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Background for MT3D

« MT3D developed as part of a GIF industry consortium (2000-2003)

« Basicaspects of forward modellingand inversion parallel those for
controlled sources

— Finite volumediscretization for forward modelling
— Gauss-Newton methodology for inversion

e References:

— Farquharson, Oldenburg, Haber, and Shekhtman, 2002, 3D Inversion of MT
Data SEG Ext. Abstract

— Haber, Ascher, and Oldenburg, 2004, 3D Inversion of frequency and time
domain data using all-at-once. Geophysics 69, p 1214

— Haber, Ascher, Aruliah and Oldenburg, 2000, Fast simulation of 3D EM
problems using potentials. J. Comp. Phys. 163, p 150.

— Haber and Ascher: 2001 Fast finite volume simulation of 3D EM problems
with highly discontinuous coefficients. SIAM J. Sci. Comp. p 1943
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Forward Modelling

« FD Maxwell’s equations (e'°t)

Electromagnetic induction

' E-ler H: 0
' H (6 lw )E: J°
o eE:- 0
uH: 0

« Boundary condition

nt H: 0
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Forward Modelling

« A Helmholtz decomposition with Coulomb gauge

E: At T |
A0

« System equations for A and ¢

L - iwé - iwd | A i0J°
IR Y B | N B I A
where
L -1 =7 -VlV
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 Discretization with staggered grid
A,J Ao,
F.i H
-- A, J are defined on the faces U
.*'*.4 \ J i,
-- ¢ is in the centers A
: ¥ ! »
Y H
-- H is on the edges S 0 o Ao
A‘””'FI Hz 415:-!5’
Y . Y H
> AN
_ H, “
—
A'J : A-' "IJ'
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 Discretized matrix system
L - ioM,. - ioM]J A
M., e M

o

where L : 120 MY DT MY

(P Discretization of Curl
! h : Div
[ : Grad
M, : Conductivity
M., M. : Magnetic permeability

or simplified as

AmMu=q = u=.4(m)'q
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 Solving the matrix system
Am)u =q
* |terative solver BICGSTAB

e Preconditioner

where M-is readily computed

Solve M A(m) U =M'1q
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Inverse Problem

« Minimize ¢ = ¢, + ¢,

where 2

o W (F[m]- d*™)

., FIm]: T(Qu)
I 'm* W(m rnref)2

. Regularization parameter

Q: Projection matrix

u: Potentials

d* : Observed data

m,m, . : Model and Reference model
W, W : Data error, model weighting




 Solving the inverse problem

-- Differentiating the objective function ¢ with model m

dm g(m): J'Wy [F[m]- d]- | W'W(m- m,,)

where sensitivity matrix

OFm]  0f[Qu] du

PP -5 ; -1
Ve dm  Om SQf}m AU Gln )
and
cf
G(m,u) = J[A(m)u|/dm S:a?_)

f: Function that converts E, H fields to other data types
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» Gauss-Newton method
-- Solve g(m) =0, and let Fm+gm] =F[m] +J gm

(J'J: | W'W)dm: - g(m)

The sensitivity matrix J has been normalized by w,

J=-W,SQA(m) 'G(m, u).

and the gradient is

gm) = —-G(m.,u)’ Am) "Q'S"W) W, [F[m] — b]
AW W (m m,.r)

Matrices Wy, W, S, Q, A(m) , G(m,u) are SPARSE!




» Solution of the matrix system

(J'J: | W'W)dm: - g(m)

IPCG solver with preconditioner

Main computations:
(1) Jv= -W,;SQ A(m) 'GvV

Solve A(m) f=w
(2) JTv= -G Alm)" QTSTWT

W
Solve A'(m)f=w

UPDATE m, ,: m

NAQR LAY
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:Forward modelling

:Adjoint modelling

I om
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F | oW C h art Recall we are solving ...

|
i

G:("d'PQm

- W, (F[m]- d™)

2

2

W(m ' mref )

-

Choose By, M

Evaluate ¢(m,), g(M ), matricesWy, W...

