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grounded source experiments

steel: highly conductive, magnetic

helps excite & detect targets at depth
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The electrical field in a borehole with a casing
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GEOPHYSICS, VOL. 58, NO. 12 (DECEMBER 1993);

A transmission-line model for electrical logging
through casing

Alexander A. Kaufman* and W. Edward Wightman#

Case one, o, < 1

Then, for the current / we have:

2
I(z)ml,,(l *L—() (45)

showing that the current linearly decreases with the dis-
tance.

Case two, aL, > 1

where z/L. << 1, and

I(‘ )
AAU=—S‘~a(MN)'e"‘”. (54)

that is, all functions decay exponentially with the distance
from the electrode A.
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more recently... advances in modelling
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more recently... a number of applications

monitoring
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steel casings & electromagnetics

steel: highly conductive, magnetic
0:5.5x10%° S/m
1 90up to 150ug
Wu & Habashy (1994)
high conductivity:

e helps channel currents to depth
e strategies for simulating

magnetic permeability

?

time domain
ob
VXxe=——
T T ot

. o ad

h=17+ —

V X ]+8t
j=o¢
b= ph
d=cé

frequency domain

VxE=

Vxﬁz

@l U:Jl k‘l
I |

Q

o =

—wB

f+ iwﬁ

SRS
el



setup: grounded source experiment

simulate with SImPEG 3D cylindrical mesh
air: 1e+04 Om
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impacts of permeability on EM data FDEM: 5Hz

E, real (V/m)
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impacts of permeability on EM data FDEM: 5Hz

(a) E, real lo-- (b) E- imag
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impacts of permeability on EM data FDEM: 5Hz

(a) E, real (b) E- imag
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y (m)

impacts of permeability on EM data
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y (m)

impacts of permeability on EM data
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impacts of permeability on EM data TDEM
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magnetic permeability in electromagnetic experiments
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impacts of u have been studied in other applications... .
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Pavlov & Zhdanov (2001)

Time domain, inductive sources

Rewrite the Maxwell’s equations

OF 9j¢

VX(VXE)=VInpu X(VXE)+pgpuo—=—popu,—.

ot ot

(1) contribution due  (2) contribution to
to magnetization inductive component

Two conclusions. Anomalous permeability...
e prolongs anomalous TDEM response

® |ncreases response as compared to only
conductive target
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magnetic permeability in electromagnetic experiments

M Girletosom | lloe
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TDEM response: halfspace
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TDEM response
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TDEM response: conductive casing

the zero-crossing in TDEM, FDEM responses...

due to geometry, currents channelling into casing

depth slices of currents
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TDEM response: conductive, permeable casing

o=55x108S/m
p = 130w,

casing:

5e+06 S/m

M= Ho

0 air: 1e+04 Om
—100 1
—200 1
‘e —3001
~
—400 1
—500 1 — >
10 cm
—600 1
background: 10 Om

—700

—0.2 -0.1 0.0
X (m)

0.1

Iloe

L 104
L 102

L 100

conductivity (S/m)

23



z (m)

(a) halfspace

(b) conductive casing

1076
current density (A/m2)

(c) conductive, permeable

casing (150up)

10>

(d) anomalous currents
(c) - (b)

24



(a) halfspace (b) conductive casing
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(a) halfspace
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(a) halfspace

(b) conductive casing (c) conductive, permeable
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) anomalous currents
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TDEM response: conductive, permeable casing

(a) conductive casing
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why do we have a poloidal current?

the cartoon explanation

(@) (b) () (d)

Vxh=7j b= ph Vxé=——

30




why do we have a poloidal current?

start from Ampere’s law V X h— o€ = Js

1= -
L V X —b—0€ = js
use constitutive relation b= puh M
vector identity lV % g+ (Vl> < b— aé’—f
— JS
V x (¥0) =V x 7+ (Vi) x ¥ M M

multiply by u

— ]_ — —
V xb+ (,LLV;) X b— uoe = pujs

1
identity uV (—) = —VlIn y,

VxI;—Vln,urxg—uaé'z,ufs

away from the source

ng=V1nurxg+uaé’
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why do we have a poloidal current?

V X I;:Vln,ur X g—l—,uaé'
(1) (2)

magnetization  induction
term term
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why do we have a poloidal current?

Vxb=Vlnu, Xb+ poé
(2)
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why do we have a poloidal current?

Vx5=V1nur X g—l—,uae?
(1)

magnetization
term

® non-zero only where U changes (at

the casing walls)
® role... 777
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V In p, x b
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(@) hg 1 ms (b) hg 10 ms
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(a) hg 1 ms (b) hg 10 ms
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why do we have a poloidal current?

Vx5=V1nur X g—l—,uae?
(1)

magnetization
term
0
® non-zero only where U changes ~100
(at the casing walls) 200
e role: contributes an upwards 0

-400

oriented magnetization current

=500
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x (m)
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why do we care?

consider a test volume...

