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some important problems

> B

mine

-

geotechnical ' slope stability hydrocarbons W unexploed rdnance

have in common: need to (non-invasively) image the subsurface



geophysical experiments & physical properties

Subsurface:
Physical properties & contrasts

physical properties are intrinsic to a material (density, susceptibility, conductivity...)




electrical conductivity / resistivity

A measure of how easily current
passes through a material

e (. conductivity [S/m]

® O: resistivity [(Om]

e p=1/0

Depends on many factors
e Mineralogy
e Porosity
e Permeability
e Nature of pore fluid
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electromagnetic experiments

Sources: V X &= _ob
e grounded or inductive ataj

e controlled or natural

Waveform
® harmonic /W\/\/””

(FDEM)
® transient ﬂ - ﬂ R
(TDEM) B B

Survey location

® airborne
e ground
e poreholes



inductive sources: time-domain
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inductive sources: time-domain
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inductive sources: time-domain
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physics: frequency domain

high frequency ~ early times,
low frequency ~ later times Jy imag
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forward and inverse problems

forward problem
d = F|m]

SN

physical property
A model

northing

m = F '[d]
inverse problem

easting

magnetic field (nT)

10



statement of the inverse problem

Given

, b .
e observations: d;°, j=1,...,N
® uncertainties: €5

e ability to forward model: Flm] =d
f

-—

Find the Earth model that gave rise to the data
f_l

-
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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

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

mnin ¢(m) = ¢pg(m) + BPy, (m)

st. o < ¢; mp <m<myg
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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 ) 3 0D ©@ H =

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. ) - A
Magnetotellurics) N e

o Viscous remanent magnetization
« Richards Equation

https://simpeg.xyz
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Multi-scale EM geophysical methods

Controlled-source EM Natural source EM

Inductive Grounded

Depth from the surface

>

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



Multi-scale EM geophysical methods

Controlled-source EM Natural source EM

Inductive Grounded

Depth from the surface

>
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)

A

ERT Towed-TEM




important problems: scales and surveys

geotechnical ' slope stability hydrocarbons B unexploded rdnance
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Airborne : cover large areas 1%
Frequency-domain EM system i
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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)
P p: resistivity [Qm]
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minerals: intermediate scale, multiple data types

magnetics

airborne gravity

1700

Diamond exploration: rock
units identified using
multiple physical properties

Northing (m)
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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

minerals: intermediate scale, multiple data types

(a) Joint PGl result: (b) Joint PGl result:
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CO, sequestration, hydrocarbons: fine scales & large contrasts

steel casings: highly conductive, magnetic

grounded sources: helpful for exciting &
detecting deep targets

0 v
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unexploded ordnance: small scales

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

\WARNING AVERTASEIEN

FORMER MILITARY | &

TRAINING AREA

L CREV. RANCH
(876 NE HihCar
Fuzed \

g | ENOV. 200| ) &
BLock

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

groundwater

CO, sequestration

unexploded ordnance
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case studies

groundwater

CO, sequestration

unexploded ordnance
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) GEOSCIENTISTS

groundwater in Myanmar .
without BORDERS*®

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

e Bring geophysical equipment to Mon
state Myanmar

e T[rain local stakeholders

® Provide open-source software & S, of
educational resources - HYARHAR

THAILAND

caneoin )

i v'\"?é: f;iﬁ

Doug Oldenburg Kevin Fan Michael (Max) Devin Cowan Seogi Kang Lindsey Heagy

GOLDER




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

Ps (Qm)
w

https://courses.qgeosci.xyz/gwb2020
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groundwater in Myanmar

7 step framework

4 / o 19224 17/20 R
b
i / foom ot
MANLP\U/R YUNNAN t 26°N ", ~

° Setup ) A - i
e Physical properties oo i ¢<
e Survey ; Gurmay P&“ﬂg
e Data e B i
e Processing i gp‘”}‘;Z;{‘:S’ ?/ Loea;w_'f'sé,- L&
® |nterpretation % B
e Synthesis -
/ \ Ky'ik"""w{“hip Thailand
Phayar Ngoteto Village T
In 2018: 1D inversion suggested aquifer at 30-50 m nRniAT
e \Well drilled to ~60 m: no significant water  Pawiacy
In 2020 (before covid...):
\_ ® retun and conduct a 2D survey ) — /




groundwater in Myanmar

7 step framework

Setup

Physical properties
Survey

Data

Processing
Interpretation
Synthesis

-

o

Main diagnostic:

Water bearing region ~ 40-140 Om

~

/

. 3

3-15m : Alluvium and
Sand aquifer laterite deposits
Clay Aquitard
(less commonly lateritic/sandy clay or sandstone)
20-70m -
EFractured\bedrackaguiferysiate
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

28



groundwater in Myanmar

7 step framework

® Setup
e Physical properties
e Survey
e Data
e Processing
® |nterpretation
® SyﬂtheSB data plotted in pseudosections
/Su rvey: 2 D DC reSiStiVity \ Geop Astron SE front lawn. : dipole-dipole : 38 data
Observed Apparent Resistivity
—/ —/ 400
Ll ez
Wenner-Schlumberger Dipole-Dipole 8 ‘ s s r 2 = e

) - M
o -

£I



groundwater in Myanmar

7 step framework

® Setup
Physical properties
Survey
Data
Processing
Interpretation
Synthesis

/Survey: 2D DC resistivity

Wenner-Schlumberger Dipole-Dipole

LT =

/

n-spacing

x (m)

5.3e4+02 ~



groundwater in Myanmar S

7 step framework

® Setup
Physical properties
Survey
Data
Processing
Interpretation
Synthesis

/Inversion: estimate a model of the subsurface\ i
min ¢(m) = ¢a(m) + Sy (m)
st. pg < ¢y mp<m<mygy )

\_ /




groundwater in Myanmar

7 step framework

Setup

Physical properties
Survey

Data

Processing
Interpretation
Synthesis

2020 Dirill Hole

R | LI

Priority Region
2018 Drill Hole

100

200

300 400 500 600
X (m)

700

1073.5

1073.0

1sisay

1072.5

1072.0

(wo) Aa

10"°1.5

10~1.0



2020 Dirill Hole

groundwater in Myanmar

1073.5

- . « v - -
h 1073.0

7 step framework - Priority Region lmz.s%
e Setup N . 2018 Drill Hole Wz%
e Physical properties e 10~15
e Su rvey 0 100 260 300 460 560 600 o0 o O
e Data " N
® Processing
® |nterpretation
e Synthesis

>1000 gph

Field surveys at 23+ villages by engineers,
geoscientists in Myanmar

Acquired data, interpreted, spotted drill holes
Kusing open source software )




GeoSci open educational resources

30K 48K

X 2 128% 130%
. vs last year

N

https://geosci.xyz

v

e o UNAergrads at UBC

-

electromagnetics course:
26 locations worldwide



https://geosci.xyz/

case studies

groundwater

CO, sequestration

unexploded ordnance
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an example: monitoring with steel cased wells

applications: CO,, geothermal, wastewater injection, ...

steel-casing: complicates numerical simulations (highly conductive, magnetic)
but... helpful for bringing current to depth

Cylindrical
mesh
model no casing with casing
0 v
background:
—2501 100 Om
| casing:
—500 5e+06 S/m
_7 -
>0 target:
~1000 4 10 Om
-1000 -500 0 500 1000 -1000 -500 0 500 1000 -1000 -500 0 500 1000
X X X
I
107 106 10-5

current density (A/m?)



