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Motivation
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Shielding problem




Outline

Setup
« Basic experiment
* Transmitters, Receivers

Time Domain EM

 \ertical Magnetic Dipole

* Propagation with Time

« (Case History — Groundwater, Minerals, Hydrocarbons
* Horizontal magnetic dipole

Frequency Domain EM

« \ertical Magnetic Dipole

« Effects of Frequency

« (Case History — Groundwater, Minerals



Important questions

What is the target?
— at the surface? At depth?. 1D, 2D, 3D?

Transmitter . \\/ A\
_ ion: ? ] ir?
Location: surface? in the glr. —?( A
— Waveform: frequency or time? =

— “Size” and orientation?
Exciting the target

— Conductivity of the target and host

— Geometry of the target (Coupling) §
Receiver and data

— What fields to measure?
— What instrument?

< < <=

Where to collect data? How many? How accurate?
What is depth of investigation?

What is the “footprint” of the transmitter”
— These are questions of SURVEY DESIGN



Basic Experiment

Transmitter:

— Produces a primary magnetic
field

Exciting the target:

— Time varying magnetic fields
generate electric fields
everywhere

— Producing currents in

conductors

Receiver:

— Induced currents produce
secondary magnetic fields



Transmitter

Large areas L Airborne Survey

'—.“

Deep Targets Large Loop

Line 6150N

Line 5250N




Transmitter

« Time or frequency? Airborne Survey

waveform

ooooooo

time

or

W/\/tme

| Resolve
« Key factor is moment
m = I (current) A (area) N (# of turns) Large Loop
,LLO 3r(m . r) m Lineszsl_(i)l:\:36150N
B(r) = -
(I') A ( |r|5 |r|3)

Magnetic Q-
Field 0




Exciting the target

Primary field from a loop

B0 = 52 (SR~ )

Fields fall off

— 1/r8 geometric decay
— Attenuation

Want to be as close as possible to target
— Ground based systems o
— Helicopter
— Fixed wing aircraft

Always concerned about coupling




Recelver and Data

Magnetometer b (t)
* Measures: o
— Magnetic field .-f’;w‘:‘;,}
— 3 components L=
* eg. 3-component fluxgate i
Fluxgate
Cail 8 b

 Measures: -

— \Voltage 8t

— 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



Recelver: Time Domain

Primary field has off-time Current Response

Measure secondary fields | l
Receivers can be mountedon | ||

transmitter loop or above it

SkyTEM

HeliSAM
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Recelver: Frequency Domain

Primary field
— always “on”

— large compared to secondary
fields

Primary removal
— Compute and subtract

— Bucking coil Resolve ?‘

Transmitter Coils Receiver Coils
- Bucking
Tx - Coil Rx . 3300 Hz 1800 Hz 40 kHz Magnetometer GPS 1800 Hz 40 kHz 3300 Hz
N~ \_4_/ [} e RESOLVE c— |
------- o -
Canceling field y, [
Hz 140 kHz Laser Altimeter 400 Hz 8200 Hz 140 kHz

Main requirement:

— Know positions of Tx and Rx EM-31
— Keep them in one unit ﬁL
" &/ R &/
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Important questions

What is the target”?
— at the surface”? At depth?. 1D, 2D, 3D?

Transmitter

C

— Location: surface? in the air?

I(t)

— Waveform: frequency or time?

\
— “Size” and orientation? <é>
&) 7

Exciting the target
— Conductivity of the target and host i
— Geometry of the target (Coupling)

Receiver and data

— What fields to measure?
— What instrument?

Where to collect data? How many? How accurate?
What is depth of investigation?

What is the “footprint” of the transmitter”
— These are questions of SURVEY DESIGN
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EM with Inductive Sources: Time Domain

Transmitter current Receiver

o P
-« I .

time b db/dt

t <0 bo 0
t=20 bo —bpd(t)
t > 0 | secondary | secondary

d(t): Dirac-delta function .



Footprint of Airborne EM system

« What volume of earth is “seen” by the airborne system?
— Where are the currents?
Current density
« Currents depend on
— Transmitter
— Waveform: time or frequency
— Background conductivity

Depth (m)

« Simple case: loop source
over homogeneous earth

=50 0 50
Distance (m)

4.7e-08

2.4e-08

0.0e+00
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Current density (A/m?)



