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Uncertainty — Error propagation
Shallow water
Up-down decomposition

Anisotropy

Spot the difference




Uncertainty — Error propagation




Propagation of uncertainty.
Error propagation

Example with two variables
Taylor to first order:

d , d )
FGu) = Flooy) + Lo ) 4 LE220
Or
0 , 0 )
FG) = f o) = Lo -y 4 LE220
Rewrite as:

af (x9,¥0) Sx + df (x0,¥0) 5y

6 (x,y) = == o

Variation in function f as a function of variations in parameters x and y.

Spot the difference




Have:

5f(x,y) = af(’;(; Yo) Sx + af(’;(; Yo) Sy

Suppose we do N measurements of f(x, y). For the n’th measurement:

_ df (x0,¥o0) 5

df (x0, ¥o)
O fn P Xp + o)

dy

Yn

9\ 2 ar\? of of
5% = (—) 5x2 + (5) S5y? + 2 cov(x,, Vy)

dx 55

al e mgS 5 Spot the difference




Have:

2 _ (NP o2\ (NP o 2, oOfOf
ofn _(ax) 5xn+(ay) 6yn+26xaycov(xn, Yn)

If independent variables:

SR A G AN e B I AN TR
N d0x N dy N

In terms of standard deviations:

2
2
Sy

2
i~ 2+

2 2
Will use notation of the form: 5f2 — <g> Sx2 + (%) 5y2

0x
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Have
or\’ ar\’
2 | 2 2 2 2
of _<6x> Ox +<6y> oy

The expected uncertainty/error in maesuring f due to uncertainty/errorin x and y :

2 2
o= [ e G o

Generalized:

0
5f (x) = j2| LD 2 151, 1
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Example

Speed trap:
Measured fixed distance and interval time measurement

Spot the difference




The distance from Ato Bis s = 100 m but there is -,
an uncertainty related to measuring the distance s : s §

Likewise, there is an uncertainty related to measuring
the time it takes to drive from A to B: 6t

S
The velocity is: v(s,t) = 7

2 2
The uncertainty in the velocity measurement is: Sv = <@> 5s2 + <6_v> St2
ds 9,

tZ

. 1\? o\ 2
Explicitly: Sv = <_> 5s2 + (_) St2
t

9 Spot the difference




Have

1 2 S\ 2
— — 2 - 2
5v = <t> 652 + () ot
S
Use v=z to obtain:
SV (55>2 <6t>2
% S t

Suppose the task is to measure velocities up to 110 km/h with accuracy 1.1 km/h
or better.

For the moment, assume perfect timing (6t = 0). Sufficient accuracy if:

ov 6s
>

% S
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Have for perfect time measurements:

0S
— < 0.01
S

If the distances = 100 m : s < 1m

Assumption: ds = 0.1 m with laser

Sv 5s\>  [6t\° 5t\
—=\5) +\7)—— 001> o012+

v S t

Obtain

ot
T < 0.01

Good accuracy on distance measurement implies that allmost all
potential uncertainty is related to time measurement
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Have
ot
— < 0.01
t
Small time intervals from A to B will give largest
uncertainty. This is for highest velocity.

Have 110 km/h = 30 m/s. Expected shortest time is
t =3.333s

Acceptable uncertainty in time measurement,
ot, is 0.033 s or 33 msec

Manual timing with stopwatch or electronic timing?

Spot the difference




Uncertainty in CSEM measurements

Assume observed inline electric field can be approximated by:

Ey(x,1%) = Gy (X, |X)LJpa + N

Gf,{(xrlxs): Electric field Green’s function. Often named «The Earth’s impulse response»
Here it serves the role as an ideal response without errors or uncertainty.

L: Length of electric dipole

In: Strength of transmitted current

a: Receiver calibration factor, nominal value is 1.0

N: Additive noise. Can be receiver self noise, MT noise, swell noise, motion noise, ...

al e mgS 13 Spot the difference




Transmitter:

Front electrode position
Aft electrode position
Current measurement
Timing

Uncertainty

Receiver:

- Position

- Direction

- Calibration

- Timing

- Self noise

- Motion noise - turbulence
- Swell noise

]' Effective length, feathering, pitch

- MT noise (Can be estimated/partly removed)

Spot the difference



Have

Ey(%y1%5) = Gop (x| X) Lt + N

For simplicity of derivation we assume a plane layer earth x = x,, — x;

Ex(X) = G (X)LJpa + N

For the source components

I = Jeos(@)cos(6) ﬂ/ ) e

Jy = Jsin(¢)cos(6)
Jz = Jsin(0)

Nominalop =0, 6 =0 Z

Perfect inline transmitter give: J,=/, J,=0, J,=0

Ex(x) = Ex(p) p=Ixa)]L0, ¢, N]T

wﬂuemgs 15
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Have derived

d
5 (x) = j2| LD 2 15, 1

For inline electromagnetic field:

