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in all... need to “image” the subsurface non-invasively



generic geophysical experiment
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geophysical experiments

often on large scales

airborne

(d) Resistivity
(surface to 10 m depth)

9 | Sacramento River

¥

R -
Q 3
!
" | Calaveras River
‘
)
7

x/ San Joaquin R
a8,

Kings River

AUSAEM

Central Valley,
California hai e
(Kang et al., 2025) !

ground or
borehole

10! 102
Resistivity (Qm)



https://doi.org/10.1029/2024EA003958

statement of the inverse problem

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

f

-—

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

f_l

-



inverse problem

The inverse problem is ill-posed
® non-unique
e ll-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 <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

® |terative process to obtain
solution

® cach component requires
evaluation, adjustment by
user

® opportunities for research
within each component
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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 ) s DO ©@ BH

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

A " 1 J‘ ’l;: ]
o Natural source (e.g. N4 =
Magnetotellurics) 5 <8

o Viscous remanent magnetization

« Richards Equation

https://simpeg.xyz



https://simpeg.xyz

open development: how contributions

Submit proposed changes

(Pull Request)

& simpeg/simpeg ' Public X EditPins v || OUnwatch 49 -~ ¥ Fork 216 v ¥ Swr 381 -
<> Code (@ Issues 99 19 Pullrequests 13 ) Discussions (@ Actions [ Projects 8 [ Wiki @ Security
Edit || <> Code

Refactor/regularization #1040

PRRVIRR) icapriot merged 141 commits into sinpeg:main from MiraGeo:

@ Conversation 20 - Commits W1 [ Checks 11

ceirefactor/regula

iles changed 102

erker) © -+

Reviewers

« Overhaul of the Base, Simple and Tikhonov regularizations

* Deal with issue (@) Standardize volumes in cell_weights #1037

Q sontisoler
@ theagy

@ thox

maintainers

S. Soler

J. Capriotti

fon (§)28 days ago

+22,752 -3203 mumm

<@

SImPEG community + maintainers

review changes

@@ -151,10 +290,8 @@

R(m) = \\mathbf{W*\\top W (m-m_\\text{ref})}

mD = self.mapping.deriv(self._delta_m(m))

r = self.W * (self.mapping * (self._delta_m(m)))
return mD.T * (self.W.T * r)

self.W * self.f_m(m)

deriv(m).T * (self.W.T * r)

return self.f_m

iv2(self, m, v=None):

‘T; jcapriot on Jul 8

Just a thought, but | wonder if we could implement the regularizations as a HasModel class, so v ' simpeg.simpeg (Testing ubuntu:

get included

Ensure existing unit tests pass
and changes are also tested

@ Conversation 29

° Fix 1D examples 9418765 ~

« Azure Pipelines

< Commits 141

v simpegsimpeg

v simpeg.simpeg (Testing ubuntu

v simpeg.simpeg (Testing ubuntu

v simpeg.simpeg (Testing ubuntu

v simpeg.simpeg (Testing ubuntu

v simpeg.simpeg (Testing ubuntu

v simpeg.simpeg (Testing ubuntu

v simpeg.simpeg (Testing ubuntu

the automated clearing of certain items if the model is updated, (i.e. here we can avoid creating

mapping matrix at each call to deriv2.

v Codecov

v codecov/patch

v codecov/project

https://github.com/simpeg/simpeg

codecov | 86%

B Checks 1 Files changed 102 22,752 -3203 mumm

© Re-run all checks

Codecov / codecov/project
succeeded 28 days agoin 15

79.00% (+0.05%) compared to 6348778
View this Pull Request on Codecov

79.00% (+0.05%) compared to 6348778

DETAILS

Codecov Report

Merging #1040 ( 9418768 ) into main ( 6348778 ) will increase coverage by 9.05%
The diff coverage is 90.10%

@ Coverage Diff )

# 1040 ##

+ Coverage 78.95% 79.00% +0.05%
Files 1481 140 1
Lines 19939 19951 12

i 15763 15763 20

+ Misses 419 4188 -8

11



testing

@ Testing ¢
11 jobs completed 31m 20s

& 99.8% tests passed
T 12 artifacts

mathematical
properties

analytic solutions,
convergence criteria

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
check_derivative
iter  h |ft-f0|  |ft-fo-h%J@xdx| Order
0 1.00e-01  1.690e-01 8.400e-03 nan
1 1.00e-02 1.636e-02 8.703e-05 1.985
2 1.00e-03  1.630e-03 8.732e-07 1.999
3 1.00e-04 1.629e-04 8.735e-09 2.000
4 1.00e-05 1.629e-05 8.736e-11 2.000
5 1.00e-06  1.629e-06 8.736e-13 2.000
6 1.00e-07 1.629e-07 8.822e-15 1.996

PASS!