(it’s interesting!)

magnetic permeability...
e cnhances inductive component of

the response =3
® introduces a magnetization current N
as a result...
e alters EM excitation
-500 0 500

e alters EM data
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SU m m a ry (a) conducive casing

0
100
magnetic permeability... a0
e enhances inductive component of the response 200 \
® introduces a magnetization current °° L
0.0 ms

as a result...
) conductive, permeable casing

e alters EM excitation & data ’
implications...

e not equal to a simple scaling of conductivity o

e can’t be modelled by “equivalent” magnetic dipoles

e (uestions for modelling in 3D
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thank you! questions?

simpeq.xyz

>

/ N\

lheagy@eoas.ubc.ca

g bit.ly/heagy-2023-3dem

Heagy, L.d., Oldenburg, D.W., 2023. Impacts of magnetic permeability on
electromagnetic data collected in settings with steel-cased wells. Geophysical
Journal International 234, 1092-1110. https://doi.org/10.1093/qgji/aggad122

o

-100
-200 A
< -300 “
-400 L
-500
0.0 ms 5 ms

(a) conductive casing

) conductive, permeable casing

0
~100
-200
E
= —300
~400
~500

0.02 0.04 0.06 0.02 0.04 0.06 0.02 0.04 0.06

10°°

x (m)

1074

x (m)

1073 1072 1071
current density (A/m?)

10°

x (m)

10!

102

42


https://doi.org/10.1093/gji/ggad122
mailto:lheagy@eoas.ubc.ca
https://simpeg.xyz/
http://bit.ly/heagy-2023-3dem

Vx5=V1nurxg+uaé’

43



LUOE

(a) uoé
|“!!l |“!!l|“!!l |“]]\ |“]!‘

(b) Vinu, x b

-100

-200

-300

-400

-500 L L .L L LL

() Vxb

L

0.02 0.04 0.06 0.02 0.04 0.06 0.02 0.04 0.06 0.02 0.04 0.06 0.02 0.04 0.06 0.02 0.04 0.06 0.02 0.04 0.06
x (m) x (m) x (m) x (m) x (m) x (m) x (m)

1008 1077 106 10° 10~* 10~ 102 10-1 44

i



FDEM response

45



(d) anomalous currents
(c) - (b)

(a) halfspace (b) conductive casing (c) conductive, permeable
casing (150u)

ZAN

FDEM

currents
(real)

z(m)

z (m)

z (m)

z (m)

z(m)

0

x (m) x (m)
107° 1078 1077 10-° 107 46

current density (A/m?)



(a) halfspace (b) conductive casing (c) conductive, permeable (d) anomalous currents
casing (150uq) (c) - (b)

|

FDEM -

-500

currents
(real - dc)

-500

z(m)

z (m)

=750

—250

z (m)

-500

=750

—250

z (m)

-500

=750

z(m)

l Y I I I

0
x (m) x (m) x (m)
107° 108 1077 10- 1073 47

current density (A/m?)



FDEM
currents

(imag)

(a) halfspace (b) conductive casing

(c) conductive, permeable
casing (150u)

(d) anomalous currents
(c) - (b)

—250

z(m)

-500

=750

250

(m

z (m)
o
w i
T -
N N

N —500

=750

—250

-500

_750 10 Hz

z (m)

z(m)

-500 0 500 —500 0 500
x (m) x (m) x (m) x (m)
107° 108 1077 10- 1073 48

current density (A/m?)



(b) conductive casing (real - dc)
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a more conductive background 1 S/m
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More conductive background (1 S/m) 5 Hz
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More conductive background (1 S/m)

121

1.0 4

0.8 1

IEl

0.6 1

0.4 1

0.2 1

2.01

1.5 1

o

1.0

0.5 1

0.0 1

(a) depth=100m

le—6
— 6=0"
[y B B T R -
\\ ~~~~ ~
e ™
N Sa
\. \\
N \
e N
i
N
A
1e—7 (e) depth=400m
107! 10° 10! 102

frequency (Hz)

[E] / |E(u0)|

[E| / |E(u0)]

1.15 1

1.10

1.05 1

1.00

1.00 1

0.95 1

0.90 1

0.85 1

0.80 1

0.75

(b) 6=0°

107! 10° 10! 102
frequency (Hz)

1.4 1

1.3

1.2

1.1 1

1.0 1

1.00 1

0.98 1

0.96 1

0.94 1

0.92 1

0.90 1

0.88 1

(c) 6=90°

L

(g) 6=90"

107!

10° 10!
frequency (Hz)

102

1.8

1.6

144

124

1.0

151

1.4+

134

124

114

1.04

0.9 1

(d) 6=180°

(h) 6=180"°

107!

10° 10!
frequency (Hz)

102

56