JE,
OEx(p) =\/Z| ap(.p)lz 16p; |7

Ex(P) = Gen (X)L + N

p — [xra)]lLIH)(plN]T

For simplicity of notation: D = L]«
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Next step is to carry out calculation of partial derivatives with respect to parameter vector

Ex(P) = Gl(X)L,a+N  p=[xa]L6,¢N| D =Lja

Spatial coordinates:

0xEx(p) = 0,Gys (X)D
ayEx (p) =0

0,Ex(p) = aszg{(x)D

Directional coordinates:
Jx = Jcos(@)cos(0)

JpEx(p) =0 Jy =Jsin(@)cos(8)  (Gyxy=0)
J, = Jsin(6)
0pEx(P) = Gy (X)D

17
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Next step is to carry out calculation of partial derivatives with respect to parameter vector

Ex(P) = Gl(X)L,a+N  p=[xa]L6,¢N| D =Lja

Dipole moment-receiver calibration:
EJ 1
aLEx(p) — Gxx (x)DZ
_ rE] 1
a]Ex(p) - Gxx (X)D7
_ ~Erap L
aaEx(p) - Gxx (x)DE

Additive noise:

aNEx(p) =1
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Partial uncertainties

0.E,(p) = 0.GE(x)D —  SEx(X) = 10,Gys (x)D 6x|
3,E,.(p) = 8,6l (x)D —  OEx(Z) = 19,G, (x)D &7

—

EJ 1
aLEx(p) — Gxx (x)DZ

1 2 2
5 = GHWDE = 55,0 6D j(;) (@) ()

EJ 1
0o Ex(p) = Gy (x)D a

—

0gEx(p) = GE/(x)D ——  6E,(0) = |GE/ (x)D 66

aNEx(p) =1 - SEx(N) = |AN]|
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Have
OFE (X) = |d, G (x)D x|

SE,(2) = 10,GE (x)D 57|

2 2
-, (4 (2

SE(0) = |G,fzf (x)D 56

Collect all terms that scales with Green’s functions and dipole moment:

ISEx(M)|* = |SE,(X)|* + |SEL(Z)]? + |SE(C)]? + |SE,(0)]?
The additive term:
SE,(N) = |AN|

The total uncertainty:

SE. (p) = jiﬁixg_’”ﬂz Sp 2 OEx®) = ISE (DI + [0E, (V)

20

Spot the difference



Plot color coding

SE,(X) = 10,6l (x)D 6x|
SE,(Z) = 10,6l (x)D 6z|

SE(C) = |GEL(0)D)] \/(LL>2+<6]]> +<7>2

SE.(0) = |GE (x)D 56

SE,(N) = |AN|

SE,(P) = VISEx(M)|2 4 |SE,(N)|2eeeeueeeeeececasaccanss
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Scattered fields

Misfit in first iteration:
AER(p) = |EL" () — EQ (x, w)|
Assume that 67 percent (2/3) of transverse resistance recovered at

iteration n:
AE}(p) = |EZPS(p) — EX (x, w)|
True model
Start model
Resistivity Resistivity
> —>
|
] |__l
-
S ol
a K

£

M

3

0Q

n
D
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Inversion

L1 inversion data misfit kernel:

nsn _ AEY (D)
) = 5E

Inspect ratio of residual misfit field to uncertainty:

Hard to extract more resistivity information if residual data misfit is of same
magnitude as uncertainty. Critical value for W is 1. Further iterations make
sense if W larger than unity

Usually L2 inversion data misfit kernels used:

B Z AE} ?
°T SE,

Observations

al e mgS Spot the difference




0.3125

3.0

3.0

4.0

PH
0.3125

1.5

1.5

2.0

Resistivity model

=0.25 Hz

Resistivity

R
000 0.3125

2000 m —5000m 3.0

I 50m 50.0

Depth

4.0

PH
0.3125

1.5
50.0

2.0
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Log[Amplitude] (V/m)

.2

Examples

Depth:2000 m Cur:1000 A Dx:15.0 m Dz:5.0 m Dcal:0.01 Dcur:0.02 Gr:A Bl:Dx Cy:Dz Gy:TIt R%:67.0

8 9 10 1 12 13 14 15

i 2 3 4 5 6 7
Offset (km)

AER(p) = |EX* () — Ex (x, w)

0E,(N) = |AN|

Noise: §E, (N)
Misfit: AE, (p)
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Log[Amplitude] (V/m)

.2

Examples

Depth:2000 m Cur:1000 A Dx:15.0 m Dz:5.0 m Dcal:0.01 Dcur:0.02 Gr:A Bl:Dx Cy:Dz Gy:TIt R%:67.0

i 2 3 4 5 6 7 8 9 10 1 12
Offset (km)

13 14 15

AER(p) = |EX* () — Ex (x, w)

Noise: §E, (N)

Misfit: AE,. (p)

Calibration: 6 E,.(C)

