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climate crisis

solutions & mitigating impacts: opportunities for geophysics

geoteohnioal
(e.g. permafrost)

geologic storage of CO, groundwater )



research interests: computational geoscience

physics-driven, inverse problems statistics, machine learning
forward problem probability
d = F[m] X ~ N(0,1)

/\ statistical model /—\ observations
data

northing

HH\

il

ohysical property
il
"

magnetic field (nT)

A model
m “ -
In
easting \_/

~
NS X ~ N (i, 0)
statistics

& =7 [d] i babil
inverse problem (inverse probability)



geophysical inversions

forward problem
d = Fm]

SN

physical property
model

northing

m =7 '[d]
inverse problem

vdatav

magnetic field (nT)



statement of the inverse problem

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

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

-—

Find the Earth model that gave rise to the data
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inverse problem

The inverse problem is ill-posed
® NON-unique
e ill-conditioned

Any inversion approach must address
these issues.




inverse problem

Prior information important to constrain
the inversion

geologic structures
boreholes

reference model
bounds

physical properties
other geophysical data




need a framework for inverse problem

Tikhonov (deterministic)

Find a single “best” solution by solving
optimization

minimize ¢ = ¢q+ Bom

subject to mp <m < mgpg

¢q: data misfit

®m: regularization

5. trade-off parameter

mp,, myg: lower and upper bounds

Bayesian (probabilistic)
Use Bayes’ theorem

P(m|d°*®) oc 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:
(@) Characterize P(m|d°%)

(b)  Find a particular solution that
maximizes P(m|d°"*)
MAP: (maximum a posteriori) estimate



flow chart for the
inverse problem

e many components

e iterative process to obtain
solution

e cach component requires
evaluation, adjustment by
user

Fundamentals of Inversion — D. Oldenburg
Capturing knowledge in code — L. Heagy

http://www.mtnet.info/EMinars/EMinars.html
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choosing a software package | |
a sampling of open tools in EM

depends on needs / goals: MARE2DEM

| o - PYGIMLI
® prOdUCtlon scale Inversion ¥ Geophysical Inversion & Modelling Library
e methods oriented research
([

education CUStEM '1
influences priorities — el
e computational efficiency ﬁE”'
e case of use t*\ OSGEO
o flexibility \\/ .
e modularity emdcig
e license .
e development style % SIM peg
cee »



simpeg 2, simpeg

facilitate research in geophysics

prioritizes:
e modularity: building blocks, pieces available to manipulation
e declarative code: express intent, looks like the math
e extensible: integration of information
e open community: transparency, opportunities for collaboration

(Cockett et al, 2015; Heagy et al, 2017) 12



https://doi.org/10.1016/j.cageo.2015.09.015
https://doi.org/10.1016/j.cageo.2017.06.018
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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

Continuous equations

VxE+iwB=0
VxulB—-oE=J,
x Blog =0
Finite volume discretization
Ce+i1wb =0

C™M/_,b—Mge = M°j,
Eliminate b to obtain a second-order system in e

Tanf : e . es
SC M _,C+iwMg) e —¥zw\1>/I Js

7

WV u

A(ow) a(w)

(Haber, 2014: Cockett et al, 2016)
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https://doi.org/10.1137/1.9781611973808
https://doi.org/10.1190/tle35080703.1

Current density at Z=-75m

solving a FDEM problem B 7001 ms

400

200

> 0
w = 2 *x pi * frequency
—-200
C = mesh.edge_curl i
Mfui = mesh.get_face_inner_product(1/mu_Q)
Meoc = mesh.get_edge_inner_product(sigma) -600
T f 3 -600 —-400 -200 0
(C MM_IC—l—szi)\e, A =C.T x Mfui % C + i * w * Meo &
~ ~~ ~” u Ainv = Solver(A) # acts like A inverse X=25m
A(o,w) 0 -
Me = mesh.get_edge_inner_product() ~200
= —iwM®%s q=-1% w *x Me *x js
-400
a(w) u = Ainv * g

—-600

—-600 -400 -200 0
y

10712 10711 10710 102
Current density (A/m?2)



create a mesh: the discretize package

Properties or Methods
import discretize : —
dim, origin
hx = [3, 2, 1, 1, 1, 2, 3] n_cells, n_nodes, n_faces, n_edges
hy = [3'_1' 1'_3] cell volumes, face_areas, edge_lengths
mesh = discretize.TensorMesh([hx, hy])
mesh.plot_grid(edges=True, centers=True); cell centers, nodes, edges, faces
nodal_gradient, face_divergence, edge curl
8 > 1> > >
; average_edge_to_cell, average_node_to_cell,
6 A ® A O A0A04A4A04 o A L] A get_edge_inner‘_pr‘oduct()
5 2 > > > get_interpolation_matrix(location)
A [ A © A0A04A04 o A & A
N4 > > > >
A o] A © A0GALA04L04 o 4 L) A
3 > 11> > >
2
A ® A O A0404048 O 2 @ A
1 ——
g 5 wls ol o . J. Capriotti
0 2 4 6 8 10 12