Vertical Magnetic Dipole (VMD)

Geometry Current density

o Pair = 00 Qm
VMD

Depth (m)
o

—50}

-50 0 50
Distance (m) Distance (m)

Some questions
— Where, and how strong, are the currents?
— How do they depend upon the conductivity?
— What do the resulting magnetic fields look like?

4.7e-08

2.4e-08

0.0e+00

Current density (A/m2)
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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)
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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?)



Depth (m)

Magnetic flux density

e Time: 0.01ms

50

=50 F

Geometry

Phalf — 100 OQm

=50 0 50

m)

Depth (

A\

\\\

Magnehc flux (b

///

B

9.8e-13

5.2e-13 y

6.0e-14
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Magnetic field (T)



Depth (m)

Propagation through time

d = 1260+/tp

« Time: 0.002ms
e diffusion distance = 18 m

4.4e-07

0.0e+00

nt density (A/m?)

3.8e-12
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Magnetic field (T)



Depth (m)

Propagation through time

d = 1260+/tp

e Time: 0.01ms
e diffusion distance = 38 m

o
urrent density (A/m?)

ance (m) Distance (m)

9999999
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Magnetic field (T)



Depth (m)

« Time: 0.035ms
e diffusion distance = 75 m

Propagation through time

d = 1260+/tp

l

o
urrent density (A/m?)

tance (m) Distance (m)

2222222

21

Magnetic field (T)



Depth (m)

Propagation through time

 Time: 0.110ms d = 1260+/tp
 diffusion distance = 132 m

ly
2.2e-10 \ \ \ \ \\, 4.0e-14

5 £
g k]
o) E
Y
0.0e+00 & 2.6e-14
QJ 4—‘
© ()]
) c
c o
o] ©
= s
-}
(@]
-2.2e-10 1.2e-14
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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




Depth (m)

50 -

=50}

Layered earth

3 layers + air,

p, varies
Geometry
o]
" g Pair

Distance (m)

* Four different cases:
- Halfspace

p2 = 100 Qm
- Resistive

p, = 1000 Om
- Conductive
p, = 10 Om
- Very conductive
P, =1 Qm

 Fields

jy Off-time
- b off-time
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Depth (m)

Layered earth currents (j,)

2.0e-08
Halfspace
E
<
0.0e+00 E
-2.0e-08
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Depth (m)

Layered earth currents (j,)

Por = 100 Om

Halfspace

2.0e-08

-2.0e-08

Current density (A/m?)

p, = 1000 Qm

Resistive

1.8e-08

0.0e+00

nt density (A/m?)

Curre

-1.8e-08
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Depth (m)

Depth (m)

Layered earth currents (j,)

p, = 100 Om p, = 1000 Qm

2.0e-08

Halfspace Resistive

0.0e+00

Current density (A/m?)

-2.0e-08

p, =10 Om

1.9e-07

Conductive

0.0e+00

Current density (A/m?)

-1.9e-07

-50 0 50
Distance (m)

1.8e-08

0.0e+00

-1.8e-08

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

Depth (m)

Layered earth currents (j,)

p, = 100 Om p, = 1000 Qm

2.0e-08

Halfspace Resistive

0.0e+00

Current density (A/m?)

-2.0e-08

p, =10 OQm p2 =1 Qm

1.9e-07
Conductive Very conductive
E
<
0.0e+00 %
—50 0 50 "1.9e-07 -50 0 50

Distance (m) Distance (m)

1.8e-08

0.0e+00

-1.8e-08

8.8e-07

2.0e-08

-8.4e-07

Current density (A/m?)

Current density (A/m?)
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P2 =

Layered earth mag. fields (b)

100 Om

E
z
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Magnetic field (T)
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dbz/dt (T/s)

dbz/dt (T/s)
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10°
10—10
10—11
10—12
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db_/dt sounding curves
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App: VMD over a layered earth (demo)

TDEM_HorizontalLoop_Layere: X

TDEM_HorizontalLoop_Layered

Earth

C @ localhost:8888/notebooks/notebooks/TDEM_Horizontalloop_L... & Y

 Jupyter TDEM_HorizontalLoop_LayeredEarth @uosaves A | Logount
File Edit View Insert Cell Kernel Widgets Help Trusted |Py‘thon3 (@]
+ < @ B A~ ¥ MRin EB C MW Code v
ParameterS . hi (m) O 20.00
. v g hy (m) O 40.00
— Layer resistivities
. Ax(m) () 10.00
— Layer thicknesses Ao O
— Source height, source e e .
receiver separation 4 Goometry
Vector B-field
View:
— Model )
— Electric field, magnetic field,
current density through
time
— data |
oY

http://em.geosci.xyz/apps.html



http://em.geosci.xyz/apps.html

Alrborne example: conductive sphere

Data profile
Profile: N=0 m, Time: 0.025 ms
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Data map
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Airborne example:

B, /ot
|
oo

—10}:

—-11

—-12 L
Conductivity

20
0
=20

—-40
-60
—-80
—100

Data profile

Profile: N=0 m, Time: 0.045 ms

—150 —-100 -50 0 50 100 150

Easting (m)

conductive sphere

Northing (m)

Data map
0B, /ot
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OB, /ot

-60
—-80

—100
—150 =100 -50 0 50 100 150

EEPY R S T —

Conductivity
20 |e e o o ° e o o o
0

| —20
= —40

Easting (m)

Northing (m)

Data map

Alrborne example: conductive sphere

Data profile
4 Profile: N=0 m, Time: 0.305 ms
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150
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Alrborne example: conductive sphere

B, /ot
|
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Data profile

Profile: N=0 m, Time: 0.905 ms

—150 -100 -50 0 50 100 150
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Data map
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Alrborne example: conductive sphere

Data profile
Profile: N=0 m, Time: 4.005 ms

: Data map
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Summary: airborne example

Data profile

0.025 ms

0.045 ms

0.305 ms

I(t)

_4 Profile
0B. /ot 0B. /ot 0B. /ot
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Normalized Transmitter Current

Normalized Transmitter Current

Some Airborne TDEM Systems

SkyTEM (2006) VTEM (2007)

Area — 31 4 m2 VTEM Configuration Area — 535 m2

Digital ———
video camera

Peak dipole moment:
- HM: 113040 NIA
- LM: 12560 NIA

Peak dipole moment:
- 503,100 NIA

Generator = _

TEM receiver =———s> _
']

Trancs;ni| itter \ ;Eé
: SO

TEM receiver coils =

— I Peak current: 90 A [
: < Peak current: 235 A
8 24 TCs 1 lurns: 4 = ‘ T o
oo High |.47~8800 ks | On-time: 10 ms ey _ o Ourr1t§. s
z: Moment 1 Off-time: 10 ms Bosh )\ ] n‘.|me- 0 MS
' IMH ’ ’ | 5 ; ; : Off-time: 9.1 ms

807 0008 0006 0004 0002 0 0002 0004 0005 0008 001 § O4rg S AR

Time (s) % : : .
1 3 02 :
il 20 TCS . Peak current: 40 A E tilmeljch?nnells
06} 4 4
f  Lowl| 12~1117ms 1 Turns: 1 0 T T T
Jremen QI T | Grimecoeme

- = Off-time: 1.45 ms
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Back to the “shielding” problem

1 1 1 I 1 1
-10 | N
—15 _ . —

20 F 6
s 10° Om
—30 +
1 | 1 1 1 1
—-40 -30 -20 -10 0 10 20 30 40
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z (m)

z (m)

Shielding: DC with resistive layer

Resistivity models (thin resistive layer)

T

8/
=

M N
7 . -
NS—— |
= /7/ i

\ =/

—

vV vV___ v__ v
1500 Qm 1~ N
106 Om
Currents and measured data at MN
Py = 1652 Om p, = 1654 Om

—

30 40

66666
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Shielding: EM with resistive layer

Resistivity models (thin resistive layer)

Sphere
E
8 1B00Qm |
50 0 50
DDDDDDDD (m)
Currents (J,)
1.2e-07
T
—_ <
E 2
s 0.0e+00 §
g Z
o
3

-1.2e-07




Shielding: EM with resistive layer

Resistivity models (thin resistive layer)

Sphere
50}
E
£ O
8 1B00Qm |
=0T .— 10m |
50 0 50
Dist e (m)

75 Time at 0.050 ms

50

25

Depth (m)
o

-25

-50

-50 0

Distance (m)

50

Resistive layer + sphere

50

Depth (m)

. 106 Om

1.2e-07

75 Time at 0.050 ms

O 0.0e+00

Current density (A/m?)

