.2
-0.200 0.2 04 06 08 1.0

1

Time (s)

* Response function
depends on time, T

g(t) =e 17

1

0

1

0.0 0.1 0.2 0.3 0.4 o5 0.5

Time (s)



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?

26



Response function (Q)

Sphere in a resistive background

How representative is a circuit model?

L g
0 S/m 20 m| Bm 10 S/m 20 m| 8m
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10" S/m

T T T ! ! ’E\ 400
1.0 H —
.real 2 350t
== 1mag =
0.8} - S 300
o
250
0.6 1 £
£ 200}
©
0.4} . o 150}
o
L2100+
0.2} | i 100
S 50¢
0.0 [ N - aiansl a ..11. e T RPOREIROGPDO e 0 : 3
10° 107 10 10° 10 10° 10° 101 102 103 10° 10°,, 10°

Induction number (a) frequency (Hz)



* Finite Volume EM
— Frequency and Time

e Cell Center > Edge
= Node > Face

* Built on SImPEG

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

harmonic_vmd_sounding_ov
C @ localhost

~ Jupyter harmonic_vmd_sounding_over_sphere weseea v

8 ¢ x 2 B 4 ¢ B B C  MNavwonm } Colfoohr © O 0 ©O

)
)
pit.ahow|)
retlurn ax

ipyvidgets.interaot(
piot_bSecondary,
freq_Ande=ipyvidgets,.IntSlider(min=0, max=lon(freqe)~i, value=D),
real or_isageipywvidgets.Toggleduttons(opticass={ 'real’, “imag'])

freq_nd 0

10?7

-%0

|18 real

-100

-150
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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

Major item not yet accounted for...

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

29



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



Revisit Maxwell’'s equations

First order equations

8b ] — ooe
Vxe=—— J
ot . b
Vxh=j+— od -
= ot d=ce
Second order equations
Oh 0%h
2
h —
VIR T oG B =0
diffagion W;(/e
propagation
In frequency
VH+EH =0

k? = w?pue —iwpo

* Same equation holds for E



Plane waves in a homogeneous media

In frequency
V?H + k’H = 0

k? = w?ue —iwpo

Quasi-static
even if
o=10"%S/m
¢ <1 f=10"Hz
o)
then
Ye o 0.005
o

Plane wave solution

|

~200

1 40E
Wave propagation ’ N
) i | E600
I
=800
H g BN
L : "’,;1000
400
ey < 200
-400 S 7 0.
-200 ~—_~ 2004\
X(m) 200 400 —400

H = HOCje_i(Bz_Wt)

phase

attenuation

Skin depth

0 : skin depth

5 = ‘/_ji_ ::503,/_}_
WHo of
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Plane waves in a homogeneous media

INn time
O%h oh
2 —_—
V°h — pe—= 572 — Lo 5 0
h(t — O) — h05(t)

Solution for quasi-static

1/2

(no)/*z ooz /(4t)

h(t) = — 9.1/243/2

z: depth (m)

Amplitude

Amplitude

Q N WS U DN DY

9
8
7
6
5
4
3
2
1
8

Peak time:

(a)

[LO 2
| trmaz =
0

.00 0.02 0.04 0.06 0.08 0.10 012 0.14

Time (ms)

Diffusion distance

(b)

o

-50 -100 -150 ~200 ~250
Depth (m)
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Frequency Domain App: Plane waves

) P | ane Wave HarmonicPlanewaveWidget

=
\

@ locathost

e jupyter HarmonicPlanewave\Vidget massssves 1 A
(=) Ecn Vo | ~sart Ce Nt Wogets Heyp | Pyhen [detauy O
N 4+ > OB 4+ & KB C Con ! @ Cofockw O O 0 ©

PR — [P ———

« Scale: Choose 09" or “lrmar’ scale

= Freglog: A fSost shider for logt0 frequency [only activated when sider is checked)
« Siglog: A fioat sider for 10910 conductvity fonly actvated when shder is checked)
« Shoer: When it & checkad, & acthiies “fiog” and "sigiog” shicers atove.