x1

Tensor
Cylindrical OcTree 17



an example: monitoring with steel-cased wells

e steel: highly conductive, also substantial
m ag n e-tiC pe rm eab i | i-ty ) (a) conductive target with conductive casing (b) conductive target with conductive, permeable casing
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—— 700m
1073
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(Heagy & Oldenburg, 2022)
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https://doi.org/10.1190/tle41020083.1

flow chart for the
inverse problem

What do we need for inversion?

¢ = ¢q+ Pom

mp <m < mg

minimize
subject to

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

Inversion components:
e define a model norm
e perform optimization
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sensitivities

For inverse problem, also need sensitivities (and adjoint)

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

J is a large, dense matrix — compute products with a vector if memory-limited
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inversion as an optimization problem

mn;ln ¢(m) = ¢g(m) + Bpp, (m)

s.t. ¢g < ¢y mp <m <my

data misfit model norm
d(m — Myef) 2
b 2 _ 2
¢d _ ”Wd(f-(m) —d° s)” Om = as/‘/ws(m—mref) dV—I—am/Vwm . dV
smallness smoothness

uncertainties captured in W
1 discretize
W, = diag (—) 5 )
¢ Pm = as||Ws(m — myer)||” + g | We(m — myet) |
€ = %|d‘;-bs| + floor

21



an example: ca

rbon mineralization

ultramafic rocks rich in Ga, Mg can react with CO,, to form carbonated minerals

R1: olivine 4 orthopyroxene + HoO — serpentine & brucite + magnetite | serpentinization
R2: olivine + brucite + CO5 + HyO — serpentine + magnesite + HyO
R3: serpentine + CO5 — magnesite + talc + H,O carbonation
R4: talc + COy — magnesite + quartz + Ho O
100 (b) 100 (©) 40
: 35
107" ol .:d’"'. S - 107! + -30
ST ) X ;." <o 3 -25
el % 10-2 fe oo e i 2102 20>
‘3-"“.0 : < '3’..‘:..". . ..- . ¥ O
: & Sadts| L & 15~
> "“'.':"ir ° - ) s
1077 1 Beet® L 1= -10
o % "¢ ° L .
° ®e . -5
Serpentinization ~ Carbonation > Serpentinization ~ Carbonation 5 I
s 10 20 30 40 =g 10 20 30 40 799 24 26 28 30 32 34 0
LOI (%) LOI (%) Density (g/cc)

(Heaay et al. 2022) %



https://fasttimesonline.co/geophysical-inversions-to-delineate-rocks-with-co-2-sequestration-potential-through-carbon-mineralization/

an example: carbon mineralization

tic dataset

Lithology model

. . __Plan map (a) Synthe;cic E}eoIng]Mc)ldell -
[ motlvated by Decar |ﬂ BC % """" cross-section location
— True geology model (contours) |
e serpentinized region with
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an example: carbon mineralization

Y (m)

Plan map (a) Magnetic inversion ¢,
§ === cross-section location
—— True geology model (contours)
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inverse problem

Given data, estimate a physical property model

Pose as an optimization
minimize ¢(m) = ¢a(m) + Bdm(m)

Model norm captures assumptions

dm
¢m(m):aS/\m—mref\pdV+am/‘%

q
av

q
dV—I—az/‘d—m
dz

a dm
d -
V+ay/‘dy

o 52 . P, g = 2: promotes smooth structures
e “01: p, g < 2: promotes sparse, compact structures

D. Fournier 2°



an example: carbon mineralization

Y (m)

Plan map (a) Magnetic inversion ¢,
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how do we choose a threshold?

using: identical mesh, survey, inversion parameters, perform simulations and
inversions with a representative block.

(d) Volume of material below
a given density

(a) Gravity dataset [T 3 (b) Gravity inversion ¢, - (c) Gravity inversion £y, 100 '
10000 A e = = =N —
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how do we choose a threshold?

Threshold from proxy: 2.83, 2.79 g/cc _

o 62 20 km3
o 601 27 kmS
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Z (m)

how do we choose a threshold?

e proxy model — tool for estimating an appropriate physical property threshold

Inversion Threshold for | Threshold from | Volume estimate with
correct volume proxy proxy threshold

/5 magnetics 0.08 SI 0.07 SI 40 km3

lo1 magnetics | 0.08 SI 0.07 SI 43 km3

{y gravity 2.84 g/cc 2.83 g/cc 27 km?

