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some important problems
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have in common: electrical conductivity can be a diagnostic physical property



electrical conductivity / resistivity
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geophysical experiments & physical properties




electromagnetic experiments

Sources: Y x5 _%
e grounded or inductive ot .
e controlled or natural A 5'4— ?

t

Waveform

e harmonic A -
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e transient

Survey location
e airborne

e ground
e boreholes



physics: time-domain
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physics: time-domain

1078 4

db/dt

1079 3
lo—lc 4

1011 4

1012 4

107! 10° i
time (ms)

current density db/dt



https://docs.google.com/file/d/1rWlQ4tDvCpIMm6Fc8l4ylZ_7JLOhmhfd/preview
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physics: frequency domain

high frequency ~ early times, 100, kHz 10,kk1z

low frequency ~ later times Jy ima
skin depth
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statement of the inverse problem

Given
e oObservations: d_?bs, j=1,...,N
e uncertainties: €;

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

-

Find the Earth model that gave rise to the data

.F_l

B
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statement of the inverse problem

Given

e observations: d2*°, j=1,...,N
e uncertainties: €,

e ability to forward model: Flm| = d

Inverse problem: Find an Earth model that
fits those data and a-priori information

mrjln ¢(m) = ¢p4(m) + Bdr, (m)

s.t. 9g < ¢y mp <m <my
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24, simpeg

Simulation and parameter estimation in geophysics

common framework for simulations & inversions
accelerate research: build upon others work
facilitate reproducibility of results
build & deploy in python

open-source

WHY ABOUT CONTACT CONTRBUTE ) % 0D ©O B =

Simulation and Parameter Estimation in Geophysics

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

Geophysical Methods

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.

« Gravity
« Magnetics
« Direct current resistivity
« Induced polarization
« Electromagnetics
o Time domain
o Frequency domain
o Natural source (e.g.

Magnetotellurics)
o Viscous remanent magnetization
« Richards Equation
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Multi-scale EM geophysical methods
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Multi-scale EM geophysical methods

Controlled-source EM Natural source EM

Inductive Grounded

Depth from the surface

P
meters Tens of Hundreds Kilometers Tens of Hundreds of
meters of meters kilometers kilometers

Ground-based EM Airborne EM (AEM) Z-axis Tipper EM (ZTEM) Magnetotellurics (MT)
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important problems: scales and surveys

minerals ‘ contaminants ‘ water 1‘ geothermal
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CO, sequestration, hydrocarbons: fine scales & large contrasts

steel casings: highly conductive, magnetic
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minerals, geothermal: large scales & seeing deep

natural source: rely on lightning strikes, solar wind as our source (unknown strength)

skin depth (m)
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0 = 503\/; f: frequency [Hz]

22:00 UT
Mok 13,1999

~ —

13 . =0 —

aurora e ———
Q S ]
r oo
\100 ohm - MM]
- Period = 100 » Period » 4 Pericd = UV 25 »

shin depth = 50 km  ohin depth = 10 km sk depth » 1 km




unexploded ordnance: small scales

near surface (or seafloor), need to detect & classify UXO vs clutter

ind in September, 2008.

WARNING | . Avgnssoen
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A sign at the Goose Lake Range, on Okanagan Indian Band territory, warns of the presence of UXO. JEFF BASSETT/THE GLOBE AND MAIL




case studies
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case studies

mlnerals ; ke . owa unexploded ordnance
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groundwater in Myanmar ) GEOSCIENTISTS

without BORDERS®

Improving Water Security in Mon state,
Myanmar via Geophysical Capacity Building

e Bring geophysical equipment to Mon
state Myanmar

e [rain local stakeholders

e Provide open-source software & ’
educational resources T

cangopin

e

Doug Oldenburg Kevin Fan Michael (Max) Devin Cowan



groundwater in Myanmar: important components

7 step framework for case studies
Setup

Physical properties

Survey

Data

Processing

Interpretation

Synthesis

Open source software and
resources
e Jupyter notebook “apps” for
concepts and data processing

UPYTOT  DC-3-yar-Souncing S0 i Crmtpmdt o =i g besmed I -y Yt u e e

https://courses.geosci.xyz/gwb2020
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https://courses.geosci.xyz/gwb2020

groundwater in Myanmar

7 step framework
Setup

Physical properties
Survey

Data

Processing
Interpretation
Synthesis

/Phayar Ngoteto Village

In 2020 (before covid...):
\_® return and conduct a 2D survey

In 2018: 1D inversion suggested aquifer at 30-50 m
e \Well drilled to ~60 m: no significant water
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groundwater in Myanmar

