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Ground and Borehole EM

setup:

grounded or inductive source
measure E, B, db/dt

X, Y, Z components

on ground or in boreholes
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Inductive source time domain response
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Inductive source time domain response
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Statement of the inverse problem

Given
® observations: d_‘;bs, j=1,...,N
® uncertainties: €;
e ability to forward model: F|m] = d
F

-—

Find the Earth model that gave rise to
the data

f_l

-




Electromagnetics: basic equations (quasi-static)

Time Frequency

. b - =
Faraday’s Law V X e= 5 VX FE=—wB
Ampere’s Law Vxh=3 VxH=J
No Magnetic Monopoles =~ v .p = 0 V-B=0
Constitutive j =o€ J =0k
Relationships b= uh B =uH
(non-dispersive) . s .

d=c€ D =¢FE

* Solve with sources and boundary conditions



Forward modelling

ots of choices...

SR 5255550
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e plate modelling, 1D, cylindrically symmetric, 3D N
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e time or frequency plate pEIEE
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e different mesh choices modelling 7777
S
o structured A0
o semi-structured (e.g. OcTree) 3D tensor 3D OcTree

o unstructured (e.g. tetrahedral)

e discretization strategy
o integral equation
o finite difference
o finite volume
o finite element




Forward modelling

Our focus today
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Solving the frequency domain equations

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

Boundary conditions

ﬁX§|aQ=0

Staggered grid discretization
e Physical properties: cell centers
e Fields: edges
e [luxes: faces




Solving the frequency domain equations

Discrete equations
Ce+twb=0
C'M/_,b—Mie = M,

Eliminate b to obtain a second-order system in e

ECTMZZ _1C+in§z e =:iwyej§
v u

A(o,w) q(w)
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Solving the frequency domain equations

\ .

(CTM!_,C +iwMg) e = —iwMjs
A(?Ir,w) " q(w)

A(o,w)

Complex

Symmetric

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

Separable over frequencies
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Solving the time domain equations

Use constitutive relations, reduce to two
equations, one field, one flux
ob
Vxe+—=0
ot
V X u~th—oe=j,
Boundary conditions
n X glag =0

Staggered grid discretization
e Physical properties: cell centers
e Fields: edges
e [luxes: faces
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Solving the time domain equations

Semi-discretization in space
Ob
Ce+—=0
o

C™M’_,b—Mce = M¢j,
'u, (o2

combine into a single, second order equation in e

Oe 0j
C™M’_,Ce+ Mt~ = _Me>*
pr e T Moy ot

to solve, need to discretize in time...
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Solving the time domain equations

First order backward difference (backward euler)
e" 1 depends upon e™

Oe 0j
C'™M’_,Ce+ Mt — = M2
p1 et Moy, ot
Time step: At = "1 — 7
n+1 n ‘n+1 mn
Tanf n+1 e © —€ . eds —Js
C Mu_lCe + M. Az M AL

Rearrange to solve for

1 1 1 in
(CTMl{lC + KtM§> el AtMe " A7 — MG — i)



Solving the time domain equations

Discrete equations

1 1 1
IRV i e n+1 e n n+l  n
C M ,C+ =M = —M —
( A )v At 7 =~ At s JSZ
N ~~ 7 Up 41 u, ~~
An_l_l(a',At) Bn+1(0'7At) dn+1

Arrange in a big matrix to solve

(A() \ (110 \

B1 A1 uj
B, Ao us
Bn—l An—l U, 1

\ B, A \u,

( q0 \
a1
q2

qn— 1

\ an
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Solving the time domain equations

Solve with forward substitution

e Solve initial conditions for Ug /go A \ /20 \
1 1 1
Aou() = qo B A u? _
o Propagate forward by SOlVIﬂg Bn—l An—l U,—1
\ B, A.) \uw )
An+1un+1 — _Bnun + dn+1

(CIO

qi
q2

qdn—-1

\qn

® Symmetric
A, i1(0,At) e Need to solve many times
e Only changes if o, At changes — store factors & re-use

1
Tanf e
<C M _1C+—tM >

An+1 (UaAt)

)
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Frequency and Time domain simulations

Frequency

A(o,w)

e (Complex, symmetric

e [actor for each frequency

® |nversion: sensitivity derivation
straight-forward

Time
An+1 (07 At)

Real, symmetric

Factor for each unique At
Inversion: sensitivity derivation
more involved
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Setting up a forward simulation & user decisions

Mesh design
e minimum cell size

o capture shortest time / highest frequency, highest
conductivity

e domain extent
o beyond skin depth / diffusion distance

Time discretization

® capture short-timescale variations near shut-off
o needs to be finer than receiver times
e cxtend to latest time channel

1.0 A |

~| simulation times

OjO 0:2 0.'4 0r6 0?8 1j0
trade-off between computation cost and accuracy

time (ms)

TX current
o
(9]

o
o
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Forward modelling can address

Survey design:
e source: coupling? base frequency?
® receivers: best to measure g, b, db/dt?