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

37



numerical simulations in SImPEG: frequency domain EM

Continuous equations

Finite volume discretization
Ce+1wb=0

C"™™M/_,b—Mte = M°j,
7; (o}

Eliminate b to obtain a second-order system in e

(C™TM/_,C+iwM¢) e = —iwM°®jg
\ K ~ v -~

7

TV u

A(o,w) a(w)

(Heaqy et al., 2017)
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A

numerical simulations in SImPEG: frequency domain EM

model
0 v
background:
. —-2501 100 Q
w = 2 % pi * frequency > m .
—500 casing:
N 5e+06 S/m
C = mesh.edge_curl =7501 target:
Mfui = mesh.get_face_inner_product(1/mu_0) —1000 1oam
Mec = mesh.get_edge_inner_product(sigma) ~1000 -500 0 500 1000

Tarf ;
(C'M,_.C+iwMg) e, A=C.T*Mfui*C+ixuws*Meo

~~ ” u  Ainv = Solver(A) # acts like A inverse 0

A(o,w) -250

Me = mesh.get_edge_inner_product() . —500

= —iwM®s q=-1% w * Me * js 750
———

(w) —-1000
q u = Ainv x q

—-1000 -500

0 500 1000
X

1077

1076 107>

current density (A/m?)
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numerical simulations in SImPEG: frequency domain EM

Taaf . e
(C' M, _,C+iwMy) e

(. S/
v u

A(ow)

= —iwM°®jg
————

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)

Tensor

A=C.T % Mfui * C + 1 * w * Meo
Ainv = Solver(A) # acts like A inverse

Me = mesh.get_edge_inner_product() Cylindrica

q=-1%w3*xMe x js

u = Ainv * q

OcTree

40



EM experiment: no casing

model t = 0.0e4+00 ms
0-  / \ /
background:
—2504 100 Om
. =500+
~750 - —_
T N
—1000 - 10 Om
1000 —500 0 500 1000 ~1000 —500 0 500 1000

X X (m)



EM experiment with casing

0 -

—250 1

—500 1

—750

—1000 -

model
4 \ 4
background:
100 Om
casing:
5e+06 S/m
target:
10 Om
~1000 —500 0 500 1000

t = 0.0e4+00 ms

%

—-1000 -500 0 500 1000
X (m)



(a) conductive target (b) anomalous currents (c) conductive target and casmg (d) anomalous currents

-

—1000 -—500 500 500 —1000 -—500 —1000 -—500 500

1078 1077 106 107
charge_density (A/m?)




EM monitoring with casing

applications: CO,, geothermal, wastewater
injection, settings with infrastructure...

steel-casing: complicates numerical simulations
(highly conductive, magnetic)
but... helpful for bringing current to depth

no casing with casing

—-1000 -500 0 500 1000 —-1000 -500 0 500 1000
X X
1077 1076 105

current density (A/m?)

Heagy & Oldenburg (2022)

(a) conductive target with conductive casing

0 20
time (us)

5 10
time (ms)
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£ 104 N
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£ 10°° ;
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o] 1076
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Unexploded ordnance (UXO): A global problem

Definition: a munition that was armed,

. . Countries significantly impacted by UXO
fired and remains unexploded

Sources: P
e Regions of military conflict
e Munitions and bombing ranges
e Avalanche control




UXO SITES ACROSS CANADA

DND estimates 521 UXO sites across Canada may require clearance. A handful have
proved particularly daunting and expensive—or in some instances, even fatal

UXO DEATHS AND INJURIES
By decade

@ = UXO site g a iR _ \ R
\ :\ N R \ “ \ \
°8 fRORRR RARR AR RRAR RRAR ARRR R |
Yukon 1920s  1930s 1940s 1950s 1960s 1970s 1980s 1990s  2000s
R R T N
® Nunavut
VERNON, B.C. TRACADIE, N.B.
o | Canada's deadliest UXO area includes Handed to the Province of New
two former ranges, and claimed nine Brunswick in 1997, this former range has
.’ lives between 1944 and 1973 taken far longer to clear than expected
e “op ' LAC SAINT-PIERRE, QUE. ;
Canada's most explosive lake
® ® conceals thousands of UXO from
b/ Alta. decades of munitions testing
° . ® Sask.
g s ‘ ® ® Man. ° J.
)
S, o s @ Qe
@ o P o .
® . ®
® )
- o ® . S ' ° Ont. [
e ¢ % ) B.g
- o & 5°Ns.
@ @ ‘ ® ’ °
# Qs 8
@

