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Geophysical experiments & physical properties




Last week: DC resistivity and IP at century

Last week: Century Deposit
e |P: linear inverse problem
e DC: non-linear inverse problem
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DC resistivity

Finite Volume Tutorial (Cockett et al, 2016)

Volume 35, Issue 8

('SEG LIBRARY

Governing PDE The Leading Edge

Pixels and their neighbors: Finite volume

V ]- V ¢ I 5 ( ) Rowan Cockett, Lindsey J. Heagy, and Douglas W. Oldenburg

v/ or some finite volume \v . Dj
around a normal i /x&’ﬁ
p /pomt ? ( area 1 ! [—l -1 +J] 3, Jo
V- J(P)_ m .Us() | | ;ﬂ N o ' Qnorma\ points l H l
. ) ) \ﬂux N = olime P «‘L out of cell a, ’ Jz
DC is an illustrative problem enclosing 1
e foundation for the physics of EM Inversions with SIMPEG (Heagy. 2020)
® POISSON equation, starting point: TRANSFORM fﬂﬁg @

numerical SimL”atiOﬂS, ﬂnite VOlume [Z Launcher X | [# 1-century-dcip-inversion.ip' X .

) ) . B+ X O B » m C » Code v 0 ® Python3 O
e inverse problem: non-linear, ideal

l [t |import SimPEG |

example for showing impacts of;

Inversion of DC & IP data at the Century Deposit
model norm, constraints,

The Century Deposit is a Zinc-lead-silver deposit is located 250 km to the NNW of the Mt Isa
region in Queensland Australia (Location: 18° 43' 15"S, 138° 35' 54"E).


https://curvenote.com/@lheagy/pixels-and-their-neighbours/pixels-and-their-neighbours
https://curvenote.com/@lheagy/transform-2020-simpeg-tutorial/geophysical-inversions-with-simpeg

Focus for today: electromagnetics

Theory: Maxwell’s equations, inversion
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Captured in code

from SimPEG import electromagnetics
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Electromagnetics: basic equations (quasi-static)

Time Frequency
| . ob . .
Faraday’s Law V xe= ~ 5 V X E=—wB
Ampere’s Law Vxh=j VxH=J
No Magnetic Monopoles V-b=0 V-B=0
Constitutive j =o€ J=0FE
Relationships b — 'qu B — ,uﬁ
(non-dispersive) . . .
d — 85 D — 8E

nd boundary conditions

Q

* Solve with sources



Electromagnetics: frequency domain equations

Use constitutive relations, reduce to two
equations, one field, one flux
VxE+iwB=0
V X u_lé —oE = J,

Boundary conditions

ﬁXElagZO

Staggered grid discretization
e Physical properties: cell centers
e F[ields: edges
e Fluxes: faces

11



Electromagnetics: frequency domain equations

Continuous equations

Finite volume discretization (see: Haber,
2014; Cockett et al., 2016)

Ce+twb =0
CTMf_lb — Mte = Mejs
7] o

12



Electromagnetics: frequency domain equations

Discrete equations
Ce +iwb =0
C'™™M’_,b—MS%e = M¢j,
M (o)

Eliminate b to obtain a second-order
systemin e

SCTM,C_lC + szf,Z e — :iwﬁdeji

A(o,w) q(w)

13



Solving an FDEM problem

A(o,w)

N

(CTMi_lC +iwM?:) e = —iwM°Cjg
A(ow) " a(w)
Complex
Symmetric

Factor once for each frequency (solve for multiple sources)
Need to refactor on each model update
Separable over frequencies

14



Solving an FDEM problem

TaxS : e
(C'M _,C+iwMy) e

G

7

A(o,w)

_inejS
\ - ~ _J/

q(w)

W= 2 % pi * frequency

C = mesh.edge_curl
Mfui = mesh.get_face_inner_product(1/mu_0)
Meo = mesh.get_edge_inner_product(sigma)

A=C.T * Mfui * C + i *x w * Meo
Ainv = Solver(A) # acts like A inverse

Me = mesh.get_edge_inner_product()
q==-1%wx*xMe *x js

u = Ainv * q

15



Create a mesh: the discretize package

import discretize

hx = [3, 2, 1, 1, 1, 2, 3]

hy = [3, 1, 1, 3]

mesh = discretize.TensorMesh([hx, hy])
mesh.plot_grid(edges=True, centers=True);

