custEM: From open-source
3D EM modeling towards inversio

EMinar
March 16, 2022

Raphael Rochlitz

with contributions of Thomas Giinther, the DESMEX Team
and several members of the EM community



Motivation EM modeling

CSEM inversion custEM
Flat-surface EM geometries
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Motivation

Flat-surface EM geometries
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Motivation

EM modeling CSEM inversion
Complex real-world EM geometries

custEM
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Motivation EM modeling

Complex real-world EM geometries
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Motivation

EM modeling

CSEM inversion

State of research (2017) in 3D geophysical EM modeling

MT

CSEM

custEM

TEM

integral equation

(Ting and Hohmann, 1981),
(Wannamaker, 1991), (Kruglyakov
et al., 2016)

(Raiche, 1974), (Weidelt et al.,
1975), (Hohmann, 1975), (Zhdanov
et al., 2006)

(SanFilipo and Hohmann, 1985),
(Hohmann, 1983), (Slob et al., 1999)

finite difference

(Mackie and Madden, 1993),
(Siripunvaraporn et al., 2002),
(Kelbert et al., 2014)

(Alumbaugh et al., 1996), (Commer
and Newman, 2004), (Streich, 2009)

(Druskin and Knizhnerman, 1988),
(Adhidjaja and Hohmann, 1989),
(Wang and Hohmann, 1993)

finite volume

(Madden and Mackie, 1989)

(Haber et al., 2000), (Jahandari and
Farquharson, 2014)

(Haber et al., 2002)

finite element
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(Mitsuhata and Uchida, 2004),
(Farquharson and Miensopust, 2011),
(Ren et al., 2013), (Grayver and
Biirg, 2014), (Kordy et al., 2017)

(Coggon, 1971), (Biro and Preis,
1989), (Pridmore et al., 1981; Gupta
et al., 1989; Livelybrooks, 1993),
(Badea et al., 2001; Stalnaker, 2005;
Puzyrev et al., 2013; Tang et al.,
2015), (Schwarzbach, 2009;
Schwarzbach et al., 2011; Da Silva
et al., 2012; Cai et al., 2014;
Mukherjee and Everett, 2011),
(Ansari and Farquharson, 2014;
Ansari, 2014; Li et al., 2016b,a)

(Um et al., 2010), (Um et al., 2012),
(Borner et al., 2015), (Cai et al.,
2017)
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Motivation EM modeling CSEM inversion custEM
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Motivation EM modeling

Geophysical EM modeling

Gephysical EM

modeling

CSEM inversion

custEM
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Motivation EM modeling CSEM inversion custEM

Geophysical EM modeling

Gephysical EM
modeling

:

natural sources MT CSEM TEM controlled sources
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Geophysical EM modeling

Gephysical EM
modeling

natural sources MT CSEM TEM controlled sources

e discretization !!! - major impact on accuracy and computational resources
e |E, FD, FV, FE methods e anisotropy

e electric/magnetic - field/potential approaches e induced polarization

e total/secondary field formulations e topography/bathymetry
e direct/iterative solvers e intelligent refinement
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Recent development of 3D EM modeling

e impact of individual A
developments

® innovation
e publications ?

e redundancy °
e detailed error analysis —
e availability >

1980 2022
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Motivation EM modeling CSEM inversion custEM

MTnet - list of available source codes

1D Codes

. 1D anisotrapy forward code (from Xiaobo Li) Compressed zip file, 54 Kb
Rho m Bob Parker and John Booker) Compressed zip, 64 Kb (Version 2.0: 18-05-97)
Oceam 10 code: home page (from Steve Constable)

« IPI2win MT: Windows-based 1D automatic and manual interpretation code (from Alexei Bobatchev)

Back to top

2D Codes

« NFEM2D from Ralph-Uwe Boerner
Occam 2D code: home page (from Steve Constable)
= Occam 2D sharp boundary code: home page (from Catherine deGroot-Hedlin)
RRI: rapid relaxation inversion (from John Booker, Torquil Smith & Nong Wu)
« REBOCC: Weerachai Siripunvaraporn and Gary Egbert's 2D inversion code

o Information

> Send an email to Weerachai S
« MT2D: A c++ based 2D

unvaraporn
and radi ics finite element solver using unstructrued grids (from Zhengyong Ren)