7 step framework

Setup

Physical properties
Survey

Data

Processing
Interpretation
Synthesis

-

o

Main diagnostic:
Water bearing region ~ 40-140 (Om

~

/

" A

Alluvium and

-3-15m =
Sand aquifer laterite deposits
Clay Aquitard
(less commonly lateritic/sandy clay or sandstone)
20-70m -~
Fractured bedrockaguiferysiate
orgranite)
Bedrock (slate or granite)
Hydrogeological Unit Resistivity (Qm)
Alluvium and laterite (dry) 200-800
Alluvium and laterite (saturated) 30
Sand aquifer 50-100
Clay aquitard 10-20
Bedrock (eg. granite) 500-1000
Fractured/Weathered bedrock (with fresh water) 40-400
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groundwater in Myanmar

7 step framework
Setup

Physical properties
Survey

Data

Processing
Interpretation
Synthesis

/Survey: 2D DC resistivity

Wenner-Schlumberger

Dipole-Dipole

AT =

/

data plotted in pseudosections

Geop Astron SE front lawn. : dipole-dipole : 38 data
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groundwater in Myanmar

7 step framework
Setup

Physical properties
Survey

Data

Processing
Interpretation
Synthesis

/Survey: 2D DC resistivity

Wenner-Schlumberger Dipole-Dipole

AT =

/

n-spacing

Number data

x (m)

53e4+02 ~
a1e+02 E
32e+02 S

93e+01 ¢
7.3e+01 8
57e+01 &
25e+01



groundwater in Myanmar

7 step framework
Setup

Physical properties
Survey

Data

Processing
Interpretation
Synthesis

mniln d(m) = ¢qg(m) + Sy, (m)

st. g < ¢y mp <m<my

\_

/Inversion: estimate a model of the subsurface\

Mistit / Target mustit: 374 / 1375.0

/
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groundwater in Myanmar

7 step framework

Setup

Physical properties
Survey

Data

Processing
Interpretation
Synthesis

2020 Dirill Hole

v oEE T TTTRey

Pribrity Region
2018 Drill Hole
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2020 Dirill Hole

groundwater in Myanmar

1073.5

' i - ’ 1073.0
7 step framework - Priority Region 10725
Setup 2018 Drill Hole 10~2.0

Physical properties 10°L5
Survey

Data
Processing
Interpretation
Synthesis

>1000 gph
/Field surveys at 23+ villages by engineers, A

geoscientists in Myanmar

(wo) M!Aussau

T - T T 10~1.0
0 100 200 300 400 500 600 700

X (m)

Acquired data, interpreted, spotted drill
kholes using open source software

/




case studies
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Tli Kwi Cho (TKC) Kimberlite complex

Geophysical discovery in 90’s: airborne
magnetic and electromagnetic data

7135000

2 kimberlite pipes

Northing (m)
7134000

Lake

Glacial till
\ Lake

PK sediments

7133000

| T | : T ' T
556000 557000 558000 559000
Basement Easting ( m)
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physical properties at TKC

Lake
\ Density Moderate Moderate
Lake

PK sediments Susceptibility None None High Low-moderate  Low-moderate
Conductivity = Moderate-high Low Low-moderate Moderate-high Moderate-high
Chargeability Low Low ? 2 ?

Basement e Overall kimberlite: low density

e HK: high susceptibility
e VKandPK:

o low-moderate susceptibility
o moderate-high conductivity
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TKC: surveys

Airborne data

“Sysiom | oar | 0wa

DIGHEM 1992
Falcon 2001
AeroTEM I 2003
VTEM 2004

FEM, mag
Grav grad
TEM, mag
TEM, mag

Ground data as well: NanoTEM,

magnetics, gravity
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TKC: data

Airborne data

e invert to obtain physical
property models

e interpret to build
quasi-geology model

e published in 3 papers by the
GIF group

Devriese et al. 2017,
Fournier et al. 2017,
Kang et al. 2017

gravity gradiometry
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https://gif.eos.ubc.ca/sites/default/files/sdevriese/files/int-2016-0142_1(1).pdf
https://gif.eos.ubc.ca/sites/default/files/sdevriese/files/int-2016-0140_1(1).pdf
https://gif.eos.ubc.ca/sites/default/files/sdevriese/files/int-2016-0141_1(1).pdf