8E(C) = |Gl (x)D] (

oL

L

)+

S\°  [da\’
7) *(?)
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Examples

Depth:2000 m Cur:1000 A Dx:15.0 m Dz:5.0 m Dcal:0.01 Dcur:0.02 Gr:A Bl:Dx Cy:Dz Gy:TIt R%:67.0

Noise: §E, (N)
Misfit: AE, (p)
Inline: §E,. (X)

Log[Amplitude] (V/m)
G

Calibration: 6 E,.(C)

-14 T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 n 12 13 14 15
Offset (km)

AER(p) = |EX* () — Ex (x, w)

SEx(X) = |05Gys (x)D 6x|
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Examples

Depth:2000 m Cur-1000 A Dx:15.0 m D50 m Deal:0.01 Deur:0.02 GriA BI:Dx Cy:Dz Gy:Tit R%:67.0
Noise: §E, (N)
Misfit: AE,. (p)
Inline: §E,. (X)

: 0FE,.(Z)
Calibration: 6 E,.(C)

Log[Amplitude] (V/m)
SR S

i 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Offset (km)

AER(p) = |EX* () — Ex (x, w)

SE(Z) = 10,6y (x)D 52|

Spot the difference




Log[Amplitude] (V/m)

Examples

Depth:2000 m Cur:1000 A Dx:15.0 m Dz:5.0 m Dcal:0.01 Dcur:0.02 Gr:A Bl:Dx Cy:Dz Gy:TIt R%:67.0

—

12

7 8
Offset (km)

AER(p) = |EX* () — Ex (x, w)

SE(8) = |Gy, (x)D 66

Noise: §E, (N)

Misfit: AE, (p)

Inline: §E,. (X)
:0E,.Z

Calibration: 6 E,.(C)
: 0E,.(0)

Spot the difference




For

2 2 2
SEx(C) = |Gys (x)D] \/ (5_L> * <ﬂ> " (5_“>
L J @

Assume in the following:

SL 8] ba
L | «a

SE,(C) = |G (x)D| 7

For example

O0A oL oL
T = V3T AL
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Normalized Amplitude

Log(Amplitude) (V/m)

&

'
o

[un
o

-12

20

18

16

14

12

10

Target depth:1250 m Current:1000 A Cal:0.017 R%:67.0

2 4 6 10 12 14

8
Offset (km)

Target depth:1250 m Current:1000 A Cal:0.017 R%:67.0

/p%\

6 8 10 12 14
Offset (km)

Noise: 6 E, (N)
Misfit: AE, (p)
Inline: §E, (X)

: 0E,(Z)
Calibration: 6 E,(C)
Tilt: 6E,(0)
Total;é‘Ex(p) ceccccccccces

AER(p) = |EZ™(P) — EX (x, 0)]
AER (p) = |EZ"(p) — EX (x, w)]

SEx(P) =V |6Ex(M)|? + |SE,(N)|?
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Target depth:1250 m Current:1000 A Cal:0.017 R%:67.0

sssssssssass Total
4 —
Calibration
Tilt
—— N
— \is il
— 6
S AE? Typical accuracy as of 2010
g AEy
3 -8
%.
£
<
8‘ -10
- ~
* 6z=5m
2 q 6 8 10 12 14
Offset (km) 69 = 10
Target depth:1250 m Current:1000 A Cal:0.017 R%:67.0
20
18
16
Qo 14
E
= 12
[=}
E
< 10
ko]
N
= 8
©
S
s 6
=
: Y (p
2
0 1-;—*// C—

10 12 14

8
Offset (km)

Spot the difference



Log(Amplitude) (V/m)

Normalized Amplitude

&
R

&

-10

124

20

18

16

14

12

10

Target depth:2500 m Current:1000 A Cal:0.017 R%:67.0

essssssssses Total
— [nline
Depth
Calibration
Tilt
— N
— s fit

2 4 6 10 12 14

8
Offset (km)

Target depth:2500 m Current:1000 A Cal:0.017 R%:67.0

—

2 4 6 8 10 12 14
Offset (km)

Target down

Typical accuracy as of 2010

0x =15m

60 = 1°

Spot the difference



Log(Amplitude) (V/m)

Normalized Amplitude

&

do

-10

-12

20

18 1

16 1

14 -

12 1

10 1

Target depth:3000 m Current:1000 A Cal:0.017 R%:67.0

Total
Inline
Depth
Calibration
Tilt

N

Misfit

2 4 6 10 12

8
Offset (km)

Target depth:3000 m Current:1000 A Cal:0.017 RS%:

14

67.0

—

10 12

2 4 6 8
Offset (km)

Target down

Ox =15 m
0z =5m
00 = 1°

Receiver noise 10711 V/m

Spot the difference



Target depth:3500 m Current:10000 A Cal:0.017 R%:67.0

essssssessss Tolal
—— nine

Depth

Target down

&

'
=]

Largest contribution

/

- O0x =15 m
0Z=5m
? ! ° Offs:t(km) v v 14 69 = 10

Target depth:3500 m Current:10000 A Cal:0.017 R%:67.0

-10

Log(Amplitude) (V/m)