in [4): duidget = Planevavesidget|)
0 = Swidget.Interactivellano¥ave(); 0

Field  Bx  y

AmglDe  Nove AT Directon

Complex ' e 33 Amp hase
Number

X (m) 200 a00  —400

Frequerc 10
¥
Sgma
. Scale w0g  new
—az , —i(pz—wt —
H = Hye % (82wt - o
\(’J Mol Ex) Tt fraem SheetCurrent i Mo st Ratcie
. hase 2381 ——
attenuation P - .
. Y2 E V - I
g ol 3
2 P - |
l’l(A: » |
— Yledd "1 J
-0 -0 ° ;o o« ol ] »>ol

In [(S): ax = ilottbi.lon



Effects of background resistivity

™ RX

inputs energy measure response

(_— (_—




Effects of background resistivity: Frequency

« Buried, conductive sphere * Frequency: 10% Hz
« Vary background conductivity /vm
108 S/m background Current Density

{45

3.0

50 -50

-100 -100

-150 150

-100 S ) 5 )0 : -100 -50 0 50 100
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Effects of background resistivity: Frequency

« Buried, conductive sphere * Frequency: 10% Hz
« Vary background conductivity /vm
102 S/m background Current Density

0

3

-50 ¢ -50

-4 &

-100 F 1 -100
-6
-7

150 4 150
" 3 : _8

-100 -30 0 50 100 -100 -50 0 30
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Effects of background resistivity: Frequency

« Buried, conductive sphere
* Vary background conductivity

10-1 S/m background

-50

-100

~150
-100

Frequency: 10% Hz

FDEM

Current Density

-50

-100

~150
-100 -50 0 50 100
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Effects of background resistivity: Frequency

« Buried, conductive sphere * Frequency: 10% Hz
« Vary background conductivity /\/\Fﬁ/\/
1 S/m background Current Density

1e-6

0 1.8

~50 -50

-100 -100

0.6

1e+00 S/m

~150 150

-8
-100 -50 0 50 100 -100 -50 0 50 100

0.0
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10% Hz
Effects of background resistivity: Frequency
108 S/m | 102 S/m

-50
-100

-100

-150

-150
-100 -50 0 50 100 ' -100

10'8/m 1S/m

1.8
-50 -50 1.2
-
-100 -100
0.6

-150 -150

0 0.0
-100 -50 0 50 100 -100 -50 0 50 100 40




Effects of background resistivity: Time

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

LT

108 S/m background Current Density

-30 ~50

-100 -100

-150 150

-100 54 ) 5 0 -100 -50 0 50
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Effects of background resistivity: Time

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

LY

102 S/m background Current Density

430
|
~-50 F ~50
_.‘ -_-‘
- 1 s
-100 § . -100 ’
-6
-7
-150 § ‘ 150
~ — - . R -8 0.0
-100 -50 0 50 100 -100
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Effects of background resistivity: Time

» Buried, conductive sphere « Time: 10° s
« Vary background conductivity ﬁ
101 S/m background Current Density

-50

-100

le-01 S5/m

~150
-100 -100 -50 0 50 100
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Effects of background resistivity: Time

» Buried, conductive sphere « Time: 10° s
« Vary background conductivity %
1 S/m background Current Density

1e-6

0 1.5

-50 S -50 1.0

-100 -100

1e+00 S/m

~150 150

8
-100 -50 0 50 100 -100 -50 0 50 100

0.0
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10° s
Effects of background resistivity: Time

108 S/m | 102 S/m

0
-50

-100 -100

150 150
-100 -50 0 50 100 : -100 -50 0 50 100

le-6

0 0 15

-50 -50 1.0
=

-100 -100 aa

150 150
: 0.0
-100 -50 0 50 100 -100 -50 0 50 100 45



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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Today’s Case Histories

Losing Stream ? Gaining Stream

ated 20ne 3~ Saturated 2one 4 - Flow direction

~

Bookpurnong, Australia: diagnosing river
salination

- -
- -
. ---

Barents Sea, Norway: Hydrocarbon
seismic imaging using airborne EM de-risking
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Today’s Case Histories

o

Northing (m)
)

:

Hengill, Iceland: characterizing geothermal Noranda district, Canada: geologic
systems mapping

Furggwanghorn, Switzerland: developing %
a model for rock glaciers Mt. Isa, Australia: Mineral Exploration



DC Resistivity

End of EM Fundamentals

Next up

!
vx (36) a5 §

EM Inductive Grounded Natural
Fundamentals  Sources ‘ Sources Sources

Lunch: Play with apps

GPR

Induced The
Polarization Future
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