Back to top

3D Codes

« Klaus Spitzer's 3D DC & IP forward modelling codes for surface and borehole applications:
= 3DDC: version 4.3

< 3DIPXH: version 2.3
Codes include grid-independent electrode positioning.
Send an email to Klaus Spitzer
« WSINV3DMT: Weerachai Siripunvaraporn's 3D MT inversion code
ModEM: Modular EM Inversion Software (from Gary Egbert, Anna Kelbert and Naser Meqbel)

Back to top
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Motivation EM modeling CSEM inversion custEM

More and more "open-source” developments

Overview with no claim of completeness! There are probably way more
(in particular, MT and 1D/2D) tools freely available (or on request)

—_—

I WSINV3DMT GoFEM

Kelbert et al. (2014) Grayver et al. (2019)
Siripunvaraporn and Egbert (2009)

Werthmiiller et al. (2021)

emmmod 24.simpeg emg3d POLYEM3D
Werthmiiller (2017) Key (2016) Cockett et al. (2015)  Bretaudeau et al. (2017)

+1D/2D codes on MTnet 7 custeEM
Castillo-Reyes et al. (2018) Rochlitz et al. (2019)
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Motivation EM modeling CSEM inversion custEM

Approaches

Total field (TF) formulations Secondary field (SF) formulations
e.g. Schwarzbach (2009); Grayver and Biirg (2014) E=E +E°
V x 'V x E 4 iwoE = —iwje V x 'V x E* + iwoE* = —iwAcE"
E:%VXH Ao =0 — 09

3 TF and 5 SF approaches implemented in custEM, E and H can be calculated with all approaches
@ More details: Rochlitz et al. (2019), Rochlitz (2020)
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Motivation EM modeling

Halfspace model - discretization

CSEM inversion custEM

@ 1m x-directed HED Tx

@ 101 Rx on oblique observation line
e 1,10, 100, & 1000 Hz

@ airspace: 1e8 Om

@ subsurface: 1e2 Qm

@ reference solution: empymod
Werthmiiller (2017)
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Halfspace model - discretization
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Motivation EM modeling CSEM inversion custEM

Halfspace model - discretization

Refinement characteristics i . .

pl p2  oblique observation:
=1m,q=1.2 ¢=20m,q=14 - line (Rx)
"tri" "trl"
4
X LTS LN S L S SO HED
5 B AV VAT
._ng ¢ E_Oum Y,
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Halfspace model - accuracy of first and second order polynomials
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Motivation EM modeling CSEM inversion custEM

Halfspace model - accuracy of first and second order polynomials
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Motivation
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Motivation EM modeling CSEM inversion custEM

Computational performance

Table: Computational performance of pl and p2 - halfspace model
mesh | /(m) | q | order | dof (M) | RAM(GB) | CT(s)
1 1.2 pl 1.9 ~50 ~22
20 1.4 p2 0.84

fine

coarse

EMinar, Raphael Rochlitz 'AG Leibniz Institute f
10/39 ! Applicd Geophysice
=

custEM - March 16, 2022



Motivation EM modeling CSEM inversion custEM

Modeling examples including variable physical parameters

e Full anisotropy: Wang et al. (2022)
e Magnetic permeability: Rulff et al. (2021)

@ Induced polarization, 1D validation of 3-layer model against empymod, model details and
errors in Appendix

107° . = S —

empymod ] ] I ' + "
¢ CustEM 1 Hz " T . - - . + - g l—u - |
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Motivation EM modeling CSEM inversion custEM

Marlim R3D - marine hydrocarbon reference
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Motivation EM modeling CSEM inversion custEM

Marlim R3D - marine hydrocarbon reference model
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Motivation

Marlim R3 ine hydrocarbon reference model

Constraining lithological horizons using interface-information
from reflection seismic surveys

Oligo-Miocene Shales

Postsalt carbonates

Depth (m)

Presalt carbonates

~5 km

Distance (m)

Figure 3. Cross section of the MR3D vertical resistivity along the
east—west towline 04Tx013. Marlim oil-prone turbidites (M) appear
as thin resistive bodies.