-1.2e-07

-50 0

Distance (m)

50
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Shielding: EM with resistive layer

Resistivity models (thin resistive layer)

Depth (m)

Sphere

50+

—50 L

50 0 50

Distance (m)

Currents (J,)

Depth (m)

75 Time at 0.050 ms
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50
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Shielding: EM with resistive layer

Resistivity models (thin resi

50|

E
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Resistive layer

75 Time at 0.050 ms

-50 0 50
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Shielding: DC with conductive layer

Resistivity models (thin conductive layer)

___________________

555555
O

1 Om

555555
TorT T T

______

,,,,,,

sssssss
A

)
x (m)

0
X (m)

0
x (m)

Currents and measured data at MN
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Shielding: EM with conductive layer

db,/dt sounding curves

Resistivity models (thin conc!uctive layer)

50 |
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Shielding: EM with conductive layer

Resistivity models (thin conductive layer)

Depth (m)
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N .
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Shielding: EM with conductive layer

Resistivity models (thin conductive layer)
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App: VMD over sphere with overburden

TDEM_HorizontalLoop_Sphere

TDEM_HorizontalLoop_Sphere x

Parameters:

— Resistivities of layer,
background sphere

— Geometry of sphere, layer

— Source height, source
receiver separation

View:
— Model

— Electric field, magnetic field,
current density through
time

— data

B+ < @B 4 ¥ MWRin B C W Code

R (m) O 26.00
Scale log

Axm) () 10.00

Az (m) O 0.00

Tx radius (m) () 2.00

Time index O 31
« Geometry

Jy-field

Time: 0.210 ms

Depth {m)

-150 -100

http://em.geosci.xyz/apps.html

linear

ity (A/m?)

0.0e+00 &

nt de

Currel

C @ localhost:8888/notebooks/notebooks/TDEM_HorizontalLoop_S... @ ¢
: Jupyter TDEM_HorizontalLoop_Sphere (utosaved) @ | Logout
File Edit View Insert Cell Kernel Widgets Help Trusted |Py1hon 30
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http://em.geosci.xyz/apps.html

Outline
Setup

Time Domain EM

« \ertical Magnetic Dipole

* Propagation with Time

» Effects of Background Conductivity

e Transmitters and receivers

» Decay Curves

« (Case History: Groundwater, Minerals, Hydrocarbons
« Horizontal magnetic Dipole



Case History: Kasted

Vilhelmsen et al. (2016)



A) Survey Area:
Kasted,
Demark

B) Borehole
locations

Boreholes (depth intervals)
980-121m
®40-80m
®15-40m
0-15m

Pre-Quatemary:  Quaternary:
] Miccene sand [l Clay till
B Paleogene clay [ Meltwater clay

100 B Sand till
Meltwater sand

Local Geology:
W-E cross-section % s

Elevation (m a.s
(=

<100

Distance (km)



Elevation (ma.s.l.)

Properties

G eo | Og i Cal C rOSS - SeCt i O n Pre-Quatemary: Quaternary:

] Miccene sand [l Clay till
W Paleogene clay [l Meltwater clay
B Sand till
B Meltwater sand

100
50
0

» Buried valleys with clays beneath

-850

» Infill (water-bearing): coarse sand

U W W Wl T F O F M H and gravel
Geological Units ‘ Resistivity ({2m)
Palacogene Clay 1-10 » Clays are conductive (1-40 QOm)
Clay Till 25-60
Sand Till >50 « Water-bearing sands and gravels are
Meltwater Sand and Gravel ~ >60 more resistive (>40 m)
Glaciolacustrine Clay 10-40
Miocene Silt and Sand >40
Miocene Clay 10-40
Sand >40
Clay 1-60
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Survey

SkyTEM System System Configuration
o 1 - : - ; : ; :
24 TCs
€ 06} w5
N High 47 8800 us
£ il Moment | H‘ |
5

-0.01 -0.008 -0.006 0004 0002 0 0.002 0CO4 0006 0008 0.01
Time (s)

M 20 TCs |
Enll  Low|e Z2oiT R,
portement | |

-5 0 Tlme(s) 15

RX
< 314 m? >

* Low moment (LM) used to image near surface structures
» High moment (HM) used to image deeper structures
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Data

Y . : : ": S f ',,"I;' e
w,ze'wV/f/;////‘ )
S Sy

“f ; .

r
SHD\
”, /. @
:

AT I o

’

SN IR L <
, 4/ 'g/{»”:l/;“(
/;//’////,/,/t* £ ‘:.;‘
/s

s
/['/, f‘l,'f: "." o e "3

" 7, /‘ ~ i
o A
i’ ."//, :,’" LA .