Properties or Methods

dim, origin

n cells, n nodes, n faces, n edges

cell volumes, face areas, edge lengths

cell centers, nodes, edges, faces

nodal gradient, face divergence, edge curl

average edge to cell,
average node to cell,

get edge inner product ()

get interpolation matrix(location)

8 >— 7> > >
7
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6
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mesh types in simpeg

Tensor / Cylindrical

QuadTree / OcTree

Joe =
Capriotti I

Curvilinear

EFIIyFaER
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| 1777 /1/ 11
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Survey: sources and receivers

Sources

T f . e _
EC MM_1C—|—szaz e = szg:)

Y u

A(o,w) q(w)

e inductive (@% i /

e (grounded

Receivers

e clectric

e magnetic

° interpola’[e (0 locations sourisgr}l.i:;u?ce[s.MagD%pole(receiver_list, f, location)
(1pred _ I)(ll,cu) | for f in frequencies

survey = fdem.survey(source_list)

18



Bring it all together: simulation

from SimPEG.electromagnetics import frequency_domain as fdem

simulation = fdem.Simulation3DElectricField(
mesh=mesh, survey=survey, solver=Pardiso,
sigmaMap=maps.IdentityMap()

)

For each frequency, solve

A(o, w)u = q(w)

u = simulation.fields(model)

Project to receiver locations
d’* = P(u, w)

dpred = simulation.dpred(model, fields=u)

19



Sensitivities (we will need them later!)

For inverse problem, also need sensitivities (and adjoint)

adpred
J= Oom
_ 0P(u,w) Ou
N Oou Om
where the derivative of the fields (u) is computed implicitly (requires a solve)
OA (o, w)ufixed ou
’ Alo,w)=— =0
om + Al )8m

J is a large, dense matrix — compute products with a vector if memory-limited

20



Demo

conductive sphere in a
halfspace

cylindrical mesh
time-domain

—

. O0b
V X ~ 5

®
|

S|
I

V X j

-2
~

o =B

File Edit View Run Kernel Tabs Settings Help

[%] time-domain-cyl-forward.ip' X

B+ XDO M » m C » Code v O @Pyth°"3o

[17]: ipywidgets.interact(

plot_fields_sphere,
model=ipywidgets.ToggleButtons(options=["background", "sphere"], value="background"),
view=ipywidgets.ToggleButtons(options=["model", "j", "dbdt"l, value="model"),
time_ind=ipywidgets.IntSlider(min=1, max=len(simulation.time_steps)-1, value=1),
it
time_ind —(7)_ 60
model, 2.80e-03 ms 11
50
10-2
25
-3
0 10
-4
-25 10 g
N
=50 105 g
=75
1076
-100
-125 1077
-150 10-8
-150 -100 -50 0 50 100 150
X
A S PP O ST PV SR ST DL B VTR SR
Simple (I~ 0 1 & NEEP Python3|l.. Saving comple... Mode: Comm... & Ln4,Col.. time-domain-cyl-forward.ip...

curvenote.com/@qgeosci/inversion-module
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https://curvenote.com/@geosci/inversion-module/time-domain-cyl-forward
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Inversion model parameters & mappings

What parameters are we inverting for?

Conductivity (o) 10-1 Log Conductivity, log(o) Log Subsurface Conductivity, log(o)[active]
102 -4 -4
- -6 -6
103g > >
~ -~ Pt
2 -8 > -8 >
1074 > S ©
> -103 -103
105G g £
3 -120 -120
1068 g g
o -14-2 -14-
10-7 -16 -16
10-% -18 -18
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Inversion model parameters & mappings

What parameters are we inverting for?

Conductivity (o) 10-1 Log Conductivity, log(o) Log Subsurface Conductivity, log(o)[active]
102 - -4
107 E N 2
a -8 3 -8 3
1074 > S ©
2 —1013 _10§
10_5% —12§1 —12§1
1077 -16 -16
108 -18 -18
o m
a mapping translates model parameters to
physical properties on simulation mesh
= M (m) 25



Inversion model parameters & mappings

What parameters are we inverting for?