Complexities:
e overburden
e multiple targets, interactions?

Value in looking at:
® currents, magnetic field
e and simulated data
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Practical notes

Computational time for this example

= =

o o
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conductivity (S/m)
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L
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S
&

Tensor Mesh with... I - -
e 62,000 cells S
e 170 time steps, 4 unique At e e
® 1 source

— Forward simulation time: 57s "] f
- | emm
Refine the mesh (~double number of cells) e o

e 128,000 cells g

-200

® same time stepping
— Forward simulation time: 136s
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Statement of the inverse problem

Given
® observations: d_‘;bs, j=1,...,N
® uncertainties: €;

e ability to forward model: F|m] = d
f

-—

Find the Earth model that gave rise to the data

f_l

-
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Need a framework for inverse problem

Tikhonov (deterministic)

Find a single “best” solution by solving
optimization

minimize ¢ = ¢4+ Bom,

subject to mp <m <mpg

¢q: data misfit

®m: regularization

B: trade-off parameter

mr,,myg: lower and upper bounds

Bayesian (probabilistic)

Use Bayes’ theorem

P(m|d°*®) o P(d°°*|m)P(m)

P(m): prior information about m
P(d°**|m): probability about the data errors (likelihood)

P(m|d°%): posterior probability for the model

Two approaches:
(a) Characterize P(m|d°®®)

(@) Find a particular soléjtion that
maximizes P (m|d””?)
MAP: (maximum a posteriori) estimate



Flow chart for the
inverse problem

What do we need for inversion?

¢ = ¢a+ Pom

mrp, <m < mpg

minimize
subject to

From the simulation
e adjoint sensitivity times a vector
® sensitivity times a vector

Inversion components:
e define a model norm
e perform optimization

Inputs

Field observations &
error estimates

Ability to forward
model

Prior knowledge
Build reference model

I

Define inversion
model parameters

/\

criterion

Choose a misfit

Design model
norm

S

Perform Inversion

|

Evaluate results

v

Iterate

Interpret preferred model(s)

23




Defining the model model parameters

typically log conductivity below the surface of the earth

Conductivity (o)
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10°8

Log Conductivity, log(o)

Log Subsurface Conductivity, log(o)[active]

can also work with parametric models (e.g. ellipsoids)
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Sensitivities

For inverse problem, also need sensitivities (and adjoint)

8dpred
J = om
_ 0P(u,w) Ou
~ Ou 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

25



Inversion as an optimization problem

mn;ln ¢(m) = ¢g(m) + By, (m)

st. pg < ¢y mp <m<my

data misfit

¢q = [|[Wa(F(m) — d°>)|?

uncertainties captured in W

1

€ = %|d§bs| + floor

model norm (L2)

d(m — Myef) 2

G = as/ ws(m — mref)2dV + am/ Wy dV
\% \ d.fU

smallness smoothness

discretize

Pm = || W (m — mref)H2 + 0z || W (m — leef)”2

26



Gauss Newton approach

mrjln ¢(m) = pg(m) + By, (m)

s.t. pg < ¢y mp <m <my

Gradient
g(m) =J "W, Wy(F[m] — d°®) + W, W,,,(m — m,..;)

f(x)

Taylor expand — Gauss newton equations (solve with CG)

(JTW]W,J + W, W,,)dm = —g(m)

I 1
Tk Tg+1 X

Sensitivity (J) requires forward modelling
- large, dense matrix (expensive to store)
- compute matrix-vector products when memory-limited Jv,J"v

27



Practical notes e
One inversion iteration requires we solve:

-1000

g(m) =J "W, Wy(F[m] — d®) + SW, W, (m —mycp) ™ i -

(JTW]WuJ + W W, )dm = —g(m) —
Number of forward calculations per iteration: f
2(NC’G + 1) Y 20 1079 5
10-10 . £=0.09 ms_

62,000 cells ~ 57s

Total computation time: N o
Nriterr- * 2(NCG _l_ ].) * T :BOO

—1000

~10 ~20 ~1 min (small prob) _..
~3.5 hours

time (ms)
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3D inversions with EM

Challenges: computational cost
e need many forward simulations
to run an inversion

Non-unigqueness
e all inversions non-unique
® impacted by survey geometry

Role of a-priori information
e reference models

® model parameterization
o

Inputs

Field observations &

Ability to forward

Prior knowledge

error estimates model Build reference model
|
Define inversion
model parameters
Choose a misfit Design model
criterion norm

e

Perform Inversion

I

Evaluate results

v

lterate

Interpret preferred model(s)
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Research avenues

3D inversion with highly conductive targets
e (Challenging sensitivities, modelling
e Role for parametric inversions

Incorporating in a-priori information
e Different norms in the regularization
e Petrophysically and Geologically
guided inversions (PGl)
e (Opportunities for machine learning

Neural network
S = fg (X)

Convolutional layers

Y = o(KoX + bo)
Y, =o0(KiY1 +b)