20

Receiver noise 10711 V/m
6 Transmitter current 10 kA

12

10

4 /
2 J——

0 —_—

2 4 6 8 10 12 14
Offset (km) 5
i @ mgs 35 Spot the difference

Normalized Amplitude




Target depth:3500 m Current:10000 A Cal:0.005 R%:67.0

Target fixed
=
2
°
=
g Largest contribution
< /
: Ox =15 m
) 52 =5m
2 4 6 Oﬁ;sest (km) 10 12 14 69 — 10
. Target depth:3500 m Current:10000 A Cal:0.005 R%:67.0
Receiver noise 10711 V/m

18 -

6 Transmitter current 10 kA
R Better calibration and 6L
%— 12
£
< 10 |
3
Mg |
£
5 6
=

2 /

4_=__-ﬁ£—/
0

2 a 10 12 14

° Offsest (km)
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Target depth:3500 m Current:10000 A Cal:0.005 R%:67.0

sssssssssses lotal
—  [nline

Target fixed

&

Largest contribution

\ / Sx =5m

e 0Z=12m

i * ’ Offscft(km) ? " h 69 = 10

Log(Amplitude) (V/m)

Target depth:3500 m Current:10000 A Cal:0.005 R%:67.0

“ Receiver noise 10711 V/m

Transmitter current 10 kA
g Better calibration and 6L
5" Better navigation x & z
< 10 -

0 ‘ ‘ __==—-/_—’//\

2 4 6 10 12 14

8
Offset (km) .
Spot the difference



Target depth:4000 m Current:10000 A Cal:0.005 R%:67.0

esssesssesee Tolal

Target down

' '
@ (=]
n n

Log(Amplitude) (V/m)

Ox =5m
1 6z=2m

’ ) ’ OffseBt (km) P " - 69 — 0.4‘0
Target depth:4000 m Current:10000 A Cal:0.005 R%:67.0
a Receiver noise 10711 V/m
18 A
n Transmitter current 10 kA
PRt Better calibration and §L
e Better navigation x & z
<C 10
L Better navigation 6
£
5 1
=
. /\
27 ﬂ
e
0

2 4 6 8 10 12 14
Offset (km) 5
i @ mgs 38 Spot the difference



Target depth:5000 m Current:10000 A Cal:0.005 R%:67.0

vessesesennn T Increased transverse resistance
: —
Target down
— -6
£
S
o
R
g
<
g—lﬂ
6x =5m
6z =2m
’ ) ° Offseat (km) ° " a 69 — 0.4‘0
Target depth:5000 m Current:10000 A Cal:0.005 R%:67.0
20 : : -11
Receiver noise 10 V/m

18

. Transmitter current 10 kA
g Better calibration and L
s " Better navigation x & z
<C 10
8 . .
S Better navigation 6
E.
=2

4 /\

0 ‘ , e

2 4 6 8 10 12 14
Offset (km) :
i @ mgs 39 Spot the difference



Target depth:3700 m Current:10000 A Cal:0.004 R%:67.0

Shallow water —40 m

seessesssese Tolal

a — [nline

- Depth
Calibration
Tilt

— N

— it

&

Log(Amplitude) (V/m)

Problem is MT — swell — motion noise

10

6x =1m

» 6z=1m
’ ' * ofsettemy . 60 = 0°

Target depth:3700 m Current:10000 A Cal:0.004 R%:67.0

” Receiver noise 1072 V/m
18 +
16 4
14 4

12 4

10 ~

Normalized Amplitude

0 —_— B —

2 4 6 8 10 12 14
Offset (km) 5
i @ mgs 40 Spot the difference




Have

SEx(P) = V|SEx(M)|2 + |SE,(N)|?

[0E,(M)|* = [6Ex(X)|* + |6Ex(Z)|* + |SEx(C)|* + |OEx(0) |

AER(p) = |EX" (P) — EX (x, w)]

Let x here mean source-receiver offset
) OE, (x|M)
y\xX) =

E25(x)

Can write:

SE() = [l COEP=I2 + AN

How does y behave as a function of source-receiver offset?
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0.10

© o
=} o
= @

Normalized Amplitude
2

0.02 4

© ©
o o
=) ©

Normalized Amplitude

0.02 4

Target depth:1250 m Current:1000 A Amp:0.017 R%:67.0

Equipment 2010

OB, (xIM)
Y0 = pons
y ~ 0.03

8
Offset (km)

Target depth:4000 m Current:10000 A Amp:0.005 R%:67.0

Equipment 2017

_ SE,(x|M)
]/(X) - Egbs(x)

y = 0.01

2 4 6 10 12 14

8
Offset (km)

Quick and dirty estimate of uncertainty:

SE(x) = [V2IEZP ()2 + AN?