TSUU T'INA NATION, ALTA. RIVERS, MAN o ® ' /©
The First Nation sued in 1982 Closed in 1972, this former Air ®
to have 11,800 UXO-contami- Force training station became OFFSHORE MUSTARD GAS
nated acres restored to prairie the site of Canada's latest-re- PRINCE EDWARD COUNTY, ONT. DISPOSAL SITE
land. DND spent two decades corded UXO injury in 2007 Contains several UXO sites including Contains thousands of drums of
and tens of millions of dollars when a farmworker was Wellers Bay National Wildlife Area, a mustard gas dumped in 1946 at
decommissioning CFB Calgary severely burned former bombing range a depth of 2,200 meters




Time-domain EM response of a UXO

transmitter receiver
/ NG / / AT /
primary Hr Hp secondary
magnetic field ﬁ) magnetic field
r

d(rg,t) = Hg(r,rg) - P(t) - Hp(r,r7)
L(t)

P(t) = A(¢,0,%) L(t)- AT (,0,9)

UXO

48



Time-domain EM response of a UXO

transmitter receiver
/ T / / A I'R/
orimary Hr Hp secondary
magnetic field ﬁ ) magnetic field
r
d(I’R,t):HR(I',I'R)°P( ) HT I' I'T /Ll \
v
W_J H_J

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

UXO

A\ 4
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UltraTEMA-4 system:

4 transmitters

12 receivers (3-component)
27 time channels

Height above seabed: ~1 m

50
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Can we classify directly from EM data?

Convolutional neural networks (CNNSs)
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 [ast geophysical simulations

bl input

55
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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 probabilities
S S
| (e p(ils)
4 =1
)
(nz X ny x 3) /
Image

segmentation
56



Convolutional Neural Networks (CNNs) J Lopez-Alvis [

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

Input Features Neural network

Class predicted
probabilities

X S
conv3d restructure conv2d conv2d p
- —_ N > - — < — | - nrx
| ] \
ntx&mK nrx K _ rx 16& nrx R nrx 0¢ -
nx — —
= = .?\*5 .
— —— = ntx = 4, number of transmitters
. nrx = 12,number of receiver cubes

nt = 27, number of time channels
nx = 15, number of positions in spatial
(nx X nrx X nt X (ntx X 3))

window (along track)
nc = 8, number of classes 57



receiver

Defining label masks

® background

e 155mm
® 105mm

e 8Imm

Sum of e 60mm

: i magnitudes ° 40

Magnitude for each transmitter 9 Label mask m

. A ®  clutter

'd N [ Y
T1 T2 13 T4

threshold
‘ color is different
for each class
0

number (nrx)
-
o o
]

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

10

send back to footprint
of system

0 ::—----.
_1 :—:——.
0.0 25

along track
distance (m) 58
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For time channel #5

cross track
distance (m)




Application to a line of data

Input features are created by using a sliding window:

cross track (m)

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

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu
uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

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:

cross track (m)

0 2 a 6 8
along track (m)

sliding window




Application to a line of data

Input features are created by using a sliding window:
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Application to a line of data

Input features are created by using a sliding window:
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cross track

(=N
"

o »

Application to a line of data

Input features are created by using a sliding window:

cross track (m)

background
155mm
105mm
81mm
60mm
40mm
clutter

along track (m)

Single acquisition line with three objects (classification results)

0
along track



Training dataset: dipole forward model

7 classes:

background
155 mm
105 mm

81 mm

60 mm

40 mm
cClutter

# of realizations:

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

0.5m

Randomly assign:

15 W

Target class

Location (Z:¥;%2)

Orientation (¢, 0,v)

Noise level: approximate from background
areas in the field data

)

25xW

W - width of the system



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

Define a distance threshold

3. Fill the remaining space with clutter
objects

N

65



y (m)

Field data - Sequim Bay test site (2022)

10
5 ]
o,
c Scuba Tank 8 DBruce Anchor
0+ B i B105mm M60 Sg1mm w21 © 60mm M9 ©40mm L70 © cement Block® 5 m HEAT
P\west Anchor ¢ qa Qowitzer Replica
- Medium 1SO rge ISO
®105mm M60 @55 Howitzefmmm M821 @ pedium 150 um B O .50 *Wsmm HEATo i . ©East Anchor pojnt
. 5 . zer Replica
- 1 0 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)