T
=L /,.ff/
.

_

Qo% Q20w 2000 QN 42200 LIDX0 600 [S-le)] Qac0
RO N A UL S ]
3 . ! 5 -

8km © Discardec data
I - @® 1D models Kasted
® 1D models Truelsbjerg

« 333 line km of data, 100 m line-spacing
« Data points with strong coupling to cultural noise were removed (~30%)



Processing (inversion)

« Spatially constrained 1D inversion — quasi-3D approach
« 9,600 soundings were inverted using 25 layers

Depth slice 5 m above sea-level Approximate depth to the top of
Paleogene clay layer

"Resistivity (ohm-m) 199 -140 -120 -100 -80 -60 -40 -20 0 20 40

Elevation (ma.s. |.)
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Interpretation

1lgesistiw.rlly (ohm1-210) 1000 -140 -120 -100 -80 -60 -40 -20 O 20 40
Elevation (ma.s. |.)

Delineation of valley structures

* |nversion results used to construct
geological model.

* Delineated 20 buried and cross-cutting
valley structures.

0 km 2.5 km /h/ 59




Synthesis

\//N * 3D geologic model incorporated
¥ g into MODFLOW-USG

¢

0 km 2.5 km /h/

MODFLOW-USG groundwater model

/ groundwater modeling tool

* Extracted water from 2 wells.

 Downdraw between the two wells
correlated with the resistive valley
structures

Borum ;
0 25
kilometers ' True =]
r-- " Reg_ional model Local well Q,Q" \°)Q ,E‘QQ b.QQ \»\’.Q
! = = - outline field models

| B | 60
Recovery [m]

| l HyGEM research
area

Burried valley
structures




Case History: HeliSAM at Lalore

Yang & Oldenburg, 2016



Geological framework

Setup

Typical cross-section
Zinc-rich massive sulfides (Cap)

Cu-Au sulfides: (stringers) within pipe

Massive sulphide

Disseminated sulfides around deposit

Hanging wall remobilized gold mineralization \S

Footwall gold - copper lead mineralization Alteration pipe

area of StUd“lg;ini; Deposit ®

MANITOBA

Copper - gold mineralization

Talbot Lake

3 \.\Deposit
|

HubpBAY

MINERALS INC

- Volcanics - g:rvb;nate ‘:] Precambrian — Eioga::’ays l:lMajorLakes

Depth

750m chh - - Goal:
[

N == urich Find deposits
-~ \ « TDEM to find deeper off-hole

[ Base metal +
=g “:\**1 targets

o] - 4 High grade outside Looking N70°W
1500m known resource

1250m
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Properties

Rocks/minerals Resistivity

volcanics ~1000 Om

sulfides ~10Om

[ Gold inferred -~ *
[ Gold potential e e +-=:
................. A + High grade intercepts outside Looking N70°W
<4
1500m known resource
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Survey: HeliSAM

Transmitter: (Red)

» Ground loop (~2km)
 Waveform: 7.5 Hz, 50%
* Ramp turn-off 0.4ms

Receiver:
» Cesium Vapor Mag
e 16 Time Ch: 0.42-27 ms

Flight lines: (Blue)
« 100 m spacing,
« Dataevery 5m
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Data

 Measure total field

B —_— B[] + Ba + Bem
earth’s magnetic field ‘ ‘med EM field

anomalous earth’s field

- Project secondary fields onto By
A[B| = |Bg + B, + Bem| — [Bo
~ (Ba + Bem) - Bo

« Change polarity on TX
e Subtract to obtain HeliSAM data

A|B| ~ Bem . B(}

Depth (m)

Line 6150N
Line 5250N




« 10710

1000 1500 2000 2500 3000 3500 4000 4500
X (m)

x 10712

T™I(T)

16001500200025003000350040004500
X (m)

= 107"

Y (m)

1000 1500 2000 2500 3000 3500 4000 4500
X (m)

= 1072

25

20

15

1.0

E
=

Y (m)

05

1000 1500 2000 2500 3000 3500 4000 4500
X (m)
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Depth (m)