Even dirtier estimate of uncertainty:

SEx(x) = YIEZ" ()| + AN

Target depth:1250 m Current:1000 A Cal:0.017 R%:67.0

ee Total
Inline

Depth
Calibration
Tilt

N
Misfit

&

Log(Amplitude) (V/m)

—
o

-12

42

Spot the difference




Frequency vs. Offset

In order to find the best fitting range of frequencies for a survey it is important to find a waveform with
frequencies at and around the peak sensitivity for a given target.

At the same time one should keep in mind that different frequencies have different penetration and
resolution.

25 0Om @ 3250m 50 Om @ 3250m 7 70 Om @ 3250m

Aianisuag

Frequency (Hz)
N

!

15 15 5 10 15
Offset (km)

5 10 5 10
Offset (km) Offset (km)
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Shallow water




Somewhere on shore

150 — 400m

1500 — 2000m

Somewhere off shore

al e mgS Spot the difference




I. I ] 1 I ] 1841Im I
i 1479 m
\ 352m —
1e-09 | 164 m ——— -
96 m
67 m ——
& 46m ——
<
> le-11 | .
i
e
2
I=
= 1e-13 f ~ 1
1e-15 | .

0 2000 4000 6000 8000 10000 12000 14000
Offset [m]

Spot the difference




Air

Water 40 - 2000 m 0.3 Ohm-m

Formation 1000 m

2 Ohm-m

Resistor 50 m SQ th_m

Formation 2 Ohm-m

All examples are for 0.25 Hz
Results not particular for that frequency

Spot the difference



40 - 2000 m

1000 m

Resistor

50 m

Formation

Full waveform modeling of the
scattered field from a thin resistor

AExx(xrlxs) - Exx(xrleIA) - Exx(xrleIB)

40 - 2000 m

Eyx(xr|x5,A) = Exp (x| x5,B) + AExx(xrlxs)

Spot the difference




Amplitude (V/Am )

Airwaves and Scattered fields

-6
— {00 111
e 2} 11
)] M
g- 40 m
Eox(x,]xs,B)
10
-12
14 -
16 : : ; .
2 4 6 8
Offset (m)

10

Magnitude [V/Am?]

1e-09

1e-11

1e-13

1e-15

0

2000 4000 6000 8000 10000 12000 14000
Offset [m]

Spot the difference




Amplitude (V/Am )

Airwaves and Scattered fields

-16

o {00 11

Formation

o

Formation

Offset (m)

O -

10

Spot the difference



Airwaves and Scattered fields

-6
o {00 111
300
—— )] M
84 40 m
— -10-
E
<
=
< Ex(xy|x5,B)
E
2
E .
< 124 e,
q44 T T TN
_16 T
2 4 6 8 10
Offset (m)

Shallow water CSEM very difficult if scattered field
same amplitude for all waterdepths

al e mgS Spot the difference



Scattered fields

%10 11
23
e H (10 117
— 1 I
AExx (xT' |xS) 40 m
Z0
.'-1_"1'5-
C
s
=
4
%
E
<904
0.3

o 4 B 2 10
iffset (1]

The amplitude of the scattered field increase significantly
in waterdepths less than 300 m

al e mgS Spot the difference




Normalized Scattered fields

2 — 20 Scattered fields normalized on the 2000 m
L waterdepth case

Resistor burial depth 1000 m

MNarmalized Amplitude

Normalized Scattered fields

b
Resistor burial depth 3000 m
- ] Enhanced scattered-field effect is not
o restricted to a particular burial depth
\'\/\
| or frequency

Offset (m)
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Amplitude (V/Am )