TKC: electromagnetics

Focus on DIGHEM and VTEM data

Negatives in VTEM data is challenge...
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IP effects in time domain EM data

Negative transients in VTEM presents a challenge — motivates research Seogi

EM-decoupling: IP = Observation — Fundamental (EM)

Observed Fundamental (EM) IP

Observed at 410 micro-s Estimated at 410 micro-s Raw IP at 410 micro-s
+7.133x10°
0.06 0.06
1600 0.448
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1400 Al 0.392 Al
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1200 1 000 B T 000 B
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o © ks}
§ 00 umE. ; “m;'
sl s
A3 o H10.168 © A3 o
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100
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0.000
0 200 100 600 800 ) 0 200 100 600 800 g 0 200 100 600 300
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TKC: IP inversion

Raw IP at 130 micro-s

IP data

invert

(early time)

db./dt (pV/A-m")

d'"(t) = Gij(t)

G(00): Sensitivity function
7: Pseudo-chargeability

Kang et al. (2016)
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48
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24
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0.0
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-24
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Elevation (m): 311 m ° DO-18 A-A’
T T T 8 T T T
- Eg
o
3 S8 i
~ [
" 3
L
8 L. i ;
556855 557299 557744
Easting (m)
(2}
< ’
s DO27BE
K wn
S R
™ N
[ 2 L PO
3
R i}
@
8 sl. ; i
~ 7556855 557299 557744
Easting (m)
1 & 1
556855 557299 557744 0.000 66.667 133.333 200.000
Easting (m) Pseudo-chargeability (s*)
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TKC: IP inversion (late time)

Raw IP at 410 micro-s

IP data
0.04
k Al
0.02
0.00 _$
N
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—0.04 3,
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invert

d'"(t) = Gi(t)

G(0s): Sensitivity function
7: Pseudo-chargeability

Kang et al. (2016)
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A quasi-geology model from physical
properties

Density Moderate Moderate
Susceptibility None None High Low-moderate  Low-moderate
Conductivity  Moderate-high Low Low-moderate Moderate-high Moderate-high
Chargeability Low Low ? ? ?
-l .,
small time large time
constant constant

e Independently inverted multiple airborne geophysical
data sets in 3D, built a representative 3D rock model

e |mportance of conductivity, chargeability & related
computational tools

| from drilling




case studies
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Time-domain EM response of a UXO

transmitter receiver
/ .\rT / / /'.I'R/
primary Hrp H 5 secondary
magnetic field ﬁ) magnetic field
r

d(I‘R,t) = HR(I‘,I'R) : P(t) : HT(I',I‘T)

P(t) = A(¢,0,9) - L(t) - AT (¢,0,v)

UXO

L1

not UXO
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Time-domain EM response of a UXO

transmitter receiver
/ 7 / / A I‘R/
primary HT HR Secondary
magnetic field ﬁ ) magnetic field
r
d(I‘R,t):HR(I‘,I'R)-P( ) HT r, I‘T /Ll \
v
P(t) = A(¢,0,9) - L(t) - AT (¢,0,v) \ L:J
H{_J H_J

traditional approach: use inversion to get these and then
classify by comparing L(t) with ordnance library

UXO

-

L1

not UXO

Y
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Survey and system
o ‘\ )

UltraTEMA-4 system:

4 transmitters

12 receivers (3-component)
27 time channels

Height above seabed: ~1 m
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Can we classify directly from EM data?

Convolutional neural networks (CNNs)
e Convolutional filters look at spatial / temporal
features in the data

Training EM data for UXO classification:
e Available library of ordnance objects with
polarizations
e Fast geophysical simulations

hul input

48
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Convolutional Neural Networks (CNNs)

Supervised classification problem
provided data with labels, construct a function (network) that outputs labels given input data

Input Features Neural network

s = Fp(X) Class predicted
X S probabilities

N T p(jls)

]T_S
\

(nz X ny x 3) | /
Image

segmentation
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Convolutional Neural Networks (CNNs)

How do we translate these things to the UXO classification problem?