Yy =0(Ky-1YN-1+bn-1)

Linear classifier
s=WYy+b

4
Q{D

class

Class probabilities

LI class n

(n inputs x n classes)

esi

¥ p(ils) = T o
£ €

all classes
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SimPEG

WHY ABOUT CONTACT CONTRBUTE ) 5 0O ©@ B

from simpeg import electromagnetics

forward simulation and inversion tools ﬁ
* frequency and tlme Simulation and Parameter Estimation in Geophysics

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

e 1D, 3D, cylindrically symmetric

Geophysical Methods

. '
Contribute to a growing community of geoscientists building an open foundation for

geophysics. SIMPEG provides a ion of ion and inversion tools that
. St a n d a rd |_2 are built in a consistent framework.
H « Gravity
® (ifferent norms,
« Direct current resistivity

' « Induced polarization
® parametric approaches - ectomares
o Time domain
o Frequency domain
o_Natural source (e.a.

https://simpeg.xyz
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Resources

# GlFtoolsCookbook

Search docs

. Quick-start guide
Installation
Basic Functionality

. Object Functionality
UBC File formats
Fundamentals of Inversions

Coordinates, Sign Conventions and
Units: A Quick Guide

8. Recipes

9.Ato Z Examples

B 10. Comprehensive Workflows

10.1. Magnetics: From surface TMI
data to sparse-norm inversion

10.2. DCIP: From UBC-GIF/XYZ to
DC and IP inversion

10.3. MT: From EDI data to
inversion

10.4. ZTEM: From XYZ data to
inversion

10.5. MobileMT: From XYZ data to
inversion

10.6. Joint MT-ZTEM inversion

© 10.7. Surface UTEM: From AMIRA
TEM data file to inversion (ongoing
research)

© 10.7.1. - Understanding UTEM
anomalies

10.7.1.1. Introduction to Surface UTEM

10.7.1.2. Plotting UTEM Data

GIF tools cookbook

Docs » 10. Comprehensive Workflows » 10.7. Comprehensive Workflows: Surface UTEM »
10.7.1. Understanding Surface UTEM Anomalies @ GIF Documentation €) Edit on GitHub

10.7.1. Understanding Surface UTEM Anomalies

In order to properly interpret surface UTEM data, it is import to first understand what fields are
measured, how the data are plotted and the anomalies for basic structures. Here, we investigate the
UTEM anomaly produced by a block in a half-space. The knowledge gained here can be used to
determine the coordinate system and sign convention for field collected data, and the operations
required to transform the raw data into UBC-GIF convention.

10.7.1.1. Introduction to Surface UTEM

10.7.1.1.1. Survey G try and Fund tal C t

During a UTEM survey, large inductive loop sources are placed on the Earth’s surface. Depending
on how each loop is coupled with the target, receivers may be located inside or outside the loop.
Data may be collected for several sets of loops and receivers in order to excite the target from
multiple directions.

Target near center of the loop Target near edge of the loop

— Tansmitter
£ Brget
Receivers

///////////ZP

— Tansmitter

Survey geometry for target near center of the loop (left) and near edge of the loop (right).

During field data collection, standard UTEM systems measure directional componerm
a highly regulated triangular waveform; see below. However, this is equivalent to measuring the

directional components of B(t) for a corresponding step-like waveform. The principal idea of the

https://qiftoolscookbook.readthedocs.io

L.simpeg  User Tutorials 2

SIMPEG USER TUTORIALS

3D Forward Simulation for On-Time
Large-Loop Data

Devin Cowan University of British Columbia s

SImMPEG user tutorials

In this chapter, we publish code comparisons and validations for time-domain electromagnetic

modeling packages. In SimPEG, the simpeg.electromagnetics.time_domain module is used

for modeling time-domain data.

Off-Time Currents and Fields

On-Time curants and Fields

e

1\‘\ Vf'_’
\\E

N

I i \\

Schematic illustrating the physics of the TEM method for an inductive source.

https://simpeg.xyz/user-tutorials
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Thank you!

adamkosik banesullivan

dofournier Doug Oldenburg

_dwfmarchant fourndo jedman

jcapriot
; == | I | |
N T

Leon Foks

Erosenk' ikdin

edrez

kaicglee kujaku11 lacmaj
ngodber nwilliams-kobold prisae RichardScottOZ Rockpointgeo rowanc1

ey

7

wather;mp

yezhengkai _ Zhuoliulz

sgkan V thast
)
i

Ja Al

1e+08 Om
1072
E
a
1073 2
=
g
g
S
°
c
1074 8
107°
X
200 le-6
2
0
—200 4 o
-— =
~400 A e - 2
o
[
c
—600 4 g
5
—800 v
~1000 |
-2
-1200 : : : - -
-1000 -500 0 500 1000
X
200 10-2
0 1073
—-200 1074
—400 10-° "
k<
-6 9
-600 1073
1077
-800
1078
-1000
10-°

-1200

-500

33


mailto:lheagy@eoas.ubc.ca

