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. Tasks are not expertise!

« ..Al would be able to do all of the things radiologists can do within five years.. »

« ..Should stop hiring them.. »
Geoffrey Hinton, 2016.

2025 radiologists increased by 13% in the US.

Later on, Geoffrey Hinton acknowledge his mistake.

@ bﬁeusmence for a sustainable Earth
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« Avradiologist is not just analysing scans.

* His judgment is based on scan analysis but also on other information knowledge and
experience (The Tacit dimension, M. Polanyi, 1966).

» Al expert is not a thematic expert. Both are needed to achieve successfully.

« | approach Al as a tool to speed up and guide decision making process, not an end to
its own right.

@ bﬁeusmence for a sustainable Earth
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Focus on the (uncertain) subsurface,

Geotechnics and

Water management soil stability

Heat storage Geothermal

Nuclear waste
and CO2 storage
site integrity

Aquifer
contamination

Karst and cavities

@ hl‘::usciem:u for a sustainable Earth
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Challenges in the subsurface, modelling

Multiphysics: i
= Thermodynamics (Heat) ey
= Chemistry (Reaction) 2000
= Structural Mechanics (Stress/Strain) 2S00

*  Fluid Dynamics (Gas / Water flow)
= Electromagnetics (Electricity/Magnetism)
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Challenges in the subsurface, multisource data

A multisource data (for the surface)

» Surface data are for instance: Ground temperature, humidity, wind speed, ..
Often punctual but not only.

» Surface data are independently “OK” to handle.

+ Surface data fusion could inform better and enhance prediction and then
decision making. Need to deploy data integration tools.

Source : L’Institut Paris Region

@ hl‘:lusciem:u for a sustainable Earth
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. Challenges in the subsurface, multisource data

o

o

There are some

things to
consider
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Challenges in the subsurface, indirect measurements§

:.-""/Self-pote ial profile (mV)

/

Heat injection ﬂ
l

% Temperature
/ anomaly

‘\/ Electrical resistivity

Fiber optics log (°C) tomography (Q-m)

Groundwater
flow

Subsurface

The use of electrical resistivity tomography in the design of shallow geothermal systems. From Hermans et al. [2014] @ hﬁeuscilncuInrasuslainahleEarlh
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Challenges in the subsurface, multisource data
Seismic ‘ } 7 Faults network
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Secondary fault network within the basement on both sides of the URG

Armandines Les Landes et al., 2019
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Challenges in the subsurface, where Al is now
“commonly” used

Data cleanning, remove duplicates, correct errors, manage missing values, remove outliers

*  Outlier detection (DBSCAN, Autoencoders, etc..)

- Imputation (RF, SVR, LSTM, U-NET, GAN, PINNSs, etc..) ;1;1""'"‘_""‘ ' I
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Challenges in the subsurface, where Al is now

Domain

transfer

“commonly” used

Forward modeling

Reservoir model
¢, Vsh, Sw, P, T (depth)

!

Rock physics model
Mineral/fluid mixing, Gassmann

l

Elastic properties
Vp, Vs, p = Al, SI

!

Depth-to-time conversion
Velocity model, resampling

l

Reflectivity R(8)
Zoeppritz, Aki-Richards

l

Convolution
Reflectivity * wavelet (+ noise)

l

Synthetic seismic
Post-stack, angle gathers

™ s
update

DTS >

Inversion

Reservoir properties
¢, Vsh, Sw + uncertainty

)

Inverse rock physics
Bayesian, ML, facies classif.

)

Time-to-depth conversion
Elastic properties in depth

T

Seismic inversion
Al, SI, Vp/Vs (time)

)

AVO analysis
Intercept, gradient, R(8)

)

Wavelet and deconvolution
Well tie, wavelet estimation

)

Observed seismic
Post-stack, angle gathers

Seismic workflow example

Interpretation, processing,
inversion, modelling

PINNs, XGBoost, CNN, U-NET,
FNO, IA-assisted FWI etc..

)

Geascience for a sustainable Earth

rgm
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Model update, multisource data, multiphysics,
multiscale problem

Computational world

Upscaling y U .
Fine to coarse grid MetamOde”Ing

Structural modelling —-> Petrophysics =

Faults and horizons <l 2 Logs and core analysis Lithology distribution Porosity, permeability Sl

Real world
| | Facies modelling _’l Property modelling -5

A T Time-series
Seismic interpretation Rock-fluid properties Fluid properties Productiondata L.
Data acquisition Horizons and faults Relative perm., Pc PVT behaviour Rates and pressures £ : PredICtlve

and processing

Simulation (dynamic) model . . j 3 " <

: > mapping
‘ WITE o . Agentic Al
A

Data fusion

| | ua
I Forecasting % Objective function Metrics g . .
History and forecast 2 90& Data misfit RMSE, MAE, R? Surrogate models H Inte rpeo lation