-10 4

-12 -

-14 4

-16

Airwaves and Scattered fields

o {00 11
200 m
T m
4 m

.,
-

------
----
- -
--------
..........
_________
------
- -
. -
e

.
-
~~~~~~

AEy,(Xrlxs) N

-
- -
------
- -
- " -
- =
- o
- - i
] ~a
- =
-
-
o
-

Offset (m)

Scattered field of same
magnitude as background
field for a fairly large offset
interval.

Marine CSEM in
shallow water feasible.

Spot the difference



Magnitude of airwave increase as waterdepth is reduced

The response from a thin resistive layer increase as waterdepth is reduced

The increase in the response from a thin resistive layer is sufficiently strong
to make marine CSEM in shallow water feasible

Spot the difference




Mittet and Morten 2012:
Error propagation analysis to estimate uncertainty in observation

E)?J?S(xrlxs; LB N,..)= Gylx,|xs) UJB+N

AEZS () |5

|2
P 2|8

SEQL(p)= x| W)

Contributions to uncertainty are both multiplicative and additive

For model used here we find that multplicative contributions approximately
constant with offset (Offset > 2 km)

Simplified model for the uncertainty in the observed data:

SE i (Xy|x5) = \/(X |E0bs(xr|xs)|2 + 7]

Spot the difference



Scattered (=misfit) field from full waveform modeling:
AExx(xrlxs) = Exx(Xr|Xs,A) - Exx (x| Xs,B)

Uncertainty in the observed field:

6Exx(xr|xs) = \/a2|E,?,?5(xr|xs)|2 +7 2

L1 inversion kernel at first iteration:

|AExx (xrlxs)l
|8Exx (xrlxs)l

LIJ(x?‘lxs) -

L2 inversion kernel at first iteration:

|AExx (xr |xs)|2

LIj(xrlxs) =

|6E ., (x,]x5) |2 (Tarantola, 1984)
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Noise models

S Esx (X7 [X5) = \/aZIEfp?S(erxs)IZI) +1n7?
Based on error propagation analysis
a = 0.03

Based on real data

Y
2000m) =5 x 10716 —
n( m) A2

=270 m

— v |—1250 A
n 300m) =3 x10 15

\Y
100m) =6 x1071>——
n(100 m) A2

\Y
40m) =15 x 107 14—
n(40 m) A3
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L1 kernels

a0
00 m
()M
70 40 m

Amplitude

1 B 2 10
iffset (1]

|AEsy (x| X5)|

gk}

POrlxs) = e o )
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Amplitude (V/Am )

-10 -

-12 -

-14

-16

Airwaves fields

For given frequency (0.25 Hz)

Airwave «kick in» at approx 800 m ->
Increase in multiplicative term and hence
reduced sensitivity

Offset (m)

40 m
100 m
300 m

800 m

1500 m
2000 m
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Airwaves and Scattered fields

For given frequency (0.25 Hz)
Increase in scattered field «kick in» at approx. 400 m
84\\ Increase in sensitivity

Amplitude (V/Am )

40 m
100 m
300 m

800 m

1500 m
2000 m

-16

Offset (m)
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L1 kernels

80

704

60 -

50+

Amplitude

B
=]
1

30 4

20+

10 -

From 2000 m — 400 m:
Increase in airwave
and additive noise give

reduced sensitivity

From400m—-40m:
Increase in scattered
field balance the airwave

effect

40 m
100 m
300 m
800 m

1500 m

2000 m
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Up-down decomposition




Before up-down decomposition

Air

Water

Overburden

Reservoir

al e mgS Spot the difference




After up-down decomposition

Air
Water
o
|\ - | 1 |
Overburden
Reservoir
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Air

27

A

Water

\

Overburden \/ /

Reservoir

Y

The purpose of U-D decomposition is to reduce the contribution from

«large amplitude» downgoing field components like the airwave and
MT fields

After decomposition further processing is performed on the upgoing
field that has interacted with the subsurface
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Maxwell equations for 1D MT

Jx + 0Ex| [-0,H, iwpoHy | [—0,E,
Jy +0Ey| =| 8,H, lwhoHy | =1 9,E,
0 ~+ O'EZ 0 i(U.UOHz 0

Obtain two sets of equations that describe two different polarizations:

0, Hy roE = 0,0
aZEx'i(l)ﬂoHyzo aZEy + l'(,l),uon=O

Equations for both polarizations :

0ZE +iwugoE,=- iwug J3 07 E,+iwugoEy=-iwp, J;

Sufficient to concentrate on x-polarization to understand the physics.
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0,Ex-iwpoH, =0 K2 = oo

EP(z,w) = E,(z,, w)e'*w (?2a) EV(z,w) = E,(z,, w)et ko@=2) k, =.iouyo

EY(z, w)

T % l E(z, w)
|
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0,Ex-iwpoH, =0 k2 = ioouyo

EP(z,w) = E,(z,, w)e'*w (?2a) EV(z,w) = E,(z,, w)et ko@=2) k, =.iouyo

Have in general:  0,E, = iwuoH,,

EY(z, w)

| fa l E2(z,w)
I
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0,Ex-iwpoH, =0 k2 = ioouyo

EP(z,w) = E,(z,, w)e'*w (?2a) EV(z,w) = E,(z,, w)et ko@=2) k, =.iouyo
Have in general:  0,E, = iwuoH,,

17 E2 (z, 0)
Assume downgoing field only at z:

T Z

1, I EY (z,w) 0,Ex (z, w) = iwpgH;) (2, w)

EY (z,0) = 720 H (7, o)

EP(z,0) = —>2HP(z, w)

Jiopgo
EY(z,w) = ZHy) (2, w)
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0,Ex-iwpoH, =0

EP(z,w) = E,(z,, w)e'*w (?2a)

EV(z, @) = E,(zp, w)et ko@Zp=2)

T %a l E2(z, w)
- z
1., I EY(z, w)

Have in general:  0,E, = iwuoH,,
Assume upgoing field only at z:

0,E (z, w) = iwpoHy (2, w)

EV(z,w) = —a])(—’:)oHJI,J(Z,a))
EY(z,w) = — ,—l.(fj;ooaHjl/](Z,w)