Input Features Neural network

Class predicted
probabilities
S

S

onv2d . conv2d P ( ] | S)
nx

_—

conv3d restructure
= . > -
nrx 16 ™16 )R
nx nx

C
nx

ntx = 4, number of transmitters
nrx = 12, number of receiver cubes

nt = 27, number of time channels

nx = 15, number of positions in spatial
window (along track)

nc = 8, number of classes 50

(nx X nrx X nt X (ntx X 3))



receiver

Defining label masks

® background
® 155mm
® 105mm
e 81lmm
Sum of

e 60mm

: i magnitudes
Magnitude for each transmitter 9 | abel mask ®  40mm
A A ®  clutter

'd N [ Y

T1 T2 13 T4

color is different
for each class

number (nrx)

O 10 0 10 0 10 0 10 0 10
along track
position (nx)

10- ] ]F = F threshold
0
0

10

send back to footprint
of system

: ~E 1 B
For time channel #5 E—
v S powes
0T ’
0.0 2.5
along track

distance (m) 51



Application to a line of data

Input features are created by using a sliding window:

cross track (m)

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu
-------------------------------------
::::::::::::::::::::::::::::::::::::::::::

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
------------------------------------------

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
::::::::::::::::::::::::::::::::::::::::::
T

along track (m)

UXO
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Application to a line of data

Input features are created by using a sliding window:

£ T I
XX T e e ke e R R R R
[ I e A e s oy oS e
B | essseessaee e e e s R e R e e e e e
+ 04 °
) | momomowowmomomomow w3 oM 3 M N % N % N N N N N NN NN N NN KN KN KK KN KR KRN
) | mEEoamEE N NN NN NN NN XXX XXX KKK KKK KKK KR XX KRR R
9 ------------------------------------------
O =14 GaEierisRTrE s R e
0 2 4 6 8
along track (m)

sliding window



Application to a line of data

Input features are created by using a sliding window:

cross track (m)

0 2 4 6 8
along track (m)

Neural network output (class)
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Application to a line of data

Input features are created by using a sliding window:

cross track (m)
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along track (m)



cross track

=N
s

o =
L L

Application to a line of data

Input features are created by using a sliding window:

o O
x lllllllllllllllllllllllll
8 -------------------------------------------------
+— O- L]
N | 000D EHEE: x x x X X X X X K K X X X XXX KKK XXX XXKXX
D | e ———e s o e n e e ey
O _1- lllllllllllllllllllllllllll
M 5 x5 e MR e . baCkground
0 2 4 6 8 * 155mm
along track (m) : ;(;;Tnm
. C . . . - ) e 60mm
Single acquisition line with three objects (classification results) o 40mm
®  clutter

10 15 20 25 30 35

0
along track 56



Training dataset: dipole forward model

7 classes:

background
155 mm
105 mm

81 mm

60 mm

40 mm
clutter

# of realizations:

Training (multi-class): 400,000
Validation: 10,000

0.5m

Randomly assign:

1.5 W

Target class

Location (,y,2)

Orientation (¢, 6, )

Noise level: approximate from background
areas in the field data

I

2.5xW

W - width of the system
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Clutter design

Physics-based parameterization of EM
decay:

L(t) = kt Pexp(— t/y)

9 parameters in total.

1. Estimate values for UXOs in
ordnance library

2. Define a distance threshold

3. Fillthe remaining space with clutter
objects
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y (m)

Field data - Sequim Bay test site (2022)

o
QSSmm Howitzer Scuba Tank 105mm Méo ‘81mm M821 @, \iao © 40mm L70 @Bruce Anchor ® s Blocko
0 1 \west Anchor - Qa Smm HEAT Qowitzer Replica
= Medium ISO rge ISO
B105mm mé0 N5 Howitze?aimm ned :Medlum IS0 o . q-ﬂfse 150 ©Msmm HEATO.R i W i
zer Replica
T T T T T
-60 -40 -20 0 20 40 60

X (m)
e 7 acquisition lines
e Current workflow requires seawater response removed

e Some ISOs present, we used only UXO objects to train (e.g. medium ISO ~ 81mm)



Get correlated noise using a binary classifier

@ background
© object

. ; cqzwom -
AN £ e 3 s X pm— g . -
T S e B9 ] . % - A st
- ; =0 - == f ATt o bt & i
: - e 1 : | : o o oL
: B = ok = 3 k. L
- S ] H S I e, -
v T Wi S5 &
% s
x:c)f:z:--:y- - =3