" Topological
Data Analysis

@ bﬁensc\em:! fora sustainable Earth
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The full Monty, from model update, to a
digital twin

Computational world

Real world
Upscaling

Fine to coarse grid

Structural modelling -

| Faults and horizons Logs and core analysis Porosity, permeability

Petrophysics _’I F_acles njoci_ell,ng _>| Property modelling
Lithology distribution

Sensing & Internet

of things T
_/\/\_ FAIR

> Seismic interpretation
Data acquisition Horizons and faults

andproces  Standard &
Interoperability

Data assimilation
History matching

Relative perm., Pc PVT behaviour

| Rock-fluid properties I Fluid properties

VVvuQ
Verification
Validation
Uncertainty

Simulation

Quantififcation

Offline and
Online digital
twins

Dashboarding

Decision

Forecasting

History and forecast

Objective function Metrics

Data misfit

RMSE, MAE, R*

Rates and pressures

| Production data

Metamodelling

Surrogate models

Al-powered

Orchestration

Geoscience for a sustainable Earth

rgm
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The full Monty, from model update, to a
digital twin

Computational world

Real world
Upscaling

Internet ine to coarse grid
of things

£

Decision

Al-powered
Orchestration

@ hﬁensmeuu fora sustainable Earth
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Digital Twins for Territories, a digital envelope to
rule them all

USER DECISION
Urban planning — Risk management — Energy — Mobility — Economics — Regulations —
Social sciences

URBAN SURFACE MANAGEMENT

2 Traffic — Citizen mobility — Building space & occupation — Electricity management —
3 Flooding — Urban heat island - Risks

4L mi Al-powered I
A orchestration Road capacity—Conlgestiun-Emissions
& story telling

]
Water distribution
Pipes status (leakage) - Demand

|
Electricity grid @

Load balancing - Demand

Demand — Pipes status

@ hl‘:enscime for a sustainable Earth

RISKS
Seismicity — Flooding — Shrinkage and swelling
of soil cl

GEOTHERMAL

Exploitation and management — He

I ?
at network
- Sustainability
_I_

GROUNDWATER

Recharge — Drought — Pumping | |

CO2 STORAGE

Injection - monitoring
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problem

Signal transmission —— Monitoring

Data flow, & connectivity —— Data infrastructure

Social Sciences
Regulations External factors

Risks management

Decision Making
Life cycle analysis
Demands Economics.
Cost Analysis
Neural operator
PINNs Metamodelling
Reduced Order Models
Metrics
Fonction objectif
Multi-objective functions
Bayesian Optimisation
Differential Evolution Methods
CMAES Data assimilation & Optimisation
Uncertainty Quantification
Latin Hypercube
Monte Carlo Sampling methods
Morris
Global sensitivity analysis Sensibility analysis
EnKF

Ensemble methods
ESMDA

Geoscience for a sustainable Earth

rgm

Digital Twins for Territories, a multidisciplinary

Subsurface Digital
twins
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Fluids flow

Geomechanics

Multiphysics coupling

Thermal
Chemistry
Quantum
High Performance Computing CPU
GPU
Expert knowledge
Knowledge database management Storage
Orchestration
Tracking, reproducability
Redondancy
Denoising
Cleaning
Missing data

Scientific processing contradictory

Standardisation Formats

Chemical samplings
Surface
Optic fiber
DATA P

bottom hole
Wells optic fiber
chemicals

Harvesters for multisource seismic (1D, 2D, 3D, 4D)

Resistivity
Subsurface

Gravimetry

Electromagnetism
Aerial
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The recurrence of the three states in life

What we want g
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 What we can

@ bﬁensmem:l! fora sustainable Earth



Forum

TERATEC

20 - 21 OCTOBRE 2026

The recurrence of the three states in life

RAPTOR 3

«  What we want

 What we can

What we have f

@ bﬁensmem:! fora sustainable Earth
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What we want

Maturity level (complexity) for Subsurface Digital Twins
Spanning from the full monty to a single piece of useful-enough information

 What we can

What we have

@ bﬁensmem:l! fora sustainable Earth
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= Platform towards digital envelopes:
o (Al-powered) Orchestrators
o Seamless integration (multisoftware, able to plugin any physics simulator).
o Modularity of many digital twins (generalisation versus thematic, Multiphysics)
O

Integrating anything FAIR standard in an interoperable way.
» Trustworthiness:
o Comprehensive uncertainty quantification verification and validation results (Fundamentals* &
human in the loop),
o Real-time monitoring and dataflow tracking (where, who, how).
o Algorithms and methods benchmarking.

» Cross-disciplinary joint research (Al and multimétier experts), building DT is mainly a human challenge.
= Cybersecurity, Cybercrime is expected to skyrocket (source: Statista market insights).
Different level of complexity for a digital twin exist. A simple one, enlightening decision is a success.

@brgm *Fundamentals of Verification and Validation by P, Roache.
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