EY(z,w) = —ZHy (2, w)
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ki

= lwWUyo

= JiwUyo
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Characteristic impedance:

WHo

NATOYINY G
L=, —iwlep

7 =

Characteristic impedance is a medium property and is completely
determined by the medium resistivity (or conductivity).

Must not be confused by the expression for field impedance Z,,, used
in MT processing:

Ey
Hy

Lyy =
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We measure the total fields:
E.(z,w) = E2(z,w) + EV (2, w)

H,(z, w) = H;) (z, w) + Hy (z, w)

EY(z,w) = ZHy) (z, w)

E{ (z,w) = —ZHy/(z, w)
EX(z,w) = ZH) (z,0) ——  E,(z,w) — EY(z,0) = ZH,(z, w) — ZHY (2, w)
Ex(z,w) — E{ (z,w) = ZH, (z, w) + E{ (2, w)

Upgoing and downgoing fields are calculated from the measured fields:

El(z,w) =>[Ex(z,w) — ZH, (2, w)]

N |-

EX(z,w) = - [Ex(z,w) + ZH, (2, w)]

N | =

al e mgS 73 Spot the difference




Up/Down separation 3D

For vertically traveling field:

EV(z,w) = %[Ex(z, w) — ZHy(z, w)]

General solution:

( kxkyHx(z,w)+(k3—kZ)Hy(z,0) )

K /kg)—k,%—kf,

EY (z,0) = 5 [Ex(z,0) — Z

Vertical propagation k, = k), = 0

Practical Up-Down decomposition is performed with: EY(z, w) = %[Ex(z, w) — ZH,(z, )]

al e mgS Spot the difference




Electric fields paralell to an interface are contineous over interface.
Current normal to interfaces is contineous

Magnetic fields continous if non-magnetic material
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Electric fields paralell to an interface are contineous over interface.

Magnetic fields paralell to an interface are contieous over interface.

E, in waterlayer just above seabed.
equals E,, in formation just below seabed.
Same for H,,.

Spot the difference




Spot the difference




Spot the difference




Downgoing airwave
Upgoing airwave reflection
U Upgoing transmitted subsurface response

Spot the difference



Downgoing transmitted airwave
Upgoing subsurface response
Downgoing reflected subsurface responsg

03
Can calculate upgoing field just below seabed, but that
requires resistivity/conductivity of top formation to be
estimated

Spot the difference



Up/Down separation

Separation above and below seabed
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RESETVOIT HIgh resistivity

Z-sgraph (=]l shxgraphsds (=]
Amplitude Phase
0

280
200

_2_
260

-4
200
" 150
1004

_8_
G0+
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Z-sgraph (=]l shxgraphsds (=]
Amplitude Phase
0

280
200

_2_
260

-4
200
" 150
1004

_8_
G0+
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Up/Down separation

Measured field

Modeled upgoing

Calculated from measured field 3D
Calculated from measured field 1D above
Calculated from measured field 1D below

Log(Electric Field) (Y/m)
Phase (Rad)
ra
!

-10

1o R R - R g E { g g 1 e R R - R E { g g

g
Offset (km) Offset (km)
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Up/Down separation

messsss———  |[Vleasured field

Modeled upgoing

Calculated from measured field 3D
messsssssss  Calculated from measured field 1D above
messsssssmm=  Calculated from measured field 1D below

Log(Electric Field) (Y/m)
&
I
Phase (Rad)
-
hil bl

- R g E { g g 1 1o R R - R

Offset (km)

/‘_—.-—-'---n
17 |
-8
0,5
e I I ‘ i d 1 1 2 2 1

Offset (km)
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Up/Down separation

Measured field

Modeled upgoing

Calculated from measured field 3D
Calculated from measured field 1D above
Calculated from measured field 1D below

2 _1,2
S P Y O SRR}

ke /kg)—k,%—ka,

/-——'—-...‘
17 |
-8
0,5
e I I ‘ i 3 1 1 2 2 1

- R g E { g g 1 1o R R - R

Offset (km)

Log(Electric Field) (Y/m)
&
I
Phase (Rad)
-
hil bl

Offset (km)
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Up/Down separation

Measured field

Modeled upgoing

Calculated from measured field 3D
Calculated from measured field 1D above
Calculated from measured field 1D below

EV(z,w) =

N | =

[Ex(z, w) = ZyHy (2, w)]

Log(Electric Field) (Y/m)
Phase (Rad)

-10

1o R R - R g E { g g 1

Offset (km)

Offset (km)

Spot the difference



Up/Down separation

messsss———  |[Vleasured field
Modeled upgoing
Calculated from measured field 3D
messssssss ~ Calculated from measured field 1D above
messsssssms  Calculated from measured field 1D below
0 4
34
-2
24
E ] £ -1
B -2
-8
-3
-10 . -4 :
o - + - X UFFseé k) d I : g : o - + - X UFFseé k) d I : g :

Harmalized fuplitude

f
OFfset (kn)
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Up/Down separation

Measured field

Modeled upgoing

Calculated from measured field 3D
Calculated from measured field 1D above
Calculated from measured field 1D below

Log(Electric Field) (Y/m)
Phase (Rad)
o
I

1o R R - R g E { g g 1 her R R - R E { g g

d
Offset (km) Offset (km)

Mormalized Auplitude
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Up/Down separation

1
EY(z,w) = > [Ex(z, @) = Z,,Hy (2, )]
1
E_;E-](Z, (,()) — E [Ex(Z; (U) - Zny(Zr (,())]
0 3 3 3 3 ) ] ) i : : *

Offset (km)

meesssss———  [Vleasured field

Modeled upgoing

