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Geological models
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Geological models

Ovoid massive sulfide ore deposit (Leliévre et. al., TLE, 2012) Jahandari & Farquharson (Geophysics, 2014)
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Geological models
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Geophysical modelling

Structured rectilinear mesh

Geological wireframe model
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Geophysical modelling

Quality mesh from geological models

Tsurfs match exactly

at the contact lines Generation of a
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Geophysical model building

Quality mesh from geological models
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Geophysical modelling

» Numerical methods
* Finite element
* Finite volume
 Mimetic finite

difference 200
* Mesh free
»Geophysical data types g
* Gravity & magnetic g
A
* CSEM, TEM, MT, DC/IP
* Seismic travel time 200
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Occam-style, minimum-structure inversion
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Occam-style, minimum-structure inversion
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(Lelievre et. al. GJI, 2012)

Mipim_um-struqture inversion
objective function:

p(m) = ¢pg(m) + B, (M),
» Data misfit:

pqa(m) =l W, [d°PS —d(m)] II?,

» Model structure (smoothness):

Prm (M) = z I Wy(m—me") |2,
k
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Occam-style, minimum-structure inversion
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(Lelievre et. al. GJI, 2012)

Mipim_um-struqture inversion
objective function:

p(m) = ¢pg(m) + o, (m),
» Data misfit:

pqa(m) =l W, [d°PS —d(m)] II?,

» Model structure (smoothness):

bn(m) = z | Wk(m — mref) 12,
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Occam-style, minimum-structure inversion

Depth (m)

Conductivity in log(S/m) l ;r'iﬁ‘*\, Borehole EM
PULSE-EM surface-borehole TEM data inversion of '

, Vertical sections of conductivity models from
the Lalor deposit

different EM surveys
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Occam-style, minimum-structure inversion
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Thin, steeply dipping ore bodies
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Inversion techniques to get sharper boundary

L1-norms and wavelet-based methods
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Inversion techniques to get sharper boundary

Clustering
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Inversion techniques to get sharper boundary

e Level-set inversion
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Surface geometry inversion (SGlI)

» Conventional inversion: physical X-Axis [m]
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Surface geometry inversion

» Conventional inversion: physical
properties inside a cell
» Boundaries: large physical
property gradient
» Surface geometry inversion:
nodal coordinates
» Requires prior information of
local geology
 Anomaly type/shape
 Typical physical property
values
* Late-stage interpretation

Galley et al. (JGR Solid Earth, 2021)
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Outline

»Surface geometry inversion
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Surface geometry inversion

* Minimum-structure magnetic inversion

* Solves for the scalar effective Mag.
Susc. in each cell.

e 62500 inversion variables
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e Surface Geometry Inversion
* Solves for the geometry of a wireframe

model
* Physical properties can be fixed or
inverted
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Surface geometry Inversion
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Surface geometry inversion
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Surface geometry inversion

E:l\alodel parameter bounds:
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Block parameterization: blocky models
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» Connect a small number of nodes into facets

» The facets comprise the wireframe representing
the anomaly boundary

» The connections are fixed during the inversion
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Surface parameterization: thin, plate-like models
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Surface parameterization: thin, plate-like
models
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) > Global optimizer (GA, MCMC) )« Y ” L ’et al. (Geophysics, 2021)
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I\/Iodel estimation
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Model estimation
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I\/Iodel parameter bounds (search volumes

——( Global optimizer (GA, MCMC) J«

’ *

' *+_ converged
I

________________

______________

! Cdnd]ddte models '

(Forward solver]

(Intersection detection)*‘

L i Objective functlon
i (data misfit)

_______________

Elevation (m)
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Different nodes have different bounds (search volumes)
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Surface geometry inversion

Topologieal rules ~ Surface geometry inversion objective
Tt sovtion: function:

R (m) = G (m) +F prlm),

»(Clobal optimizer (GA, MCMC))« . > Data misfit:
SN . converged

not converged :' ’}_‘_‘1;1;)} olntiom ¢d (m) — II Wd [dObS - d (m)] " 2 )

___________

________________

N > Model structure (smoothness):

_______________

____________

(Forward solver] (Intersection detection]* ~ k

| Objective function' i Constraint violation i

I (data misfit) ' " \=---=--=~ )
”A I ! ;|; Iol l
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Global optimization with genetic algorithm (GA)