Correa and Menezes (2019)

Leibniz Institute for
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EM modeling CSEM inversion

Motivation

air: const = 1e8 Om

Oligo-Miocene Shales water: const = 0.32 Om

P A
L

extrapolated g . ..
resistivities interpolated resistivities extrapolated

z of subsurface layers resistivities
IR E—
A 22,3 km

Y

Postsalt carbonates

Depth (m)

Presalt carbonates

Distance (m)

Figure 3. Cross section of the MR3D vertical resistivity along the H ictiviti
east—west towline 04Tx013. Marlim oil-prone turbidites (M) appear inter po I a ted resistivities on cust E M m eSh
as thin resistive bodies.
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Marlim R3D - Results from Werthmiiller et al. (2020)

Werthmiuiller, Rochlitz, Castillo-Reyes, Heagy, 2021, Open source landscape in CSEM modeling
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Motivation

Time-domain modeling approaches

inverse FT

Vxu VXE+iwocE =—iwje —_—

frequency domain

by

—
matrix
exponentials

Oe a]e

1
V xu~ Vxe+aat ot

time domain

CSEM inversion custEM

1. FT-based methods

2. Implicit Euler method

3. Rational Arnoldi method

More details: Rochlitz, R., Seidel, M., Borner, R.-U. (2021), GJI.
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Motivation EM modeling CSEM inversion custEM

LOTEM comparison model

- 3D TEM model - su i b) 3D TEM model - anomaly view

halfspace resistivity: 100 Om

¥4
anomaly | p (@m) | (xy.2) first cormner (m) | (x.y.2) opposite corner (M)
N EL DAPEANN \ darkblue | 50 (100, 500, -600) (700, 1000, -200)
LS PIN K <\ e = medium blue | 500 | (-900, 1000, -600) (700, 1400, -200)
18 Rx with 500 x 1000 m' spacing  #x light blue | 10 (-900, 1000, -800) (100, 2000, -600)
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LOTEM comparison of three custEM methods and SLDMEM (Uni Cologne)

a) b--_'-""““"---m_.,_ —— sidmem b) w N = _
o - e misfit £]|ab/at|| @ x=-1000 y=-1000
= - FTp2 _ 10!
g —- RApP2 =
=Rl E o100 by e r— T
: H B s P s T e i T2
= magnitude ® o B i . f// N S
||ab/at|| @ x=-1000 y=-1000 . y Vi V
107 107° 1077 107! 10° 107 1070 1077 107! 10"
tis) tis)
e FT method: 120 min — depends on FHT coefficients (here 80)
@ |IE method: 20 min — depends on time stepping
@ RA method: 2min — simply very fast
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MT modeling - Dublin Test model 1 (Miensopust, 2017)

b) - . Dublin test model - anomaly view

- -

three anomlies

description of
model parameters:

'www.mtnet.info/workshops/
mt3d1nv/200 _Dublin/dublin_3dmodel.html
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MT modeling - Dublin Test model 1 (Miensopust, 2017)

0.1 Hz, x-directed observation line
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Outlook - 3D EM modeling

Y

2022 2032

e lIterative solver/preconditioner for total E-field approach (save RAM!)
@ Better accuracy! Mismatches of > 1% in many benchmark studies not satisfying

@ More irregular community models suited for benchmarking unstructured-grid codes
- L P o AN 7 =
s n s T:.‘:gﬁ_é“é\) s
<=5 VS S WA,
1 “"1"’#&%‘ —

N
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DESMEX - since 2015

Deep Electromagnetic Sounding
DESivicK ¢~ for Mineral EXploration

.

(Geology, mineralogy. petrlogy (TU BAF, BGR)
%

Petropnysics BGR. Uni MS)
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Inversion methodology

Riicker et al. (2017)

Minimize objective function

IWa (£ (m) = d)|3 + \[[Wi (m — my)|[; — min

Gauss-newton scheme

TWaJ + AWEW,,) Am* = ITWIW, (AdF)

“AWLW,, (m* — m°)
with AdF = d and Am* = m* — mt!
custeM
A_ﬂ
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Motivation

EM modeling
Inversion methodology

CSEM inversion

custEM

DYGIMLI

GeoptysicalInversion & Modeling Library

Generalized Inversion model = invert(data)