-500

-1000

-1500

-2000

Processing: Inversion of Late Time Data

Line 6150N

Discard early time data

— Contaminated by infrastructure
Invert Time Ch 8-16 (4.44-28 ms)
Inversion needs a “warm start”

— Maxwell used to generate 2 prisms

Line 5250N

Conductivity in log(S/m)

7000

X (m) 5000 4000

* Image deep structure
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Depth (m)

Processing: Inversion of Late Time Data

Discard early time data
— Contaminated by infrastructure
Invert Time Ch 8-16 (4.44-28 ms)
Inversion needs a “warm start”
— Maxwell used to generate 2 prisms

Line 5250N

—
3

=

" * Image deep structure

 See near surface
conductive features

-500

-1000

Conductivity in log(S/m)

-1500

-2000 7000

X (m) 5000 4000 68



Processing: Inversion of Early Time Data

» Late-time inversion sees deep structure
« Some conductive features near surface
-+ What is the effect of throwing away the early time data?

69



6500

6000

Y (m)
8

5000

4500

Processing: Inversion of Early Time Data

Inverting late time data
TC8-15 [4.4-28 ms]

1
-d

b b
Conductivity in log(S/m)

0
& A

1000 2000 3000 4000
X (m)

* erroneous near surface

structure

Y (m)

» Late-time inversion sees deep structure
« Some conductive features near surface
-+ What is the effect of throwing away the early time data?

Inverting early time data
TC1-7 [0.4 -3.3mg]

Conductivity in log(S/m)

surface

1000 2000 3000 4000
X (m)

information about infrastructure
and near-surface conductivity .



Processing: Inversion of all time channels

Starting and reference model:

« High conductivity from early time inversion
« Two conductive blocks

Near surface infrastructure

\

E
0 - o @
=
L=
£ -500 ~ -
e -1 -
c z
3 -1000 =
a T
(- ) ) 1-2 =
-1500 5 duct <ot Near vertical conductor -
| DEEP CONAUCTIVE packe offset from main packet {00 |8 , O

-2000

6000
5000 4

4000 4000
X (m) 5000
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Synthesis

Drill results superposed Z

. -2
1500 — Near vertical conductor

£

0 - lg @

on

oS

”é“ -500 - c

— -1 -

c =

2 -1000 — %
@

(] =

=

-

O

)

y Deep conductive packet offset from main packet |7qg0
-2000 ey 3
0 6000
5000 4
3000 4000
4000
X (m) 5000

* |maged main known conductive bodies
« Second conductor: recently drilled and contained sulfides (argillite)
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Takeaways

Drill results superposed Z

0 |
£ -500
— -1
i -
2 -1000
a 2
1500 — Near vertical conductor
y Deep conductive packet offset from main packet |7qg0
2000 - —— -3
5 6000
5000 4
3000 4000
4000
X (m) 5000

« Early time data:

— constrain near surface structure infrastructure
— Improved inversion for late time

« Warm start of inversion was necessary for deep conductors

Conductivity in log{S/m)



Case History: Wadi Sahba

Colombo et al. 2016
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Setup

is
'
=

== Graben (Trarvenwonsl F sults|
e Wadi (On Strie-Sip Faults)

@ o
# o=

» Qil and gas exploration in the Middle East: Focus is now stratigraphic traps and

low relief structures .



Challenges for processing seismic data

'T_h-.'e.,'egffhe‘c'ts ofa -deep.yya_qr —

- - - - - L

Distance

« Strong effects from near surface anomalies even after static corrections

/6



Properties

P-velocity and conductivity:

Up =9 (¢) vp: P-velocity

o = f(¢) ¢: porosity
Poor seismic data:

— strong scattering effects probably
caused by flower faults

— velocity inversions (high to low v,))

From previous multi-physics
analyses:

— strong structural similarity
between the inverted resistivity,
and the existing seismic results

Geologic map

Distance



Survey

HELITEM System Configuration
. N Zq
1.0
g 0.8
MIVER
E 0.4 / \
\
EM N 125m ..... 2 /
Receiver [\ A 0.0
248.0m : 0 2 4 6 8 10 12 14 16
: 26.8m Time (ms)

\ « Peak Tx current: 1200 A

v ) « Dipole moment: 1.7x10° A-m?