For B cooling loop

For k=1 —> max iterations

«IPCGtosolve  CAIXINIAAGG

 Line searchfor step length

« Updatemodel 1, =¥+

End < po g

Reduce B

_ | End




Synthetic Model

Cross section

Block: 250 X 500 X 100m
Buried 50 m

Block: 1 Q-m
Background 200 Q-m

Plan view showing model
and station coverage

# of stations: 1661
# of data: 13,448

Mesh: 32 32 28 cells




Data for Inversion: Impedances 10Hz

Noise is Gaussian and equivalent to:
5% of apparent resistivity
2 degrees in phase

VHITIVEU UAlG T ITYUTIILY. 1V e

Real Zex - # of data: 1681 Imaginary Zxe< - # of data: 1631 Real Zxy - # of data: 1681 Imaginary Zxy - # of data: 1681
.6.91e.002 500 .5.54-002 500 _-1.19e.002  500_ & R S . 1.18e-001
4.66e.002 .3.70e-002 .-3.02e.002 . 1.01e-001
250 A

.2.41e.002 .1.87e-002 .-4.86e.002 .8.40e-002
. 1.50e.003 .261e-004 0 .-8.70e.002 .8.72e-002
.+2.09e-002 .-1.81e-002 .-8.54e.002 .5.03e-002

-250
| -4.34e.002 .-3.65e-002 -1.04e-001 . 3.35e-002
i . -6.50e.002 -5.40e-002 500 .-1.22e.001 . 1.68e-002

-500 260 0 250 500 -500 250 0 250 500
Imaginary Zyx - # of data: 1621 Real Zyy - # of data: 1681

. 1.55e.001 500 .-1.23e-002 500 3.64e.002 .2.97 002
1.30e.001 .-3.41e-002 .2.42e.002 .2.00e-002

250
.1.06e.001 .-5.50e.002 .1.10e.002 .1.02e.002
.8.10e-.002 _-7.76e-002 0 277004 .4.99e-.004
.5.63e.002 .-0.94e-002 _+1.25e.002 .-0.240.003

250
. 3.17 e-002 .-1.21e-001 -2.47 002 .-1.90e-002
.7 .05e-003 .-1.43e.001  -500 .-3.60e.002 -2.87 e-002

00 260 O 260 500

-500 260 0 250 500




Recovered model




Obse

rved and predicted data

Real Txx

oo ML
00 20

Real Tax

Peal Z
€00 P

- A of daa: 1001

[T

- A of daa: 1681

- & of da: 1601

L6.91e-002
. ¢.668¢.001
.1.416.001
- 1.80e-001
_-2.082-002

. -4.342-002

. 45.592-002

. 1.65¢.001
. 1.20e.001
- 1.06e-001
_8.10e-002
_4.63e-002

3. 17e-002

.7.05e-000

-6.91e-002
. 4.66¢.002
.J.41e.007
_1.88e-007
_-2.092-002

. -4.392-002

. 5.592-002

1660001
. 1.206.001
- 106e-101
_8.10e-002
. 4.E3e-002

3. 17e-002

. 7.05e-000

400

imaginary Zxx

imaginary Zyx

Imaginary Zxx

A0 260

maginary Zyx

Obzarved Daia

- Nof daa 1601

- & of data: 1691

5642002
.2.70a.002
187a.002
.2 6le.004
-1.81e-001

. -).E5e-L02

| -9.49e-002

.-1.220.002
-1.416.001
.- f0e-07
_-1.76e-002
.-4.54e-(02
-1.21e-001

. -1.93e-001

Pradicted D=t

- Hof dsa 1621

- A of data: 1601

5542002
2700002
.187a.002
2 fle0nd
-1.81e-(02

-1 .E5e-(02

.-0.93e-002

.-1.234.002
.-1.415.007
-§ £0e-007
-7.76e-(01
.-8.54e-002
.-1.21-001

- 1.43e-001

Fracuaercy: 10 Hz

Frea:

500

250

-500

Resl Zxy - ¥ of data: 1681

Real Zyy - # of data: 1601

quaney: 10 Hz

400

Resl Zxy - ¥ of data: 1631

Real Zyy - # of data: 1681

500

118002
.2 02e.002
.-486a.002
6 Fle-002
-8 54e002
-1 Dée-001

1222001

.2.642-002
.2 42002
-1.19e-002
2 77e004
.1 28e-002
-2 4ie-002

-3 08e-002

1182002
.2 02a.002
-4 26e.002
6 70e-002
-8 5de-002
-1 D¢e-001

-1 222001

.3.6da.002
.2 42a-002
-1.19-002
277e004
1 2e002
-2 4ie-002

-3 08e-002

00

a0 ™o Zyy

80, Imagirary Zxy

-500 7
-500 240

Imaginary Zyy

Imagirary Zxy - ¥ of data: 1631

*my

¥ of data: 1621

- ¥ of data: 1631

i

80 50

- ¥ of data: 1631

113001
. 1.01e.001
£ 40e-005
6726007
.03e-002
. 3.35e-002

163002

207002
L3 0003
1.02e-007
. 4.92e-004
.-8.24e-003
.-1.902-002

.-2.87e-002

. 1.12e001
. 1.01e-001
£ 403
672607
£.03e-002
3. 35e-002

. 1.06%e-002

2076002
| 5.00e-007
102e-00%
4.9%e-004
.-8.242-003
-1.902-002

. -2.87e-002

Observed

Predicted
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Convergence curve

2 DBe+0086

T.92e+005_

Misfit
2 048+D05_

2.23e+004._

1. 302+ 004

0 11 22 23 44 1)
ttaration #




Extra slides: apparent resistivity Inversion




Invert apparent resistivities and phases

Observed Data Frequency: 10 Hz

Zuxtho - # of data: 1681 Zuytho - # of data: 1681 Zuy phase - # of data: 1681
500, 8.33e4001 500 .3.27e4002 500. X 2 1.42e4002
. 6.99e+001 - .2.74e4002 i | 1.39e4002
250 | 250, 250, 1
.5.59e4001 .2.20e4002 - e " ¥ 1.35e4002
T
. 41924001 0. 1674002 0. o 1.31e4002
L | d .
.2.79e4001 r 11364002 i @ . 1.284002
-260 260 2507 g m o i
. 1.40e4001 59924001 = ; . 1.24e4002
s
-500, .5.13e-004 -500, 2 : v . Mesoesoo 500, 3 y L L120es002
500 250 500 500 260 0 %0 500 500 250 0 %0 500
Zyxtho - # of data: 1681 Zyx phase - # of data: 1681 Zyytho - # of data: 1681
500, .5.14e4002 500, % 361edD1 500 26424001
s
IL | 4.28e4002 o B i |-4.05e+001 P I_z.zaewm
250, 250_ = = 250 ' .
.3.43e4002 45024001 17624001
=
0. 25824002 08 * |.-4.942+001 0 . 1.32e4001
. 1.73e4002 53024001 87924000
-250. /0. N K -250
8.80e+001 L -5.84e4001 44024000
= = " )
-500, . . . . M2seesd00 500, > ; Y . M.628es001 500 | 5.70e-006
500 260 0 %0 500 500 250 0 260 500 -500
Predicted Data Frequency: 10 Hz
Zxx tho - # of data: 1681 2wy tho - # of data: 1681 Zwy phase - # of data: 1681
500, . 8.3324001 500. .3.27e4002 500. . 1.4224002
| 6.99e+001 .2.74e4002 . 1.39e4002
250 | 250, 250.
.5.59e+4001 .2.20e4002 .1.35e4002
0 | 4.1924001 0. 1674002 0. . 1.31e4002
.2.79+001 .1.13e4002 . 1.28e4002
250 -260. -250.
. 1.402+001 .5.99e+001 . 1.24e4002
-500 | 5.132-004 -500, ; " \ . Mesoeson 500, o q ] . 12004002
-500 500 500 -250 0 %0 500 500 250 0 250 500
Zyxtho - # of data: 1681 Zyxphase - # of data: 1681 Zyytho - # of data: 1681
500, .5.14e4002 500 361e4001 500 2644001
o 3 . 4.28e4002 -4.05+001 .2.20e+001
250, 250
.3.4324002 .-4.50e+001 .1.76e+001
0. I [ 2584002 0. - |.-4.94e+001 113224001
. 1.73e4002 .-5.39e4001 .8.794000
250 . 250
-_ . 8.30e4001 -5.84e4001 . 4.40e+000
.5.70-008