UNIVERSITY
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- 24 model parameters

Only the Data Misfit is Necessary
-> no extra regularization calculations
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Surface geometry Inversion

. 15.0 ‘
“ Topological rules \ | 125
........................... : G 100
......................... = 7.5
Jnitial solution, & 5o
.................... Lo
Model parameter bounds : % 1o 20 30 40 50 60
R T R R M : Iteration #
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:{Global optimizer (GA, MCMC)}: \
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ot co dsy s---7------
MO (Final solution’
________ v
 Candidate solutions;
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{Candidate models}
(Forwarcl solver] (Intersection detection)- il
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Surface geometry Inversion

»(Global optimizer (GA, MCMC) < <
:: “\ , converged
v;

______________

' Candidate models 1

N

(Forwarcl solver] (Intersection detection)- il

i Objective functlon i Constraint Vlolatlonl
1

______________

(data misfit) : L ~

VI O R
UNIVERSITY



400
m)

Elevatioy (

Model subdivision

—»[Global optimizer (GA, MCMC)]<—

*+_converged

400
)

Elevation (

I
I

I
not converged , --. ==
+ ! Final solution !
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400

E.\E\‘at'\un km'\’

Model subdivision

400
fim)

Elevation

» Small # of nodes to reduce the # of inversion
parameters

» Models can be subdivided up to two times

» 3D interpolation is performed to smooth the model
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Triangle-triangle intersection detection

——{( Global optimizer (GA, MCMC) Ja—————

-
\‘ )
+, converged
F N
not converged , --- Ao g
I . . =
+ 'Final solution ! ) 3 MNorthly,
i -
---------- West S ”
! 07‘5
|4
" West

________________

i Candidate solutions !

________ o

[Subdivision7 interpolation)
N N
| Oiecive fnsiion | (ot idtiios
(data misfit) | <
MEMORIA

____ T --- J-TTmr A
UNIVERSITY




Surface geometry inversion for EM data

T . 8
i Observed geophysical data .
Topological rules = : 7
Initial solution i s
. I , ‘
: Model parameter bounds
- :{Global optimiz;; (GA, MCMC)}: \ ‘
:' ‘\ converged -
not converged ot sone :
P CRTETEIN * To calculate the predicted data, the entire
""""" \ model needs to be discretized
[Subdivision? interpolation) . . .
1 * Automatic mesh generation for a given
{Canditate models) model (TetGen)
(Forwarcl solver] (Intersection detection)- ~ g Fl N |te—E|ement SOIVer
Ghjoctive fumetion? | Constraint violadion * MPI + OpenMP parallelization
: (data misfit) oo T T — -
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Outline

»Marine CSEM examples
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Marine CSEM example

Mount  Tetrahedral meshes for the SMS deposits
lison
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Marine CSEM example: synthetic d
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Electric field responses of profile L1

Electric field responses of profile L4
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Marine CSEM example: model setup

Conductivities:

 Ore body:10S/m

* Sea water: 0.335/m

e Seafloor:0.1S/m

* True conductivity is used for inversion

Inversion parameters:

38 nodes in the surface model

* Each node is allowed to move vertically
 Moving range is (-100, 5) m

* 5% Gaussian noise

 GA population: 239

Mount
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Marine CSEM example: data fitting

ler 1 Tx#:1 1 1 1 lecd 1 1 Tx#:2 1 1 1
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Marine CSEM example: convergence

1 0875 - i * # parameters: 38 (38 nodes each moving
in one direction)
1.0850 A -
 GA population size: 239

- 1.0825- — -
= e 240 CPU cores: Intel® Xeon® Gold 6248
'S 1.0800 - -
o Processor @ 2.5 GHz
e
cd - -
A 1.0775 1 CPU for each model (1 MPI process with

1.07501 i 1 OMP thread)

1.07257 i ¢ Computation time: 43 minutes

1.0700 , , : — *  Maximum RAM consumption: 656 GB

0 10 20 30 40

[teration #
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CSEM example: constructed model

50

-50
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=
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=
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=150

200

Input (red) and true model (green wireframe) Constructed (gray) and true model (green wireframe)
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Outline

»TEM examples
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Real-data example: uranium exploration
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TEM example: uranium exploration
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Preston Lake project
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Preston Lake project: survey configuration

Easting (m)
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Northing (m)
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Preston Lake project: survey configuration
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Preston Lake project: survey configuration