Conductivity (o)

o <———maps.ExpMap

Conductivity (S/m)

,_.
1)
&

Log Conductivity, log(o)

Log Subsurface Conductivity, log(o)[active]

maps.InjectActiveCells — Il

e Mappings can be composed
o = M (m) e Includes parametric models

e Keep track of derivatives (for sensitivities)

26
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observed data, uncertainties, and data misfit

Data misfit term
¢4 = | Wa(F(m) —d*)|*
uncertainties captured in W matrix
w - o 1)

e; = %|d2"®| + floor



observed data, uncertainties, and data misfit

Data misfit term Data class: survey geometry, observed

0, W 4(F(m) dObS)||2 data, assigned uncertainties
d — d —

from SimPEG import Data
data = Data(survey, dobs, relative_error, floor)

uncertainties captured in W matrix

1 Data misfit instantiated with
) e simulation: to compute F(m)
o data: defines W, d°

€

W, = diag (

€ = %|d‘;bs| + floor

from SimPEG import data_misfit
phi_d = data_misfit.L2DataMisfit(data, simulation)

can now evaluate data misfit + derivatives

phi_d(m), phi_d.deriv(m), phi_d.deriv2(m, v)
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Designing a model norm: regularization class

Basic Tikhonov regularization

d . 2
1% 1% dx
(¢ J U J
Y Y
smallness smoothness

discretize

Pm = || W (m — rnref)”2 + 0| W (m — leef)”2

Choices:
® 0 - parameter values
e reference model
e mrefin the smoothness terms
e norm applied on each term



Designing a model norm: regularization class

Basic Tikhonov regularization Regularization instantiated with
d(m — meer) > e mesh: to evaluate spatial derivs
G = as/ We (M — Myer)2dV + am/ Wy (m = Mier) dv P
v v dx e alphas, mref have default values,
. J \\ J
smaliness smoothness can be replaced with user values
discretize from SimPEG import regularization

— — 2 _ 2 hi_m = larization.Tikhonov(
¢m OASHWS (m mref)” T a:r:”wm (m mref)” P meshfer?llrj'eii;ij:fToglpﬁa_gzg\{pha_s, alpha_x=alpha_x
)

Choices:
phi_m_sparse = regularization.Sparse(
® ( - parame‘ter ValueS mesh, mref=mref, norms=[1, 1]
)
e reference model
e mrefin the smoothness terms can now evaluate phi_m + derivatives
® NOorm applled on each term phi_m(m), phi_m.deriv(m), phi_m.deriv2(m, v)
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Perform the inversion: stating the objective function

Inversion as an optimization problem (deterministic approach)

min ¢(m) = ¢a(m) + Sy (m)

s.t. 9g < 9y mp <m <my

At this stage, we have specified
e parameters we are inverting for
e data misfit
e model norm

34



Perform the inversion: stating the objective function

Inversion as an optimization problem (deterministic approach)

min ¢(m) = ¢a(m) + S¢m (m)

s.t. 9g < 9y mp <m <my

Still to define
e oOptimization method
upper and lower bounds
choice of initial beta
choice of beta-cooling schedule
target misfit and stopping the inversion



Perform the inversion: optimization approach

Inversion as an optimization problem (deterministic approach)
min ¢(m) = ¢a(m) + Sy (m)

s.t. 9g < 9y mp <m <my

Second-order methods

from SimPEG import optimization

f(x)

opt = optimization.InexactGaussNewton(maxIter=20, maxIterCG=20)

opt_with_bounds = optimization.ProjectedGNCG(lower=0)

36



Perform the inversion: inversion directives

Inversion as an optimization problem (deterministic approach)
min ¢(m) = pu(m) + By (m)

s.t. 9g < 9y mp <m <my

We use directives to make parameter updates and orchestrate the inversion, e.g.
e estimating initial beta
e defining a beta-cooling schedule
e stopping the inversion when target misfit reached