, Riicker et al. (2017)
Forward Operator
fop = ModellingBase(mesh) Minimi . . .
inimize objective function
Create start model _-="" resp = fop.response(model) J
wadel = startaodel (data) /s J = fop.createJacobian(model) 2 2 <
[[Wq (Z (m) —d)||5 + A|[Wp, (m — my)||; — min
s $
Calculate response A G
\ -
auss-newton scheme
resp = fop.response(nodel) € Update model i
/
/
owsa )/ TWad + AWEW,,) Am* = ITWIW, (Ad)
Solve inverse subproblem k 0
No m (m* —m")
fit(data, resp) S S . & k & k-1
dData fop. Jacobian(), with Ad" =d and Am" = —m
e
i
| Region specific regularization control
‘\ - parameter grouping
\ - parameter transformations
- individual start, minimum
Final model

and maximum values
- anisotropic regularization
- stochastic regularization
EMinar, Raphael Rochlitz
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Motivation EM modeling CSEM inversion custEM

Explicit sensitivity calculations

E.g., Rodi (1976); Egbert and Kelbert (2012);
Grayver et al. (2013); Wang et al. (2018)

The Jacobian:

od;
; —_— =1...N, =1...M
) 8mj : J
J1
i=| 1 ), = Gii) ,
: shape of Jy: 2% Ngps * Ns
JNf7
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Explicit sensitivity calculations

Map F (E or H/B) with interpolation matrices:
f(m)r = QF.
Re-use system matrix factorization:
Jor = QAL'GE.
with
Gr = {0bp/0my, Obp/0my, ..., Obp/Omy}.
Use reciprocity trick:

Jl—(r,F = QTAI;IG%— )
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Motivation EM modeling CSEM inversion custEM

Mesh desi 2.5D invers

For inversion of "line data” cross—comparlson with established MARE2DEM (Key, 2016)

) & Inner mesh

" each prism one
inversion parameter

Prisms embededded in halfspace
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custEM

CSEM inversion

EM modeling

Motivation

Mesh design - 3D inversion

=
i w,'«»

Ny
PRIY
:l

<1

Vi

FREOPE
=SS
5 »571."-::%'
RN I E Y
.: m;/lﬂn

' X
“‘I"'"**Z‘.E...E:faxs';,;z«nr

o each cellis an
inversion parameter

riva¥AT)
A
vy

[
s
£
i
rA’ oy
s
-,,

'é
K
AL

74

)
ey i
Il
s
!

7
UL

é
m

BT S
L0

!
e
LY
il
A

V
B

.w
2

£
S AAM
=

Leibniz Institute for

'A G Applied Geophysics
=

Outer and inn'er inversion areas
embedded in halfspace

19/39

EMinar, Raphael Rochlitz
custEM - March 16, 2022
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Synthetic 3D large-scale semi-airborne model with real topography

e Anomaly 1 (purple):
o 8 via o large resistive brick 5000 2m

Anomaly 2 (cyan):

e very conductive tiny plate 10 Om
Anomaly 3 (green):
" e conductive larger surface dyke 50 Om
Anomaly 4 (blue):

e flat semi-conductive brick 200 2m

=S 4 x 210 full Bx/By/Bz airborne Rx

2000

S 63168 data Ex/Ey ground stations recording from all Tx

o
4000 4 t .
h X Sl @ 12 frequencies between 6 and 3500 Hz
98604 model parameters °

&
(]

Gaussian noise: 5%
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Motivation

EM modeling CSEM inversion

Inversion result considering topography ...

final resistivity model,

2000
2000

10e+01 50 100200 500100000 10e+04
———— 1
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Motivation EM modeling CSEM inversion custEM

Inversion result considering topography ... or not

final resistivity model, real topography final resistivity model, flat topography
e XP=137 2 =13.12

10e+01 50 100200 500100000 10e+04 000 10e+01 50 100200 500100000 10e+04
———— 1 ———— 1
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Inversion of synthetic data with and without topography

10 - 50 Qm, real topography 10 - 50 Qm, flat topography

000 e o000 7000
10000 e 000 000 oo
000" s 7000 w00 VA
5000 000 VA% 000 o0 )
000 5000

2000 o
xAx 1000 000
0

200

res
10e+01 50 100200 500100000 10e+04
———— 1

res
106401 50 100200 500100@000  10e+04 000
———— 1

00 o000 w00
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Inversion of synthetic data with and without topography

10 - 100 Q2m, real topography 10 - 100 Q2m, flat topography

™ o0 7000
2000 oo e o0

5000 w0 VA 000 oo

xAx 1000 000
0

200

res
10e+01 50 100200 500100000 10e+04
———— 1

res
106401 50 100200 500100@000  10e+04 000
———— 1

00 o000 w00
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Inversion of synthetic data with and without topography