66



Get correlated noise using a binary classifier

@ background
©  object

get spatially correlated noise from this subset of field data

67



Classification map (output of CNN)

LS

SR ain e ooy S T S S Y O SR I S

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

o ground truth
X predicted label

10
5 ]
155mm dutter 105mm 1mm 60mm 155mm
—_ itre¥Scuba Tank 94 05mm M60 AOmm 9Bruce Anchor
£ dutter' > Howltzer = mmMB21 &5 mag *aommL70 © Cement Block® o EaT L™
; 01 est Anchor 105 155 81mm 81mm ”‘glmm *‘:_L’OSn]g\ Smen HEAT Howitzer Replica
e 2 edium 1SO rge [SO 105mm 105mm
105mm M60 &% 55mm Howhze’gimm M821  Sedium IO & arge 150 °gi£1?m%mr, 25' Smm : REast Anchor pojnt
— 5 - itzer Replica
- 10 T T T T #
-60 -40 -20 0 20 40
x (m)

60
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Predicted labels vs truth labels - field data

o ground truth
X predicted label

10
31 l d
155mm utter 105mm 1mm 60mm 155mm
o~ -} Bscuba Tank AOmm 9Bruce Anchor
E 0 oy Hoie Sosmmveo Ssinm vz Ssommmas *homm 170 © Cement Block® 3 5yum HEAT o
> e " e ey Simm eyl ganeello  g105mm iy
105mm M60 & ssmm Howitze E1™M M2 Hedium 150 ium 1SO rge ®arge IS0 © PSR TEAT, . R East Anchor pojnt
- 5 . ® Iﬁtitzer Replica
- 10 T T T T T
-60 -40 -20 0 20 40 60
x (m)

e Discriminated clutter
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Predicted labels vs truth labels - field data

o ground truth
X predicted label

10 7 10.0
5 . -7.5
155mm utter 105mm 1mm &0mm 155mm
—_ -+ MScuba Tank AOomm 9Bruce Anchor
= 0- dutter 135mm Howitzer 9105mm M60 981 mm M821 3(60mm Ma9 9%0mm L70 © Cement Blocko mls":::‘"’:&.r 8.‘LSSrr]m i L 50 3
>~ -t 155mm i A Oedumiso  Marge 180 105mm iy ) %L
- ium
105mm M60 ‘iSSmm Howitzer 1mm M821  Sviedium 150 Hargeiso  © “f:%fﬂ'ﬁmr. d55mm REast Anchor pojnt
- 5 . HOwitzer Replica B 2 5
-10 T T T T y — 0.0
-60 -40 -20 0 20 40 60

e Discriminated clutter
e Did not miss any UXO
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Predicted labels vs truth labels - field data

o ground truth
X predicted label

10

5 1 d 155

155mm utter 105mm 1mm 60mm gt
-+ ¥Scuba Tank AOmm 9Bruce Anchor
0 e 1350 Howiczes Sosmmveo Sinm ez Ssommmas  *homm 170 © Cement Block® 3 5yum HEAT o
estAnchor 105mm 155mm 81mm o 81mm *%0 5,.,]? _— Howntzelg l;epllca
P o) mm mm
&, 05mm Mso &5 5mm Howitze B1mM M821 edlum 150 rge Blarge1so O JPSRMTEAT, gissmm REast Anchor pojnt
- 5 . HOwitzer Replica
- 1 0 T T T T T
-60 -40 -20 0 20 40
x (m)

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

60
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UXO classification

Key points:
® image-segmentation architecture

e clutter design and correlated noise are important

Some limitations:
e not trained to handle multiple objects in the same window

® oObjects used to generate synthetic data should be close
to the objects on the field

Future work:
® explore multi-target scenario

e combining with traditional approach

e

not UXO
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important problems

— -

-~ ——

slope stability hydroearbons  unexploded ordnance '

>

eotechnlcal

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
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Thank you!
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