-500, : - o, | 2.86e4000 500, ! . . .-6.2824001
500 -250 0 250 500 500 -250 0 %0 5




Inversion Comparisions

Apparent resistivity and phase
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Cutoff 0.05

Real Imaginary Impedances




Convergence

Resistivity and phase

target misfit: 1.00860E+04
final misfit:  1.01970E+04

TOTAL cpu time: 12:57:01.78

4.21e+007

523e+006.

6.51e+005_

8. 11e+004.

1.01e+004 _

0 9 18 27 3B
lteration #

45

Real and Imaginary

target misfit: 1.34480E+04
final misfit: 1.78897E+04

TOTAL cpu time: 14:13:20.26

3 08e+006
7 92e+005._
2 04e+005_
5. 2%e+004 _
““““““““ RSN
1.34e+004 _
0 9 18 27 26 45

[teration #
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Phases for Zxx, Zyy

Real Z2¢ - # of data: 1681
S00_  6.91e-002

i

.4.66e-002
250,
.2.91e-002
}
-y |
07 B .. 1.59e-003
" .
B
.-2.09e-002
5
-4.34e-002
i
500, : E ; . 1.-650e-002
-500 -250 0 250 500

Phase evaluated with atan2
Lies in [-40, 155] degrees

Zxx phase - # of data: 1681

500 _1.55e+002
_1.23e4002
250
.9.03e+001
0 . 5.79e+001
.2.55e+001
-250
_-6.86e+000
-500 .-3.92e+001

-500 -250 o 250 500

Imaginary Zc¢ - # of data: 1681

500 4 _5.54e-002
x I_3.70 e-002

250
' ‘. . _1.87e-002
0 P . & \ . |.2B1e-004
1 -1.81e-002

-250
| ’ . .-3.65e-002
-500 , : . B.-5.40e002

-500 -250 0 250 500

Phase evaluated with atan
Lies in [-40, -35]

25

West

-25

-501




Block data with altered phases

sl " 3 !
50 Texrho - ¥of data: 166 22200001

L £.55e4001

416401
'8

e Q | 2774001

13824001

. 2.27e016

o= Ty the - ¥ of dma: 1691

45084002

3.63=4002

250
L 2.0fe4003

Q.ZJI&ODZ

L 1.5%24003
| 7.82esDD1

21724000

- Vof data: 1661

e 9o

i
Sxiip 2220000

0.8424001

L E.55e4001
CRLTT )

(277Dl

e 9

. 1.38e4001

. 2.27e018

’ 9 !
e Ziew ke ¥of dmta: 160 a50ai00z

38324002
LZ.0Fai002
| 2.31e40D2
L 15524002

7.82eedD1

21704000

Observed Data

P = 3 1
00 Zxx phass - # of data: 108 16604002

I 1 2964002
.0.03e001
L5 78000
[ ¥

| 2.86e4001

-0 3024000

$00 08224001
500

Zyxphaza - @ of data: 1691

Observed Data

. : 1
00 Tux phass - 2 of data: 1040 95304001

20524001
L 27001

-1 ¥5a4001

i
L A8te001

i
g |»ﬂ.37e~0)1
e — ‘ 2 320001
#0 0 w0 a0

Zyx phaze - #of data: 1697

00

-4 720401
-4 5024001
-4 7324001

# -5 0324001

-4 23401

-5 5124001

.6 2024001

Frequency: 10 Hz
0 Zuy the

00 -250

Ziry the

Eeal

Frequency: 10 Hz

0. Zuy the

250
ol

260

€00 )
-400 =250

Ziry the

- Vof dsta: 1681

"‘9
“
s

o £

- ¥ oidma: 15281

- Vof data: 1681

B
r
.