4 EM Transmitter

« Stacked TEM curve spacing: ~2.7 m

Total soundings: ~1.6 million

\4 Ground
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Apparent resistivity (Ohm-m)

—
“

=

—
L

Comparisons: airborne and ground EM

Conductive area

102L

..'M

..."'ilii:oict.¢--l

10° 10’ 10" 10°

Time (ms) Time (ms)

10’
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Apparent resistivity map

EM data

80



Comparison: EM and Seismic data

Apparent resistivity map Seismic time slice

o
R

21 km
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Processing: EM inversion

Conductivity model

« 1D inversion for each
sounding location

 |ateral constraint is
used

Resistivity (Ohm-m)

-

conductive resistive
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Cooperative inversion: Seismic + EM

 How EM can help seismic tomography inversion?

Velocity (v,,): high to low (significant challenge)
Conductivity (o): high to low

V. — ( ¢) m,.: Slowness
p g ¢; porosity m,: COndUCtiVity
o= f(¢)
1 1 1
w(m& mo) — 77bm(rns) + _wd(ms) + _¢x(msa ma) + _w’l“p(msa ma)
A1 A9 A3




Cooperative inversion: Seismic + EM

V,, depth slices at 340 m below sea level

Conductivity

v, with EM

vy without EM

~19 km



Static correction

Estimated statics on plan map

-
ﬂ Without EM

e

W|th =Y

Static corrected sections

Distance

Time



Pre-stack depth migration

* Impact of the improved v, model to a pre-stack depth migration:

V, Cross sections at A-A Cross sections at A-A

e — Y
-_‘ ‘vﬁhoEtEM

Depth ~5.0km

Time ~2.5s

Distance

Time

Depth



Interpretation and Synthesis

Depth section at A-A’

[

Depth ~5.0 km

0

Distance

Common image gathers

nmu

Offse( 6 km

|
|
- .‘
3 .

||1"z
! | |
IH |

| |

i
d

i

Depth = 5.5 km




Interpretation and Synthesis

Depth section at A-A’

[

Depth ~5.0 km

0

Distance

Common image gathers

Offse( 6 km

3D prestack depth migration co-rendered with EM

High resolution near surface conductivity
from EM improves velocity model

Helps seismic imaging:

— Static correction
— Pre-stack depth migration
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orizontal Magnetic Dipole (

MD)

« Same physical principles as

geometry

currents

VMD, but different source

« Focus on magnetic field and

» Different coupling for
conductive targets
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Magnetic field

Magnetic b, component
field 200 HI\/ID
42e-14 e
0 2.1e-14 ///"%/ R ”"’ \NT‘\\
E o 25e16 E _200
g 2.1e-14 N _400
200 4.2e-14 \d/ /
~400

What currents can generate these magnetic fields?

0000000

2.1e-12
1.5e-12
1.0e-12
5.1e-13
0.0e+00
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Magnetic flux density (T)

NN o |
SUYUo o v oy
S Speptidng ©



Magnetic field and Current

NN b L
Sudhowodld
S peptivng ©

Magnetic b, component
field M D VO E
4.2e-14 = — — i =
_ 21e14 %/’%@\\\(\?\§~ 8
£ o 25e16 E 200 // &J/)} \\ X
g 2.1e-14 ™ _400 & \§ )) \ ;
200 4.2e-14 4{ N=/ |} 5
~400 5

Current
jy component T
3.5e-10 8.7e-10 X
= 2.6e-10 6.0e-10 2
E o 1.7e-10 3.3e-10 §
g 8.8e-11 6.4e-11 ©
1.5e-12 20610 5
-500 0 500 §

X (m)

O
—



Primary field
05;%%%?//@%\C\:?\\\

Magnetic field in time + - #{E) )\\

—500 500
X (m)

400

200

Y (m)
o

t=0.03ms

—200

X (m)

—400
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t=0.03ms

t=0.13ms

Y (m)

Y (m)

Primary field
| e, /\3/ \\:\

Magnetic field in time == //( )\\\

—500 0 500

400

200

o

—200

—400

400

4.0e-15
2.0e-15
-2.5e-17
-2.0e-15
-4.1e-15

200

o

—200

—400
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Primary field

. . . ' ////%/\3/\\“
Magnetic field in time // \\\\
\\
—-500 0 500
X (m)
400
200 2.1e-14
—~ 1.0e-14
t=0.03ms E o 1.2e-16
> 1.1e-14
—200 2.1e-14
—400
400
200 4.0e-15
—_ 2.0e-15
t=0.13ms E o 2.5e-17
> -2.0e-15
—200 4.1e-15
—400
400
200 3.9¢-16
- 2.0e-16
t:O.63mS é 0 -2.0e-18
> 500 -2.0e-16