37



Perform the inversion: inversion directives

Inversion as an optimization problem (deterministic approach)
min ¢(m) = pu(m) + By (m)

s.t. 9g < 9y mp <m <my

Initial beta
e estimate “size” of data misfit and model norm by approximating eigenvalues of
JTW Wy J, W!W,,
e take ratio, weight by a parameter controlling relative importance of each

from SimPEG import directives
beta® = directives.BetaEstimate_ByEig(beta@_ratio=100)



Perform the inversion: inversion directives

Inversion as an optimization problem (deterministic approach)
min ¢(m) = pu(m) + By (m)
s.t. 9g < 9y mp <m <my

) (m(O), /3(0))
“ _ (m*), gtk

Beta-cooling
e Define how often beta is reduced (every N iterations)

e Define how much beta is reduced by v

Pm

beta_cooling = directives.BetaSchedule(coolingRate=2, coolingFactor=4)

39



Perform the inversion: inversion directives

Inversion as an optimization problem (deterministic approach)
min ¢(m) = ¢a(m) + Sy, (m)

s.t. 9g < 9y mp <m <my

(m(O), B8O )
Target misfit 5 T (m®),5®)
e [Expected value of data misfit .
Blpq] = N 5
e Define target misfit as (default y= 1) Pm
¢q = XN

target_misfit = directives.TargetMisfit(chifact=1)



Perform the inversion: inversion directives

Inversion as an optimization problem (deterministic approach)
min ¢(m) = ¢a(m) + Sy (m)

s.t. 9g < 9y mp <m <my

Other uses for directives Recovered Sensitivity weighted
e saving inversion model at each iteration susceptibility susceptibility
e saving inversion progress (beta, data misfit, ...) —— -

e including / updating sensitivity weighting
e updating values for norms (L2 — Lp)




Perform the inversion: bringing it all together

Inversion as an optimization problem (deterministic approach)
min ¢(m) = ¢a(m) + Sy (m)

s.t. 9g < 9y mp <m <my

600

400

s
1200

from SimPEG import inverse_problem, inversion

ro
104 102 10° 1072 1074
Beta

inv_prob = inverse_problem.BaseInvProblem(phi_d, phi_m, opt)
inv = inversion.Baselnversion(inv_prob, [beta®, beta_cooling, target_misfit])

inv.run(mo)

1073 1071 10! 42
¢m




An example: 1D inversions

Layered earth, 3 different EM systems

e Resolve (airborne, frequency)
e (Geotem (airborne, time-domain)

e NanoTEM (ground, time-domain)

Resolve Geotem
. . 2 .°°o.. -~ @ Observed
~ 10~ ®e
L r 0 °
10~7 . . Ef .‘.
. g 10713 =
e Observed (real) % » "
e Observed (imag) 1014 0.

103 104 105 10-4 10-3
Frequency (Hz) Time (s)

(Oldenburg et al, 2020)

1072

dBz/dt (T/s)

NanoTEM
....‘o. ® Observed
.
L]
L]
L]
L]
L]
L]
L]
L]
L]
; $
103 103
Time (s)

Depth (m)

Geotem Resolve

T @

NanoTEr\V RXTX: / T;’_\éﬁx

0
10 100 Om
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SImPEG EM1D

Seogi Kang

Geotem Resolve
e [Efficient forward simulation, sensitivity Tx
calculation using digital filters i -
o relies on empymod (Werthmdller, 2017)

e Parallelized over soundings

e Common FDEM, TDEM system
parameters implemented

(Kang et al, 2018) 44



Individual inversions

L2 regularization

Resolve

. (a) Resolve (a) Geotem (c) NanoTEM
—_— True ‘;E
— —— Pred
§ 1077 q
B ® Observed (real)
. Obsgrved (imag) —100 -
—a— Predicted
—a— Predicted
103 104 108
Frequency (Hz)
Geotem
—200
® Observed
1012 —a— Predicted
= B
S 10713 ~
N
3 —300 1 ] I
1014
10-4 1073 102
Time (s)
NanoTEM —400 A
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107 —a— Predicted
v
'f 10-5
2
% —500
1077 ; . . . . .
10° 10t 102 10° 10t 102 10° 10° 102
106 10° 10* 1077 Resistivity (Qm) Resistivity (Qm) Resistivity (Qm)