Once upon a time, a happy little test passed.
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(Werthmdiller et al., 2020)



user tutorials

growing library of training materials:

® parameter choices in setting up forward

simulations, inversions, e.g.mesh design,

regularization parameters

® pasic, intermediate, and advanced
forward simulation and inversion
approaches

e understanding SIMPEG objects

-~
v -
<+

D. Cowan S. Soler

User Tutorials
SimPEG

ﬁ% + {MyST}
® U Ef

Read Download Alter

& Introductory notebook

() Intermediate notebook

© Advanced notebook

https://simpeg.xyz/user-tutorials

13


https://simpeg.xyz/user-tutorials
https://simpeg.xyz/user-tutorials
https://simpeg.xyz/user-tutorials

flow chart for the
inverse problem
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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

15



electromagnetics: frequency domain

Continuous equations

Finite volume discretization
Ce+1wb=0

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

SCTMi_lC + szﬁz e = \—i(,u‘lt/lej5
g u

A(o,w) a(w)

(Haber, 2014; Cockett et al, 2016)

16


https://doi.org/10.1137/1.9781611973808
https://doi.org/10.1190/tle35080703.1

solving a FDEM problem %discretize

W = 2 % pi * frequency

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

Mec = mesh.get_edge_inner_product(sigma) ‘ Tensor

C'™M/_,C+iwM¢) e

S pr O “2\\»/ A=C.T@Mfui@ C + 1j *x w * Meo

A(o,w) " Ainv = Solver(A) # acts like A inverse
Cylindrica
= —jwM¢®j, Me = mesh.get_edge_inner_product() !
N~—— g =-1j x W *x Me @ js
q(w)

u = Ainv @ q OcTree

—— from simpeg import electromagnetics 17



example: airborne electromagnetics Ee

/
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—-=-=- background

example: airborne electromagnetics o1 -
halfspace 107
current density dbb/dt o
t=0.00 ms
0- ) . '
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—-=-=- background
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example: airborne electromagnetics

db/dt

halfspace with a conductive layer
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sensitivities

For inverse problem, need sensitivities (and adjoint)

OF [m]
J=———
om
~ 0P(u,w) Ou
B Oou Om
where the derivative of the fields (u) is computed implicitly (requires a solve)
OA (o, w)ufixed ou
Y A. R —
m + A(o,w) S 0

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

21



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)

22




inversion as an optimization problem

min ¢(m) = ga(m) + ¢, (m)
S.t. ¢dg¢2 mLSmSmU

data misfit typical model norm

d(m — Myef) 2

— __ jobs\ |2 —a We (T — Mee)2 o w
¢d - ||Wd(‘F(m) d )|| ¢m S/V S( ref) dV‘|‘ :Z:/V T dr dV

inti i first-order smoothness
uncertainties captured in W smallness

1 discretize
Pm = 05 ||[W(m — myer) || + oz [[Wz(m — myet) ||

ej = %|d3"®| + floor

23



solving the optimization problem

mn;ln ¢(m) = ¢p4(m) + Bdr, (m)

st. pg < ¢; mp <m<myg

standard approach: Gauss Newton-CG + B-cooling strategy

=) 0.09 - ol
40 - 40 -
_ ¢ 0.08 -
S 30 - s < 394
0.07 A
20 4 20 —p==mmmm————— .
0.06 -
10 E | LALA B L L | LALAJL L L I | LLLA I L L AL L AL L | LLALLBL L | LA 10 o T ]
104 103 102 101 104 103 102 101 0.06 0.08



different flavours of inversion & research opportunities

Two examples:
e Sparse & compact norms

e Using a GMM in the model norm

Inputs

Field observations &
error estimates

Ability to forward
model

Prior knowledge
Build reference model

I

Define inversion
model parameters

Choose a misfit Design model
criterion norm

Perform Inversion

v

| |
lterate
Evaluate results

Interpret preferred model(s)




example 1: sparse / compact norms



sparse / compact norms with IRLS
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https://doi.org/10.1190/geo2019-0244.1
https://doi.org/10.1190/geo2019-0244.1

sparse / compact norms with IRLS

D Fournier et al
X
d(m - mref) 2019
dV
dx

qsm ju— as/ ws|m_mref pst"‘(Xx/ 'an;
Vv |4

Magnetic vector inversion (I\/IVI) . . .
inversion results: cross-section
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https://doi.org/10.1190/geo2019-0244.1
https://doi.org/10.1190/geo2019-0244.1

sparse / compact norms with IRLS

d(m — Myer)

PsdV 4+ oy

As Ws |m — Miref Wy

|4

Pm y -

developed in potential fields

0.15

- Ps=2, Px=py=pz=2
&

Height (m)
-500
Resistivity (Qm)

-1250

-0.15

VAT AN AT A Ny AN AR,
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difference.
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9 -
n
~N
- O
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: g2!
(Fournier et al B o 3 :
D N 1007 1007
2019) TANT z z
| 2 z
o & &
8 —+ ’
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Northing (m)

do (Sim)

Pz

av

adapted to time-lapse electromagnetics: groundwater

difference.
_L2 time constraint

difference.