-4.0e-16
—400
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X (m)



Current in time

3.5e-10 0 8.7e-10
_ 2.6e-10 _ 6.0e-10
t=0.03ms E 17e-10 E 200 3.3e-10
> 8.8e-11 N _400 6.4e-11
1.5e-12 -2.0e-10
X (m)
5.3e-11 0 5.6e-11
. 4.0e-11 _ 3.8e-11
t=0.13ms E 27e-11 E 7200 2.1e-11
> l4e-11 ™ _a00 3.2e-12
l.4e-12 1.4e-11
X (m)
2.7e-12 0 2.7e-12
_ 2.0e-12 _ 1.9e-12
t=0.63ms E 1412 E 7200 1.0e-12
> 6.9e-13 N _a00 1.2e-13
2.0e-14 7.5e-13
-500 0 500

X (m)

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

Current density (A/m?)



Data: where and what to measure?

Magnetic field at 0.63 ms

400

200

Y (m)
o

—200

—400

RESOLVE 2008

Horizontal Co-planar

/
. e Q 7.86m o

Vertical Co-axial

, k (TX 0 8.99m OR)D
: ‘ ' 96




ow different from VMD?

Magnetic field at 0.63 ms

HMD ,,,

200

E o

>~

~200

~400
VMD £
2
200 4.7e-12 4712
_ 3.5e-12 35e-12 9
E o 2.3e-12 2.3e-12 X
> 1.1e-12 1.2e-12 ©
-200 -1.6e-13 0.0e+00g
—400 ]
=

~500 0 500
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X (m)



Coupling to a vertical plate

» Assume coincident loop case (Tx and Rx are coincident)
— Both VMD and HMD Recall three loops

« (Consider a profile line data (multiple time channels)

[H| 7H?|

* Imagine how profile response will look like?

50 -1

1000 Om

Depth (m)

450 -+
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VMD vs.

I30n1he@ht
0
50 -qmmmmmmmmmmm e
1000 Qm
450 - RS- 10 Om

Recall three loops

le—8

MD: profile line data

Voltage (V/Am?)

10—9.

10—11.

10—13 1

10—15

— T — = T M
- = = -
— %

— v —
= mm—a———

y——— y— e b — . — —
—_———— —— .
———— 3

" —
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VMD vs. HMD: profile line data

|
1079 v
~ - . — — . -
= == = = :
< -11] = gm% —
S 107 — ——
— — y— - - - i ——
S ;::gp"’: — o EQ:‘
o b ——— - ——
é & ____________________________ R g 10713 %m:\m —
[=) 'M
130 m height >
1015 T T T :
0 400 =200 N 200 400
S 10—9 J 1
1000 Om —_
o —— —
5_ — === —
450 - | SR 10 Qm ; 1011 — ; —
o == M‘h:‘zﬁh‘
LRIRI === NS
o = quh-“‘
Recall three loops > == —
2 le-8 ; . . 10_15 T T T T T
| ; ] —-400 —-200 0 200 400
X (m)
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VMD vs.

1000 Om

HMD is better coupled to
the vertical conductor

Voltage (V/Am?)

Voltage (V/Am?)

10—9.

10—11.

10—13.

10—15

10—9.

10—11.

10—13.

10—15

MD: time decays

. H—“g :-\:,Mh—- -
= — = =
— EEErﬂ"__"“ﬂEES —
e ——— ——
——— =S=== ===
‘ - ———
'::q:::EEEH’a’"*-’*__‘\\w——q//a_—a“*‘“*-ah‘““‘ﬂ::j
====SSSS - eSS
—400 —200 0 200 400
|
v
—— === =T
——3 ; —
— —
% — %F:Hﬁ
— h_—r//‘//J . ——— ——
—%" v -
—-400 —-200 0 200 400
X (m)
1079 4
E 10—10‘
<C
S 10—11.
a
s 10—12.
5
-13] N
% 10 --- VMD (background) Tl
> q0-14] — HmD BN
=== HMD (background) -
10—15 T '
10_1 100 101
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End of inductive source (TDEM)

-

il

Next up: Frequency domain EM /V\M
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