Time (s)




¢(m) — Resolve _|_¢Geotem _|_¢NanoTEM +5¢m( )

Joint Inversion -~
¢pq(m)

L2 regulanzatlon phi_d = phi_d_resolve + phi_d_geotem + phi_d_nanotem

Resolve

. (a) Resolve (a) Geotem (c) NanoTEM
—_— True ‘;
— —— Pred
§ 1077 q
B ® Observed (real)
. Obsgrved (imag) —100
—a— Predicted
—a— Predicted
103 104 108
Frequency (Hz)
Geotem
® Observed =200
1012 —a— Predicted
= B
S 10713 ~
N
3 —300 ] I
1014
10-4 1073 102
Time (s)
NanoTEM —400
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107 —a— Predicted
v
'f 10-5
2
% —500
1077 . . . . . .
10° 10t 102 10° 10t 102 10° 10t 102 46
106 10° 10* 1077 Resistivity (Qm) Resistivity (Qm) Resistivity (Qm)

Time (s)



¢(m) — Resolve _|_¢Geotem _|_¢NanoTEM +5¢m( )

Joint Inversion -~
¢pq(m)

L2 regulanzatlon phi_d = phi_d_resolve + phi_d_geotem + phi_d_nanotem

Resolve

. (a) Resolve (a) Geotem (c) NanoTEM (d) Joint
— ‘;
— —— Pred
§ 10-7 q
B ® Observed (real)
. Obsgrved (imag) —100
—a— Predicted
—a— Predicted
10° 104 105
Frequency (Hz)
Geotem
® Observed =200
1012 —a— Predicted
= E
S 10713 ~
N
3 —300 1 ] I
10714
104 10-3 10-2
Time (s)
NanoTEM —400
e Ob d
10° B e
Q
'f 1075
3
% —500
1077 ‘ ‘ . ‘ i ‘ i ‘
10° 10t 102 10° 10t 102 10° 10° 102 10° 10t 102 47
106 10° 10* 1077 Resistivity (Qm) Resistivity (Qm) Resistivity (Qm) Resistivity (Qm)

Time (s)



¢(m) — Resolve _|_¢Geotem _|_¢NanoTEM +5¢m( )

Joint Inversion -~
¢pq(m)

LO regularization
O regularizatio phi_d = phi_d_resolve + phi_d_geotem + phi_d_nanotem

Resolve

(a) Resolve (a) Geotem (c) NanoTEM (d) Joint

0
e ';II
— Pred
® Observed (real)

® Observed (imag) —100
—=— Predicted
—=— Predicted

10° 10* 105
Frequency (Hz)
Geotem
—200 A 1O 1 1 O
® Observed
1012 —a— Predicted H |_|
= E
S 10713 ~
&
E —300 1
10714
104 1073 102
Time (s)
NanoTEM —400
B Observed
10° E e
v
'f 1075
3
% —500 -
1077 ‘ ‘ i ‘ i ‘ . ‘
10° 10t 102 10° 10t 102 10° 10t 102 10° 10t 102 48
106 10° 10* 1077 Resistivity (Qm) Resistivity (Qm) Resistivity (Qm) Resistivity (Qm)

Time (s)



Joint Inversion

Flexibility to handle:

e multiple surveys / physics

e different model
parameterizations

e different simulation mesh for
each datum

e separate forward simulation
and inversion meshes

phi_d = phi_d_resolve + phi_d_geotem + phi_d_nanotem

L2

LO

100

10t
Resistivity (Qm)

102

‘;E

100 10! 102
Resistivity (Qm)
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6200

Example: Bookpurnong

Bookpurnong
Irrigation’ Area

6199

Murray River Floodplain < o
e over-irrigation and drought 55

e saline water recharges river
e floodplain salinization

6196

fr “Murray River
" Floodplain

SN G S s UTA
OUIOUIOOUICRS b gl
Elevationi(m) s = = B

6195

Data e

e 2006: SkyTEM (time-domain)

e 2008: RESOLVE (frequency-domain) = . ( e
Y\ Y\

Inversion s ' . / .

e Spatially constrained 1D s nln

458000 459000 460000 461000 462000 463000 458000 459000 460000 461000 462000 463000
easting (m) easting (m)



Example: Bookpurnong

1e6 depth =7.7m

6.201 1

6.200 1

6.199 1

northing (m)
(=)}
(=]
[}
o]

[o)]
=
(o]
~

6.196 1

6.195 |

6.194 1

458000459000460000461000462000463000
easting (m)

coming to the docs soon!