Calculated from measured field 3D
messsssssss  Calculated from measured field 1D above
messsssssmm=  Calculated from measured field 1D below

!
=

- R g E { g g 1

Offset (km)

Mormalized Auplitude

mse% (km)
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Up/Down separation

mssssss——— Recorded field
Modeled upgoing
Calculated from measured field 3D
messssssss ~ Calculated from measured field 1D above
s Calculated from recorded field 1D below
-3 4
-4 34
24
= -5
3 5 ]
ﬁ -1
g 4]
-2
-5 -3
-10 . -4 :
o - + - X UFFseé k) d I : g : o - + - X UFFseé k) d I : g :
Z

1 E) ! 1 f { 7 é g I

OFFzet (kn)
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Up/Down separation

messsssss—— Recorded field
Modeled upgoing
Calculated from measured field 3D
messssssss ~ Calculated from measured field 1D above
s Calculated from recorded field 1D below
-3 4
-4 34
24
. -5
% 1__’_/_/
3 5 ]
& -1
g 4]
-2
-5 -3
-10 . -4 :
o - + - X UFFseé k) d I : g : o - + - X UFFseé k) d I : g :
’ I 1 E 1 mse% (lem) : i : 8 !
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Up/Down separation

0 3
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—_ PR |
El E
= -1 =
2 = &
Z &
] g
5 5 -1
5 -6 ]
= 7}
% 3
3 S -
-8
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Dfset [kn) 0Fset. (ke)
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24 34
14 14
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S o s o
# H
2 £
1] 1]
2 =2
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Dfset [kn) 0Fset. (ke)
w
]
2]
.
]
o
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£ :
s
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Doing Up-Down decomposition is not the same as doing a deep water experiment

Internal multiples in waterlayer is not removed.

Air
Water
(= | 1 |
Overburden
Reservoir
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Electric field amplitudes
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Phase
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Electric field amplitudes
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Vertical resistivity model

Vertical resistivity model 0
0
A A A A A A AN A A A A A
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—1
g’ e <
= e —
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02 e
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. o Horizontal resistivity model
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Vertical resistivity model

Vertical resistivity model 0
0
. A A A A A HAbDBDA DB A A
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Vertical resistivity model

Vertical resistivity model
0 0
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Anisotropy




Electrical anisotropy

Resistivity within a formation is
different in the vertical and horizontal
directions.

Reasons for this:
Lithology, layering, grain orientation
Fractures

Diagenesis

Anisotropy Factor= p,, /pp
Values range from basin to
basin and stratigraphic
intervals.
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Electrical anisotropy

A formation is said to be electrically anisotropic if its conductivity is direction dependendent.

Ohm’s law:

Isotropy General anisotropy TIv
Ko | Oxx Oxy Oxz Oh
o= c O=|0y Oy Oy 0= Oh
I | (O Oy Og | B Oy |
1 independent value 6 independent values 2 independent values

(symmetry property of tensor)

Principle causes of anisotropy are: Lamination and bedding, grain shape and alignment, and fracturing.

TIV is typical for a formation with horizontal bedding and grain alignment.
General anisotropy is typical for a dipping formation. ..}.

In CSEM, it is most common to work with a TIV model.

Good to know
* TIV stands for "transverse isotropy with respect to a vertical axis of rotational symmetry”.
* In vertical wells, resistivit i i
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Electrical ansiotropy and resolution

 CSEM is a low-frequency technique, so we cannot
hope to resolve conductivity variations on a scale similar
to well log resistivity measurements.

e All we can expect is to measure a bulk conductivity of
a rock slab with dimensions on the order of several
meters.

* The bulk conductivity is, however, determined by the
fine-scale structure and constituents of the slab.

* Material averaging laws dictate that the bulk
conductivity is anisotropic even if the constituents are
isotropic.
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Material averaging for a formation with horizontal bedding

Ovi Phi Good to know
- -  Nbeds The effective vertical resistivity is typically higher than the
samples
( ) The ratio X:pv/ph is called
1
R\ii
Vertical current flow T 1 Emphasis on beds with
—>Equivalent circuit: Py = szv,i relativelv high resistivit
Resistors in series - i y nig Y
T "arithmetic" average of
vertical resistivity
7
——
Rh,i
: - = i _ i 1 Emphasis on beds with
- Equivalent circuit: = = _ _
fn N5 pp; relatively high
— = harmonic" conductivity
armonic  average of
- horizontal resistivity
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