10 - 250 Qm, real topography 10 - 250 Qm, flat topography

o o
2000 1000

200
res res
1.0e+01 50 100200 500100000  1.0e+04 o 1.0e+01 50 100200 500100000  1.0e+04 3000
[ : 000 1

000 a0
w000 o N
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CSEM inversion custEM

e o
2000 1000
200

res
10e+01 50 100200 500100000 10e+04
TR RRRTIT]

000

1000

o000 7000
000 000

000

res
10e+01 50 100200 5001000000 10e+04
TR RRRTIT]
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-wwer;arbunwemus [l Devonian diabase, basalt -Devm;ianselr:»ent ‘-Sihﬁan
[ ordovician [l Ordov. Weitelster Group  [Jll Granite [~ Main fauits
First analysis: Smirnova et al. (2019)
Updated processing: Becken et al. (2020)

Method comparison: Steuer et al. (2020)
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Motivation

Inversion of semi

EM modeling

field data

CSEM inversion custEM

Ger
THURINGIA

[ Lower ;:arbunifemus [ Devonian dlaase. basatt [ Devoni;n sedir;\ent '- Silurian

[ ordovician [l Ordov. Weitelster Group  [Jll Granite Main fauts

First analysis: Smirnova et al. (2019)
Updated processing: Becken et al. (2020)

Method comparison: Steuer et al. (2020)

5000 0
(meters)

5000 o

5 9 18 33 62 116 406 1424 5000
Resistivity in [Qm] in 30 mbgl

Airborne EM data (Resolve system)
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Inversion of semi-airborne Schleiz field data

698000 700000 702000 704000 708000
euc-sdurr b <

ileg v

5608000
0008095

bach’y

82017 2

Lindd

516

5606000

0009005

Ranspach,

5604000
0007095

5602000
0002095

5600000
0000098

09655 0008655

5596000 5598000

I sctvacn
700000

70600 710000

698000 702000 600

Combined interpretation: Steuer et al. (2020)
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Inversion of semi-airborne Schleiz field data

698000 700000 702000 704000 708000 708000
epsdorT7 7
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- Bad =
Y 82017
gl 7 R
g 516 2
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o SO e Lower Carboniferous: greywacke, clay shale M Silurian: alum shale, siiceous shale (Graptoites shale)
Upper Devonian: diabase, picrie, uff (70 Ordovician: sit shale

g 8
g 2
3 8 S U i SV . . jai— ¢
8 -8 e c3 e | i — ‘
g 8
g 2
8 / \ 8
8 - 8

= Vogtand thustfaut

Mielesdony s
8l B ]
gl
g g
8 8
e ——— T =
2| @ 1001 9P $
gl g 70 ! c3
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g Vi | B s 2 o e on o
2 M Schgibacit
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Combined interpretation: Steuer et al. (2020) Inversion results on main profile
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CSEM inversion

EM modeling

Motivation
Data subset for first comparisons

> Ao —\' &
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gy
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Data subset for first comparisons

ABE -
i real Tx [nT/A] Tx1f=31.25Hz real Tz [nT/A]
500 108
5095, B 0 3
B R el [ g
imag Tx [nT/A]
500 108
— Langaabacn 1 o i
-500 : Ez
. -1000 0 1000 2000 3000 4000 5000 ~1000 0 1000 2000 3000 4000 5000
2
Ssown Tx2f=31.25Hz
real Tx [nT/A] real Tz [nT/A]
1000 ()
> &
i — =
e f— G
sorazn A ° = B
= Btas
imag Tz [nT/A]
1000 is* ')
<
i
sean &5
os 0 pry
S
Bt
-1000 0 1000 2000 3000 4000 5000 -1000 0 1000 2000 3000 4000 5000
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2.5D Mare2DEM vs. custEM 3D inversion

line 06
500 i - - F
g 0 ’ E 4 .
Mare2DEM 2.5D CUStEM 3DM
-500- J - — e 10°
500 e - = F T
- - : &
MY } < ! | ‘ " g
Mare2DEM 2 CcustEM 3 ]
-500 ; £
500 - > E 102
oo =
custEM 3
-500 + T
500 I - 5 B o
% 0 % A 4 w 10!
500 | custEM 3D, i
h -2000 -1000 0 1000 2000 3000 4000 5000 —-2000 -1000 0 1000 2000 3000 4000 5000