-40 / -20

get spatially correlated noise from this subset of field data




Classification map (output of CNN)

-60 -40 -20 0 20 40 60

background
155mm
105mm
81mm
60mm
40mm
clutter
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Predicted labels vs truth labels - field data

o ground truth
% predicted label

10
5 1 d
.155mm utter 105mm 1mm 60mm e
-+ BScuba Tank AOmm 9Bruce Anchor
dutter->>mm Howitzer ¥105mm M60 9 1mm Ms21 Ssommmag  TaommL70 © Cement Blocke m105mm o5 mm
01 est Anchor 105m 155 81mm s1mm ”‘flmm *%OSn]gm Dmen HEAT: 8Howitzer Replica
mm i O 105mm 105mm
105mm M60 & s55mm Howitzer E1"™ ME21 vediumiso T eoum 150 ‘i S arge 150 ‘ﬁ%FWﬁEAT.,ﬁ ssmm R East Anchor pont
! 5 . itzer Replica
= 1 0 T T T T T
-60 -40 -20 0 20 40 60
x (m)
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y (m)

Predicted labels vs truth labels - field data

o ground truth
% predicted label

10
5 1 d
.155mm utter 105mm 1mm 60mm A men
L Bscuba Tank AOmm 9Bruce Anchor
B jq;’;‘““ HowutC 105mm M60 ‘€1mm M821 3‘60mm M49 %0mm L70 © Cement Blocke %;?::EEAT 8_;_SSm.m :
A g 155mm [ s Bim el oo Stangelo  gi0smm gLy
105mm M60 “ISSmm Howitzer LM M821 MMedium 15O & arge 150 ‘gd%m‘ﬁmr. A55mm REast Anchor pojnt
! 5 . I&knzer Replica
= 1 0 T T T T T
-60 -40 -20 0 20 40 60
x (m)

e Discriminated clutter

]
[EEN
©
o
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y (m)

Predicted labels vs truth labels - field data

o ground truth
% predicted label

10

5 1 d

155mm utter 105mm 1mm &mm e
-+ BScuba Tank AOmm 9Bruce Anchor
dutter->>mm Howitzer ¥105mm M60 9 1mm Ms21 &omm mas | | ®2omm L70 © Cement Blocke g61°5mm o5 mm
01 est Anchor 105m 155 81mm s1mm ”‘flmm &%OSn]gm Dmen HEAT: 8Howitzer Replica
mm ! edium 1SO Large ISO 105mm 105mm
105mm M60 “155mm Howitze’glmm M821  Syedium 150 ‘5 “1.3’89 ISO .’d:%m'ﬁEAT. md.?Smm i et Aodof ™
! 5 . itzer Replica
= 1 0 T T T T T
-60 -40 -20 0 20 40 60

X (m)

e Discriminated clutter
e Did not miss any UXO




Predicted labels vs truth labels - field data

o ground truth
% predicted label

10

5 1 d

155mm utter 105mm 1mm 60mm e
-+ BScuba Tank AOmm 9Bruce Anchor
0 e Y Sosmmiveo Ssimm ez Ssommmas *homm 170 ©Cement Block® fsmm riear LT
e " g 155mm [ s fimm fedum1so | Sagel8o | gi05mm gLy
105mm M60 “ISSmm Howitzer 1mm M821 | Sviedium 150 K_arge I1SO ‘,d%m%mr,.ﬁmm . REast Anchor POl
il 5 . itzer Replica
= 1 0 T T T T T
-60 -40 -20 0 20 40 60

x

(m)

e Discriminated clutter
e Did not miss any UXO
e Classified to closest object in training dataset




UXO classification

Key points:
e image-segmentation architecture
e cClutter design and correlated noise are important

Some limitations:
e not trained to handle multiple objects in the same window
e oObjects used to generate synthetic data should be close to the objects on the

field

Future work:
e explore multi-target scenario (maybe instance segmentation)

e combining with traditional approach
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Electrical conductivity can be a diagnostic physical property in many settings
Electromagnetic methods can be useful across a wide range of scales

Numerical tools for simulation, inversion, machine learning enable understanding of
physical responses, invaluable for interpretation of data

67



Thank you!

% simpeq.xyz

2 |heagy@eoas.ubc.ca

';' bit.ly/heagy-2024-saga
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