NW SE Legend

NW SE Legend
Geology

500
500

500
500

PRE-02

PRE-01

400

400
400
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300

300
300
300

Basement: crystalline metamorphic basement rocks of the Taltson domain
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SGI of Preston Lake data: model setup

* Background conductivity model
obtained from trial-and-error modelling

4004

% * # parameters: 69 (26 nodes moving
=h along strike, 9 nodes moving vertically,
é) ol and 34 regions)

,) * GA population size: 599

ﬁ}’:@%
5y

e

* Data uncertainties: max(std, 2% data)

""lb]-[ é .
Uy T

.

e 15 nodes with 600 Intel® Xeon® Gold
6248 Processor @ 2.5 GHz

()
N,

Initial mddel * 1 CPU for each model (1 MPI process
with 1 OMP thread)
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Data fitting

. In-line . X 1071, Cross-line . . Vertical 107", Cross-line . . Vertical .
2.0 ’
1.5
. — 0.4477 ms —— 0.4477 ms
= 10 —— 0.5604 ms —— 0.5604 ms
- —— 0.6963 ms t —— 0.6963 ms
= o 08777 ms 08777 ms
LD
0.0 L
x1071,
8 L
. —— 10781 ms [ —— 10781 ms
&= —— 13404 ms —— 13404 ms
E —— 16641 ms [ —— 16641 ms
c 2.0660 ms 2.0660 ms
— 2.5649 ms —— 2.5649 ms
—— 31842 ms r —— 31842 ms
— 3.9531 ms — 3.9531 ms
49077 ms L 49077 ms
—— 60928 ms —— 60928 ms
] ; I 1 ; — ] ; ; , , ,
Station (m) x10° Station (m) x10% Station (m) x10% Station (m) x10%
—— Observed x  Predicted —— Observed x  Predicted
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Constructed model and convergence

275 A -

Flevation (m)

Data misfit
— — N N N
1 ~ (@) N (@) ]
(@) (@) ] (@) (@]] (@)
1 1 1 1 1
T

125 1 -

0O 25 50 75 100 125 150 175
Iteration #

Each iteration takes about 1 hour to finish
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Constraine
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Constrained inversion

* # parameters: 88 (32 nodes moving
along strike, 8 nodes moving vertically,
and 48 regions)

Elevation (m)

* GA population size: 599

* Data uncertainties: max(std, 2% data)

* 15 nodes with 600 CPU: Intel® Xeon®
Gold 6248 Processor @ 2.5 GHz

* 1 CPU for each model (1 MPI process
with 1 OMP thread)
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Constructed model and convergence

Data misfit
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Each iteration takes about 1 hour to finish
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Constrained VS unconstrained

Unconstrained
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Constrained VS unconstrained (L2400E
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Northing (m)
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Decimated data inversion
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ecimated data inversion
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Uncertainty calculation
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Updated uncertainty calculation

» Uncertainty calculation:
e Std from 3 measurements
Max(std, 2% of data)
* No noise floor used

» Updated uncertainty
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Decimated data inversion
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Decimated data inversion

Data misfit
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Decimated data inversion
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Data fitting
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Uncertainty quantification: MCMC sampling

Block in half-space

Moving loop survey

Three profiles

Background: 0.01 S/m

Block: 2 S/m

Parameterization: 8 nodes

# parameters: 24

Population size: 239

Search volume: +/-30 m, +/-15 m,
: +/- 15 m in x-, y-, and z-direction
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Uncertainty quantification: MCMC sampling

e Initial model
@ Mean model

78,000 iterations

Mean model (red) is much closer to the true model (gray) m
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Uncertainty quantification: MCMC sampling

e [nitial model
Mean model

Mean model is closer to the true
model

Uncertainty ( ) is the
largest in the x-direction

In general, bottom nodes have larger
uncertainty

Uncertainty is also related to the initial
model

Uncertainty is the smallest in the z-
direction
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Outline

> Conclusions
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Conclusions

* We have implemented a SGI algorithm for EM data

* The SGI algorithm works with both blocky and thin, plate-like anomalies

* The SGI algorithm has been tested using both synthetic and real-data examples
* Data uncertainties can significantly affect the inversion results

* Cross-line component of a MLTEM survey is also important

* MCMC sampling can be used for model uncertainty quantification
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