@ Data processing and Mare2DEM inversion: M. Becken
10 frequencies between 22 and 1090 Hz, error model: 5 % + 1.5 pT/A
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2.5D Mare2DEM vs. custEM 2.5D vs. 3D inversion

line 07

500 ~

2m)

o 4
Mare2DEM 2.5D 10°
500+

line 07

500

-

2m

o

CUStEM 2.5D.
-500

[

2m

CustEM 3D

5004
z000 1000 o 1000 2000 3000 ) 5000
xm

x? development: 2.5D inversion x* development: 3D inversion

iteration 0 67.149 iteration 0 : 149.02
iteration 1 25.235 iteration 1 38.006
iteration 2 16.880 iteration 3 : 10.014
iteration 3 11.352 iteration 5 : 5.147
iteration 4 6.985 iteration 7 2.861
iteration 6 4.685 iteration 9 : 2.281
iteration 8 3.730 iteration 11: 2.074
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2.5D Mare2DEM vs. custEM 2.5D vs. 3D inversion

line 07

500 =

2m)
°

Mare2DEM 2.5D 3 10°
500+

line 07

500

-

3D view of custEM inversion result

1008 AXi

CUStEM 2.5D.
-500

500 e 2 50

4000

2m

CustEM 3D e ZAxs00 |

2000 1000 o 1000 2000 3000 ) 5000
xm

X? development: 2.5D inversion  X° development: 3D inversion

iteration 0 67.149 iteration 0 : 149.02
iteration 1 25.235 iteration 1 38.006
iteration 2 16.880 iteration 3 10.014
iteration 3 11.352 iteration 5 : 5.147
iteration 4 6.985 iteration 7 : 2.861
iteration 6 4.685 iteration 9 : 2.281
iteration 8 3.730 iteration 11: 2.074
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How expensive is it?
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How expensive is it?

B ? -

Table: Computational statistics of presented custEM 3D inversions

example ‘ nodes ‘ n_cpu ‘ t total ‘ RAM total ‘ t / iter H t_fwd ‘ t_bsub ‘ t_inv
Synthetic | 50k 60 44 h 1.2TB 5.5h 20 min ~4h 80 min
Schleiz 3D | 20k 60 8h 0.4TB 40 min 3min | =30min | 7min
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B ? -

Table: Computational statistics of presented custEM 3D inversions

example ‘ nodes ‘ n_cpu ‘ t total ‘ RAM total ‘ t / iter H t_fwd ‘ t_bsub ‘ t_inv
50k 60 44 h 1.2TB 55h 20 min ~4h 80 min
20k 60 8h 04TB 40min || 3min | =30min | 7min

Synthetic
Schleiz 3D

@ Massive back-substitution time: many Nyps for semi-airborne (e.g., 5000/f for synthetic)
@ 2.5D inversion has currently massive algebra overhead (can be reduced in future)
@ Currently, inverse solver of pyGIMLi is not parallelized
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Outlook - Inversion

Extend implementation of pyGIMLi/custEM CSEM data inversion framework

@ Better error models for inverting Helicopter- and UAV-based semi-airborne data sets

Use explicit Jacobi for resolution analysis

Add capabilities for combined inversion of EM data sets (CSEM/TEM/MT)

Test options to speed up inversion of very big data sets by a few factors

Alternative inversion strategies

Provide inversion examples to EM community

EMinar, Raphael Rochlitz
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custEM - Overview

discretization weak formulation / assemble FE system solve SLE
V x 171V x E + iwoE = —iwje sparse, ill-conditioned,
symmetric SLE
J U s

1]

é 'FEnICSProjecf PETSC
TetGen Z7

| MUMPS

I

Post-processing

A Quality Tetrahedral Mesh Generator and
3D Delaunay Triangulator

https://www.wias-berlin.de/software/tetgen/

= DYGIMLI

Geophysical Inversion & Modelling Library

https://wwvipygimli.org/
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9

» Welcome to custEM! & Edit on GitLab

Welcome to custEM! https://gitlab.com/Rochlitz.R/custEM

Version: 1.2. ~ Date: Mar 03, 2022

https://custem.readthedocs.io

Installation

ron code The Python toolbox custEM is an op e for izable 3D I
modeling of controlled: e, transient, and l e ele ic data. The toolbox is