L 100

10-1

Conductivity (S/m)

South East
Mallee / native vegetation
Recharge of <0.1 mm/yr

North West

Irrigated horticulture
> recharge =10 mm/yr

Woorinen Formation
-\~ Blanchetown Clay

¢

Downward leakage N

ard leal from
Upw: kage :
system
Recharge to
gwnmlersystems
Regional watertable — -~ — . &

(Viezzoli et al., 2009) 51
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Example: Bookpurnong

1e6 depth =7.7m
6.201 ﬂ“
6.200 1 ) -
4 : )) gaining
6.1991 > saline
£ , \Water
2 6.198 1 = /
= P,
E \ 74
o
< 6.197 - ,
losing
6.196 | freshwater
6.195 -
6.194 | =

458000459000460000461000462000463000
easting (m)

coming to the docs soon!

L 100

10-1

Conductivity (S/m)

South East
Mallee / native vegetation
Recharge of <0.1 mm/yr

North West

Irrigated horticulture
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Current density at Z=-75m
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Electromagnetics
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o Time Domain

o (Controlled + natural sources
e Fluid Flow
o Richards Equation

Time: 0.01 ms

200

—200

—600 —400 -200 0 200 400 600
¥

10-12 10-11 10710 10r®
Current density (A/m?2)

—-600 —400 -200 0 200 400 600
x

s Dom
Fournier

{ ]

t I 1
T I I
I ! j

Tiled, parallelized inversions in progress -



,simpeq?

bsmithyman dccowan

banesullivan

dougoldenburg dwfmarchant fourndo

m
3 ﬁ
1

sdevriese sgkan

SimPEG: Simulation and Parar X

& simpeg.xyz ™ K @Incogni(o(z) *

WHY ABOUT CONTACT CONTRBUTE € 5 0O ©@ &

micmitch

Simulation and Parameter Estimation in Geophysics

An open source python package for simulation and gradient based parameter estimation in
geophysical applications.

Geophysical Methods
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Contribute to a growing community of geoscientists building an open foundation for
geophysics. SIMPEG provides a collection of geophysical simulation and inversion tools that
are built in a consistent framework.
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community

Software practices

e \/ersioning code
Tracking issues
Testing code
Suggesting changes
Peer-reviewing changes

Communication
e \Weekly meetings (recorded)
e Discourse forum for Q&A
e Chat with slack

simpeg

SimPEG Community Chat - Sin X +

@ simpeg.discourse.group o % @ mcognito
3 simpeq
U T —

Machine Learning
Questions, research ideas and calls for collaboratg
to work on Machine Learning applications in
geophysics
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This space is for questions about direct current (D!
resistivity and induced polarization (IP) methods.

% SImPEG meeting Sept 16,2020 X  +
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Getting Started

This is a place to ask general questions about
SIimPEG, getting started with the code, finding
examples, and getting to know the community.

Electromagnetics

This topic is for all things electromagnetics: time-
domain, frequency-domain, and natural source
methods.

Flow

Atopic on simulating and inverting flow equations
(e.g. Richards, Darcy).

Potential Fields

This is a space for talking about simulations and
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testing mathematical
properties

analytic
solutions

code
comparisons

confidence

vector identity: V - VX 0 = 0

[2]: v = np.random.rand(mesh.nE)
np.all(mesh.faceDiv * mesh.edgeCurl * v == Q)

[2]: True
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Forward Simulation for Transic. X+

C A NotSecure | docs.simpeg.xyz, ® % @ ncognito 2)

e documentation:
docs.simpeq.xyz

e community forum:
simpeq.discourse.group

e chat:
slack.simpeqg.xyz

e meeting notes + recordings:
curvenote.com/@simpeg/meeting-notes

A SImPEG

Why SImPEG?
Contributing to SIMPEG
Getting Started with SImPEG
Getting Started: for Developers