£y1 gravity 2.81 g/cc 2.79 g/cc 27 km3

e Also of interest:
o delineating the top — ex-situ vs. in-situ
o joint inversion — consistent model?

) susceptibility density
--------- N R m - e
E E A E
= N g N S | N§
i ba] "¢ boi] 3 ba| "5

10000 —5000 0 5000 10000 —10000  —5000 0 5000 10000 —10000  —5000 0 5000 10000 10000 —5000 0 5000 10000
X (m) X (m) X (m) X (m) 29



Petrophysically and Geologically Guided Inversion

Gaussian mixture model (GMM)
Alternative approach to the inverse problem 020

e brings in petrophysical information (GMM) 015
e Duilds a quasi-geology model

Geophysical The PGI Framework Petrophysical
data L data

Geophysical Petrophysical
inversion (I) charactenzauon (2)

0.10

Magnetic Susceptibility (SI)

Geologlcal
Identification (3)

Geological
data

e important components in the inversion ,
o multiple data misfits T Dy
o including petrophysical information T Astic

RN




Joint PGl

e |nversion fits both geophysical data
sets and petrophysical data

¢_data = ¢_grav + ¢_mag # one earth?

o Weighting strategies to balance
contributions (Astic et al, 2021)

e One gquasi geology model consistent
with both data sets

e (Good estimate to top of
serpentinized rock volume

Magnetic Susceptibility (SI)

(a) Joint PGl result:
Plan magnagnetic susceptibility model
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geophysics and multidisciplinary problems

geotechnical
(e.g. permafrost)

groundwater
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geophysics and multidisciplinary problems

e geophysics one piece
e need for
o Technical advances: machine learning
+ inversion for combining data
o Collaboration: between disciplines
e role of open science, educational
resources

33



research + education:
an example in humanitarian geophysics

|| GEOSCIENTISTS
/) without BORDERS®

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

e Bring geophysical equipment to Mon state
Myanmar

e Train local stakeholders

e Provide open-source software & educational ‘ |
resources Sl e

Ve

THALAND

caneorin

Doug Kevin Michael Devin Lindsey Seogi Joe
Oldenburg Fan Maxwell Cowan Heagy Kang Capriotti

GOLDER °



research + education:
an example in humanitarian geophysics

/| GEOSCIENTISTS
/// without BORDERS®

Capabilities needed by local stakeholders:
e Understand the hydrogeologic problem and relationship to electrical resistivity
e Design field surveys
e (Collect and process data
e Interpret those data

. : 3

3-15m

Sand aquifer (20-500 Qm)

Clay aquitard (2-20 Qm)

20-70M -ofemmmmm o
Fracturedaquifer(s0:t00:m)

Bedrocks (500-1000 Qm)




research + education:
an example in humanitarian geophysics

') GEOSCIENTISTS
_/// without BORDERS®

Project stages

e (Course instruction: fundamentals of
DC resistivity & inversion

e Field surveying and processing

e Post-project sustainability




research + education: «j GEOSCIENTISTS
\\\_/// without BORDERS*

an example in humanitarian geophysics

Project resources

Website for slides, videos and data

Jupyter notebooks for teaching,
working with data

SIMPEG software for processing

Case History documents for
collaboration and reproducibility

Social media for collaboration P
Jupyter
o~




research + education:

|| GEOSCIENTISTS
an example in humanitarian geophysics

without BORDERS®

5 wells (>1000 gph)

Benefits of using & developing open source resources
e No licensing or time-out concerns on software
e [Easily design fit-for-purpose interactive tools for learning

e Readily update software, documentation based on user
needs

e Encourage collaborative, reproducible practices




GeoSci

oXYZ

o GeoScixyz

https://geosci.xyz <> o pE

GeoSci

. Linear Tikhonov Inversion | c

@ curvenote.com,

GPG (@) curvenote

Geophysics for Practisng Geoscertsf

@ Inversion module

DISC 2017

Geoprysical Eectromagretcs
& Applcations Linearlnversion_notebook.ipynb

Inverse Theory Overview
~ Linear Tikhonov Inversion

Linearlnversion-app.ipynb
Linear L2-norm Inversion
Nonlinear Inversion

electromagnetics course:
26 locations worldwide

who  presertatons  contact

open educational resources

30K 48K

128% 130%
vs last year

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).

nputs

B referance mode!

Fied obsenvations & | | Abity 1o forward Pror knowiedge
ror estrmates ol




opportunities for open science

e accelerate science: collaboration &
leveraging expertise, experience of others

e broader impact: enable others to build
upon your work

geotechnical
(e.g. permafrost

aroundwater

40
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