] 0

- ¥ oidma: 1521

250

.
E
o

00

400

200

00

20834002
7 5002
_201ed02
ﬁ-_l 5304007
PRRINEL
4.57e4001

71224000

.3.50a4001
_Z.08=+001
_1.6%a4001
i 1.25e¢001
| _£.39a4000
91724000

.2.0%010

20824002
J2.00e40DE
L2.01e4002
- 1530e002
1.04erDD2
£.57e4001

.7.12e4000

.3.5084001
_2.06=+0D1
_1.67a4001
8 1.2524001
| _E.3da4000
51724000

. 2.0d:.010

50D

Sxv phese

Zyy phaze

uy phece

Zyy phaze

- L1681
¥of dsta: 168 1.2604002

1 .39e+002
12264002
[ 1316002
. 1.20e+002
1.3Tes002

. 1.26e+002

- #oidma: 15081
L 1.690:002

1.12e+002

L 5.44a:001
1 3 -2 P40
-6 Soear01
-1 ATe02

-1 doeallz

2 L1681
¥of data: 168 12604002

1.3de002
120er002
[ 8 1.31es002
L 1.20e+002
1.3Te002

. 1.26e+002

- Hoidwa: 1540

Y

-3 BG40

-3 Te{01
L-3 01
§ -3 E2e(01
-3 201

-3 201

.
o A -4 D1eaC01
50

True rho and
phase data.

Improved
Zxx and Zyy
phase.
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MT3D Workshop: Wednesday : Forward Modelling

Summary Comments:

 Finite difference, finite element, 1E modelling
 Synthetic model generated by Marion and Pilar:
» Range of times for running

« Major difficulties sorting out the sign conventions of the
Impedance were of major difficulties (conjugate gradients,
rotations) should be able to make comparisons.

» Results were quite comparable (major discrepancies were for
diagonal components when impedance values were low).




MT3D Workshop: Wednesday : Forward Modelling

 Discussion points:
— Need compatibility for comparison of results. (EDI format?)
— What accuracy is required by the modelling?
— How should workshop forward modelling results be archived?

— What other models should be considered? (topography,
complicated structure, near surface heterogeneity, multi-scale)

— Modelling large scale feature (galvanic distortions).

o— How do we handle unknown boundary conditions?




MT3D Workshop: Thursday Inversion

Summary comments:
« Most inversion codes gave similar results on Dublin test

Discussion points:
— Archive results for Dublin test?

— Assignment of errors to impedance.Workflows and
methodologies.

— Incorporation of tipper.

— Grid design (forward modelling and inversion
meshes; frequency dependent grids; validation of grid,
unstructured meshes)




MT3D Workshop: Thursday Inversion: More Discussion

— Regularization functionals: reference models, inclusion of a
priori information.

— Including other information (bound constraints, tears, other
geophysical measurement, geologic information, petrophysical
constraints)

— Ways to ameliorate high sensitivity due to receiver locations.
(filtering, weighting)

— Static Shift:

» don’tworry—just model them out;

« distortion processthen invert;

« invert for conductivity and distortion




MT3D Workshop: Thursday Afternoon

Secret Model
e Most inversion results provided similar “shoe” structure

 Discussion points:
— Why didn’t inversions detect the inconsistent data?

— Other approaches for delineating inconsistencies. (e.g.
coordinate systems)

— Anything more to be done with “old secret model”?

« Another Secret Model?
— Same model but true station locations
— Data set contaminated with noise.
— A more complicated model?




MT3D Workshop: Thursday Afternoon: more discussion

Model assessment or Appraisal (next workshop?)
» What are the approaches for ground-truth
» Constructing other inverse solutions

e Resolution estimates




MT3D Workshop: Friday

Single RMS misfit value Is not enough!

Can we map fractures (eg for geothermal energy)

Further ways for exploiting marine MT for
hydrocarbons

¢ .7 ...




MT3D Workshop: Dublin

Thanks to Alan Jones

Thanks to Marion Miensopust