Practices

Gallery

Models and Mapping
Linear Problems

Gravity

Magnetics

Direct Current Resistivity
Induced Polarization

Frequency-Domain Electromagnetics

B Time-Domain Electromagnetics

8 Forward Simulation for Transient
Response on a Cylindrical Mesh

Import Modules
Defining the Waveform
Create Airborne Survey
Create Cylindrical Mesh

Create Conductivity/Resistivity
Model and Mapping

Define the Time-Stepping

Docs » Time-Domain Electromagnetics »

Forward Simulation for Transient Response on a Cylindrical Mesh © Edit on GitHub

Click here to download the full example code

Forward Simulation for Transient Response on a
Cylindrical Mesh

Here we use the module SimPEG.electromagnetics.time_domain to simulate the transient response
for an airborne survey using a cylindrical mesh and a conductivity model. We simulate a single line
of airborne data at many time channels for a vertical coplanar survey geometry. For this tutorial, we
focus on the following:

How to define the transmitters and receivers

How to define the transmitter waveform for a step-off

How to define the time-stepping
How to define the survey

How to solve TDEM problems on a cylindrical mesh
+ The units of the conductivity/resistivity model and resulting data

Please note that we have used a coarse mesh larger time-stepping to shorten the time of the
simulation. Proper discretization in space and time is required to simulate the fields at each time
channel with sufficient accuracy.

Import Modules

from discretize import Cylesh
from discretize.utils import mkvc

from SimPEG import maps
import SimPEG.electromagnetics.tine_domain as tdem

import numpy as np
imnort matnlotlih as mnl

Devin
Cowan

57


https://docs.simpeg.xyz
http://simpeg.discourse.group/
http://slack.simpeg.xyz/
https://curvenote.com/@simpeg/meeting-notes

€e0SCi.xyz

GeoSci.xyz

& C O hitpsi/geoscixyz

GeoSci

DISC

Electromagnetics
Fundamentals and Applications =i

GPG
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@ curvenote.com,

(@) curvenote

DISC 2017
Geopnysical Eectromagnetics: Funda
QRIS Inversion module

Inverse Theory Overview.
~ Linear Tikhonov Inversion
Linearlnversion_notebook.ipynb
Linearlnversion-app.ipynb
Linear L2-norm Inversion
Nonlinear Inversion

26 locations worldwide

curvenote.com/@geosci/inversion-module

Linear Tikhonov Inversion | c

Users Sessions

30K 48K

https://geosci.xyz

vs last year

who  preseniaons  contact

SIMPEG

N 6,088

Linear Tikhonov Inversion

AUTHOR DATE
Douglas Oldenburg Jan 18, 2021

In this chapter we present the basic elements for how an inverse problem can be
formulated and solved using optimization theory. The quantity to be minimized
is a weighted sum of misfit and regularization terms with their relative
importance by an Tikhonov

The inverse problem has many elements and a solution is best achieved by
adhering to the workflow shown below. Throughout this chapter we investigate
each of these steps and illustrate the concepts with a simple linear problem.
Jupyter notebooks are provided so that the concepts can be explored and all
figures can be reproduced. The formative material for this chapter is extracted
from the tutorial paper by Oldenburg and Li (Oldenburg & Li, 2005).

oputs
Fied obsenvations & | | Abity 1o forward Pror knowiedge
ror estrmates ol B referance mode!



https://curvenote.com/@geosci/inversion-module/linear-tikhonov-inversion

thank you!
241 simpeg

banesullivan bsmithyman dougoldenburg

dccowan dwfmarchant fourndo

oG ﬁ% simpeqg.xyz
g ) caprlot lacmajedrez
o & m @ QEe0SCi.xyZ
micmitch i rowanc1 sdevriese
(®) curvenote.com/@geosci
= |heagy@eoas.ubc.ca

| Jones

59


mailto:lheagy@eoas.ubc.ca
https://simpeg.xyz/
https://geosci.xyz/
https://curvenote.com/@geosci/inversion-module/

references

Astic, T., & Oldenburg, D. W. (2019). A framework for petrophysically and geologically guided geophysical inversion using a
dynamic Gaussian mixture model prior. Geophysical Journal International. https://doi.org/10.1093/qji/ggz389