e based on the finite-element library FEniCS, see https://fenicsproject.org/ . Different total and
Development secondary electric or magnetic field as well as gauged-potential approaches are implemented. In | ]
Tutorials addition, custEM contains a mesh g i for the strai fon of .
Barpies tetrahedral meshes supporting a large number of marine, land-based, airborne or mixed model
= scenarios. Interpolation and visualization tools simplify the post-processing workflow.
Author Mesh generation runs on any laptop or desktop PC. Also minimalistic examples can be tested on u

such machines. Because of using direct solvers, we recommend to get access to a cluster with >=
32 cores/threads and >=256 GB RAM for calculating sufficiently accurate models for more complex
3D setups. However, quite good results for simpler 3D modeling studies often require only 32-64
GB.

Please note that custEM is under continuous development. For information about planned updates
and previous development steps we refer to the Development section. Do not hesitate to contact
raphael rochlitz@leibniz-liag.de for any kind of question about custEM or discovered issues in the
code, examples, or the documentation.

8 Read the Docs
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custEM - Examples

fd_e1_hed_1d
fd_e2_crooked_loop_1d
fd_e3_approach_comparison_3d
fd_ed4_syth_topo_plate_3d
fd_e5_ip_1d

mt_e1_dublin_3d
td_e1_loop_r_1d
td_e2_lotem_3d
td_e3_marlim_marine_3d

&/ README.rst

(R R R R R R R RC )

Can be downloaded from: https://gitlab.com/Rochlitz.

15.03.2022 16:31
12.03.2022 16:43
15.03.2022 16:31
01.03.2022 11:54
01.03.2022 12:44
03.03.2022 18:16
01.03.2022 17:48
12.03.2022 13:55
12.03.2022 14:36
01.03.2022 13:54

CSEM inversion

el (%)

0.1 Hz, x-directed observation line

[ S

— custEM xy

— custeM yx

— CusteM xx

— CustEM Yy
* Mackie FD o s
+ Han and_Lee FE

20

10 w20

0
x (km) 10

*  CUSIEM - Mackie FD

. . ' i * CUStEM -Hanand LeeFE | g
N AT : - Mackie FD - Han_and_Lee FE
SRS, e .
HE S e re
HARR 't : S H
v + 2 2
& Bl P
i o
2o o 10 2 20 a0 o0 10 20
x (kkm) * (km)
R/custEM
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custEM - Installation and requirements

Installation (Unix system)
o Visit: https://custem.readthedocs.io/en/latest/install.html

@ Default: conda create — n custEM custem

Requirements
@ Toy problems: 4 cores and 32 GB RAM
@ Modeling studies: >16 cores and >128 GB RAM
@ Real-world problems / 3D inversion: >64 cores and >1TB RAM
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import numpy as no
from custEM.core import MOD

el instance

frequencies
ground= [

finite
.FE.build

lation
mesh ('z
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CSEM inversion custEM

hgen.invm

initializ
Blan

) 0

o XAXs

200 sty Onmim)
0

o0\ o b1
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Outlook - the future of custEM?

@ Make custEM successively independent of " Rochlitz”

@ Share responsibilities, someone interested in Co-developing?

Implement more features (only possible with Co-developers)

e mesh design,

iterative solvers,
adaptive refinement,
other inversion methods

Transition to new FEniCS-X development

Try to get funding for sustainable software developments

EMinar, Raphael Rochlitz

30/39 !'AG Leibniz Institute for
custEM - March 16, 2022 4 Applied Geophysics



Motivation EM modeling CSEM inversion custEM

Summary - Why open-source?

Pro open-source arguments
e easier access for others
e guaranteed reproducible
e less redundancy

more innovation

easier debugging

EMinar, Raphael Rochlitz 'AG Leibniz Institute f
31/39 ! Apphied Geophysics
=

custEM - March 16, 2022



Motivation EM modeling CSEM inversion custEM

Summary - Why open-source?