LO time constraint

0.15

(Kang & Knight
2022)

0.15

0.00

do (S/m)

-0.15
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example 2: using a gaussian mixture model in the
Inversion



Using a Gaussian Mixture Model in the model norm

Example: Carbon mineralization — Rocks that have been serpentinized (altered) can react with
CO, to from carbonated minerals. Reactions change physical properties

serpentinization | R1: olivine + orthopyroxene + HyO — serpentine + brucite + magnetite
R2: olivine + brucite @ H>0O — serpentine + magnesite + HoO

carbonation R3: serpentine —> magnesite + talc + HyO

R4: talc — magnesite + quartz + Ho O
10 () 100 (©) -40
o (e}
o (o] 735
° Joo©
107! le S e o ° 10-! 30
e o ° o
:7? S oles 8 ‘ o % =

o = 09 388 © A %) 25
o i igee % ° ° - S
2 =2 ) Qo'og 2 .o ) ) =
mlO s:’o :e@ N o. o jlo 206
b0 : o%%;a o .' . " a0 L1 B —

= B ’vﬁ*él’ ;e e = .

107% e oot e 107 10

2—1 0@ @e @ ® = i ° : .
o © . -0
Serpentinization ~ Carbonation : Serpentinization ~ Carbonation 1 I
2. ‘ 10~ ‘ 10~ L0 .
0 10 20 30 40 0 10 20 30 40 22 24 26 28 30 32 34 Cutts et al., 2021;

LOI (%) LOI (%) Density (g/cc) Mitchinson et al., 2020



Susceptibility [SI]

Using a Gaussian Mixture Model in the model norm

Petrophysically and Geologically guided Inversion Astic &
Oldenburg, 2020

GMM: carbon mineralization

0.35 -

[ Number of expected ]

rock units
0.30 -
c
0.25 -
Psmall mz E : = N(m7'|zz - ‘7)
0.20 - k J
J=1 g

0.15 - .

Proportions: Petrophysical
N | 990|09Iy Information

information (+ geophy. weights)

0.05 -

Define: QSmau(m) = — log (Psmau(m))

0.00 |

—0.05

-0.10 —-0.05 0.00 0.05 0.10 0.15
Density [g/cc]


https://doi.org/10.1093/gji/ggz156
https://doi.org/10.1093/gji/ggz156

Using a Gaussian Mixture Model in the model norm

Petrophysically and Geologically guided Inversion

gravity gradiometry & magnetic data

81°28'W 81°26'W 81°24'W

81°22'W 81°28'W 81°26'W 81°24'W 81°22'W

Ultramafic complex

48°50'N

48°48'N

-4 -3 -2 -1 0 1 2 3 4 0 1000 2000 3000 4000 5000
Bouguer gravity anomaly [mGal] Magnetic total field anomaly [nT]

Ontario

Soler et al., in
prep




PGl Results

Susceptibility [SI]
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PGl Results

@ Background

@ Intermediate UM

Depth [m]

@ Mafic volcanic

(O Serpentinized

5.408 5.409 5.410 5.411 5412 5.413
Northing [m] 1e6

Northing [m]

Depth [m]

471 4.72 4.73 4.74 4.75 471 4.72 4.73 4.74 4.75
Easting [m] le5 Easting [m] le5
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PGl Results
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PGl Results

Soler et al., in
prep
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Other examples

Leveraging image segmentation algorithms
in the inversion (Kuttai & Heagy, submitted)

Parameterizing the inverse model by a
neural network (Xu & Heagy, 2025)

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 63, 2025

standard Toward Understanding the Benefits of Neural

E . . : .
approach = Network Parameterizations in Geophysical

L . - .

[ Inversions: A Study With Neural Fields

k]

tv_ AnranXu‘andljndsch.Hcagyj

| f: Neural Network (NN)
495000 496000 497000 498000 499000 A\ A Predicted subsurface model
. - Coordlnates 3 e Physical properties
R . [y —>

incorporating g ‘ mm I—
i m ag e é . FF:’Forward simulation

© hysics Law (PDE)

. Update the weights of NN ver
segmentation 8 \\ ’
495000 496000 497000 498000 499000 better Rsal i

station (m)

estlmate of
_102 168 —104 target dip!

Resistivity (Qm)




Summary %S"ﬂpeg

modular, open-source framework provides a foundation for research

e accelerates on-boarding
® cases technology transfer
® opens collaboration opportunities

ez
g AT

—

contaminants

geotechnical slope stability hydrocarbons unexploded ordnance




Thank you!

simpeq.xyz
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