Cockett, R., Heagy, L. J., & Oldenburg, D. W. (2016). Pixels and their neighbors : Finite volume. The Leading Edge, 35(August),
703-706. https://doi.org/10.1190/tle35080703.1

Cockett, R., Kang, S., Heagy, L. J., Pidlisecky, A., & Oldenburg, D. W. (2015). SIimPEG: An open source framework for
simulation and gradient based parameter estimation in geophysical applications. Computers & Geosciences, 85, 142-154.
https://doi.org/10.1016/j.cage0.2015.09.015

Fournier, D., & Oldenburg, D. W. (2019). Inversion using spatially variable mixed £p norms. Geophysical Journal International,
218(1), 268-282. https://doi.org/10.1093/qji/agz156

Haber, E. (2014). Computational Methods in Geophysical Electromagnetics. Philadelphia, PA: Society for Industrial and Applied
Mathematics. https://doi.org/10.1137/1.9781611973808

Heagy, L. J., Cockett, R., Kang, S., Rosenkjaer, G. K., & Oldenburg, D. W. (2017). A framework for simulation and inversion in
electromagnetics. Computers and Geosciences, 107(July), 1-19. https://doi.org/10.1016/].cage0.2017.06.018

Kang, S., Cockett, R., Heagy, L. J., & Oldenburg, D. W. (2015). Moving between dimensions in electromagnetic inversions. In
SEG Technical Program Expanded Abstracts 2015 (pp. 5000-5004). https://doi.org/10.1190/segam?2015-5930379.1 60



https://doi.org/10.1093/gji/ggz389
https://doi.org/10.1190/tle35080703.1
https://doi.org/10.1016/j.cageo.2015.09.015
https://doi.org/10.1093/gji/ggz156
https://doi.org/10.1137/1.9781611973808
https://doi.org/10.1016/j.cageo.2017.06.018
https://doi.org/10.1190/segam2015-5930379.1

references

Mutton, A. J. (2000). The application of geophysics during evaluation of the Century zinc deposit. Geophysics, 65(6),
1946-1960. https://doi.org/10.1190/1.1444878

Oldenburg, D. W., Heagy, L. J., Kang, S., & Cockett, R. (2020). 3D electromagnetic modelling and inversion: a case for open
source. Exploration Geophysics, 51(1), 25-37. https://doi.org/10.1080/08123985.2019.1580118

Oldenburg, D. W., & Li, Y. (2005). 5. Inversion for Applied Geophysics: A Tutorial. In D. K. Butler (Ed.), Near-Surface Geophysics
(Vol. 13, pp. 89-150). Society of Exploration Geophysicists. https://doi.org/10.1190/1.9781560801719.ch5

Viezzoli, A., Auken, E., & Munday, T. (2009). Spatially constrained inversion for quasi 3D modeling of airborne electromagnetic
data - an application for environmental assessment in the Lower Murray Region of South Australia. Exploration Geophysics,
40(2008), 173-183.

Viezzoli, A., Munday, T., Auken, E., & Christiansen, A. V. (2010). Accurate quasi 3D versus practical full 3D inversion of AEM
data the Bookpurnong case study. Preview, 2010(149), 23-31. https://doi.org/10.1071/PVv2010n149 p23

Werthmdller, D. (2017). An open-source full 3D electromagnetic modeler for 1D VTl media in Python: empymod. GEOPHYSICS,
82(6), WB9-WB19. https://doi.org/10.1190/ge02016-0626.1

Werthmudller, D., Rochlitz, R., Castillo-Reyes, O., & Heagy, L. (2020). Towards an open-source landscape for 3D CSEM
modelling, 1-18. Retrieved from http://arxiv.org/abs/2010.12926

61


https://doi.org/10.1190/1.1444878
https://doi.org/10.1080/08123985.2019.1580118
https://doi.org/10.1190/1.9781560801719.ch5
https://doi.org/10.1071/PVv2010n149
https://doi.org/10.1190/geo2016-0626.1
http://arxiv.org/abs/2010.12926