Pro open-source arguments = )

e easier access for others Cqada (mutiple)
e guaranteed reproducible
o less redundancy

e more innovation

easier debugging W : -

simplifies networking Model comparisons / knowledge exchange
with custEM (CSEM, TEM, MT, IP, Aniso)

EMinar, Raphael Rochlitz
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Appendix References
90000000

Performance of custEM - very problem-dependent
Mesh sizes Computation times Memory requirements Environment

} 16 GB
5k nodes '
ground-based

(S semi- ¢
coastal airborne

CSEM, TEM, MT

RAM per socket (GB): total 3TB m;rine airbo;ne
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Accuracy of first and second order polynomials

R(E,) pl coarse R(E,) pl fine R(Ex) p2 coarse

€ (%)
10!

y (m)

B e

10°

1071

-10°t
3(Ey) p2 coarse

-10°

y (m)

4 & -101
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IP modeling - 1D validation (Pelton model)

3 layer model geometry surface view

layer 1: ©=0.015/m c=0.8 m=0.7 t=1. Tx 1: 200 m dipole (y), center @ x =-200 m
layer2: ¢=0.1S/m c=1. m=0.5 t=0.1 Tx 2: 200 m x 200 m loop witch center @
layer 3: ©=0.001S/m ¢=0. m=0. =0. x=-200m,y=0m

V.A/Rx/Tx
Ay
z=100m

x/y = 2km

HS:0.01 S/m
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IP modeling - E-field component for dipole source - reference @ empymod (D. Werthmiiller)

b -t empymod
e ) S 4 custEM 1 Hz
T _—
= " i - den +  custEM 10 Hz
ki S gy + custEM 100 Hz
S e T % 4 custEM 1000 Hz
g e . 4 custEM 10000 Hz
= 10774 e B e T f
N e,
4 R * + t -
0 25 50 75 100 125 150 175 200
102 x (m)
10 4
= gb PP WO > P PO S-S
!‘ E - . . 4 " " N . + N " > " - . -
& : 3
1071 fmibomti L " i i - .
Sl : i e SR '
4 . .
1072 ; T T T T
0 25 50 75 100 125 150 175 200
x (m)
:
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IP modeling - H-field component for loop source - reference @ empymod (D. Werthmiiller)

L e o e
. i “ 4 = * . .
. - S . i il Z . - - A .
> bs T . : : t +
1077 4 pymod . . . =
+  custEM 1 Hz & T e ¥ t——t - . S - R R
CustEM 10 Hz
- ) +  custEM 100 Hz
107" 4 4 custEM 1000 Hz
+ custEM 10000 Hz ~ T e . . . — . PO S i
0 25 50 75 100 125 150 175 200
102 x (m)
10 4
z . > t a
E; 1001 i % - s -+ " . . . -
i -
& . - - - - -
% : L % t . ‘ N - 3 A
10-1 4 = = = - I o t : g - =
. . . .
N . 1 " N 5
1072 ; T T T T
0 25 50 75 100 125 150 175 200
x (m)
:
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Influence of polynomial order on matrix characteristics

Table: Matrix characteristics dependent on approach (appr.) and polynomial order (p) for regular
UnitCubeMesh and irregular CSEM modeling mesh; matrix size (s), number of non-zero entries (nz),
minimum /,,;, and maximum /,,,x non-zero entries per row.

nodes / elements

Regular mesh

1331 /

6000

Irregula

r mesh

1286 / 7371

Applied Geophysics

edge lengths (m) min.: 1000 / max.: 1732 min.: 1. / max.: 5000
appr. p S (k) nz (M) Imin | Imax || s (k) nz (M) Imin | Imax
E.H 1 159 0.46 12 38 17.6 0.57 11 68
E,H 2 82.1 6.77 40 148 94.9 8.19 39 268
E.H 3 235 38.6 90 366 276 46.9 89 666
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Parallel computational performance for layered-earth model

time (s) (time / t11) * nodes memory (GB
64 80 U 102 AR
70 70
3 32 pl 60 p1 b p1 60
©
o 161 b 50
S 8- 10 40
% 4 4 E 30
5 - :
1 A 0
10 0
time (min) (time / t11) * nodes memo GB
0 = 107 | YGB 400
3 p2 1 p2| | 350
o 1 300
< 10% A 250
o -
s j 200
o 150
10° 100
12 4 8163264 12 48163264 12 4 8163264
MPI processes MPI processes MPI processes
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Effects of topography on semi-airborne data
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Effects of topography on semi-airborne data
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o W. !

ater depths < 10 m over several km*,
@ highly conductive water: 0.18 Qm,
@ Smoothing of digital elevation model,
@ Sufficient extent of real geometry,
@ Avoid tremendous amount of elements

by using a water layer with equivalent
conductance?
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Very challenging EM models - Etang de T

Reference @ Francois Bretaudeau
(POLYEM3D)
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