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The national models
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The national models

50 m depth T e
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General workflow

:' \

11“ b' i

5

'l
L
. ! ! L 2
d ] 1 | “.l,

(1) Interpretation in stratigraphical units

(3) Interpretation in lithological classes

(2) Construction of tops and bases

(4) Voxel modelling

Stratigraphical
units
+

uncertainties

Lithological
classes
+

uncertainties
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Uncertainty in layer models (DGM and REGIS II)

* Regional uncertainty
« Data density

» Regional & local uncertainty
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Uncertainty in layer models
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Uncertainty in layer models

* Regional uncertainty
« Data density

* Regional & local uncertainty
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Uncertainty in layer models - visualization?

I3 % 4

118 1

Uncertainty [std]
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- Visualization? Uncertainty in maps S
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GSEU 2026 Model uncertainties in TNO’s subsurface modelling workflow

GeoTOP (voxels)

Up to 50 m below sea-level
* Resolution of 100 x 100 x 0.5 m
- Each voxel contains:
 stratigraphical unit (formations, members, beds)
+ lithological class (from 100 model runs)
« probabilities of occurrence

* model uncertainties

%

Anthropogenic Fine sand
- Peat Medium sand

- Clay - Coarse sand

Clayey sand - Gravel

\

50 m below sea level

TNO 2 soasoos
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Voxel attributes “

« Stratigraphical unit (from layer model)

* Most likely lithological class (from 100 model runs)

 Probabilities of occurrence:
* peat

» clay

O.SmI

» clayey sand and sandy clay

* fine sand

100 m
* medium sand

« coarse sand P

« gravel
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Individual voxels

— Probability of occurrence
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clay Most I|k.ely
lithological class
clayey sand
— fine sand

medium sand

100 m coarse sand J
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Lithological class
A
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Plot created on: https://www.dinoloket.nl/en/subsurface-models/map
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Model uncertainty - lithological class

 Probability of clayey sand
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Model uncertainty for three lithological classes

)

1 0 0 0
1/3 1/3 1/3 1
0.5 0.5 0 0.63
0.49 0.49 0.02 0.71

H=-1*(p,°log p; + p,°3log p, + p;°log ps)

« Concept of information entropy: Shannon (1948)
» Application in geological modelling: Wellman & Regenauer-Lieb (2012)

m @} geologische Dienst
AP Hederamnd

=0
]



GSEU 2026 Model uncertainties in TNO’s subsurface modelling workflow

Model uncertainty - lithological class

- Based on 7 lithological classes

* Replaces 7 visualisations of
probability

%c f50 m
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Model uncertainty - lithological class

Most likely
lithological class
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Average for each stratigraphical unit

Most likely
lithological class
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Average for each stratigraphical unit
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GeoTOP (layers - voxels)

Up to 50 m below sea-level
* Resolution of 100 x 100 x 0.5 m

%

« Each voxel contains:

 stratigraphical unit (formations, members, beds)
* lithological class (from 100 model runs) \
- probabilities of occurrence 50 m below sea level

;@) Geol Dienst
« model uncertainty m."{ Nedernd
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Probabilities and uncertainty - stratigraphy
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Probability of stratlgraphy (per umt)
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Probability of stratlgraphy (per umt)
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Probability of stratlgraphy (per umt)
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Model uncertainty - stratigraphy
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Delivery on the web portal

Model uncertainty — stratigraphy Model uncertainty — lithological class
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Uncertainties in geological
modelling — the GEUS perspective
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Introduction

Uncertainties in 3D geological modelling
* Experiences gained from c. 25 years of 3D geological modelling in Denmark
* Main target is mapping of groundwater resources
e Shallow depth —0-300 m

Learnings can be transferred to 3D geological modelling in all kinds of
applications

Communicating the model uncertainties to other scientist and
authorities have been in focus through the years

GSEU Workshop: Exploring, Quantifying and Communicating Uncertainties in Geological Models 3 March, 2026



Handling uncertainties in geological modelling
in the Danish groundwater mapping
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Influence of modelling techniques

(Voxel vs. layer modelling)
Enemark et al., 2022. Hydrogeol J 30, 617-635.
doi: 10.1007/5s10040-021-02442-9

MPS modelling in

geological elements

Madsen et al. 2021. Hydrol. “

Earth Syst. Sci., 25,
2759-2787, doi:

10.5194/hess-25-2759-2021

Image, handling of hard /soft data on ensemble uncertainty

Multiple points statistics (MPS): Influence of choice of Algorithm, Training

Hgyer et al. 2017. Hydrol. Earth Syst. Sci., 21, 6069-6089. d0i:10.5194/hess-21-6069-2017 ‘GDM’

Barfod et al. 2018. Hydrol. Earth Syst. Sci., 22, 3351-3373. doi: 10.5194/hess-22-3351-2018 Model
Barfod et al. 2018. Hydrol. Earth Syst. Sci., 22, 5485-5508. doi: 10.5194/hess-22-5485-2018

Hgyer et al. 2015. J. Appl. Geophys 115, 65-78, d0i:10.1016/].jappgeo.2015.02.005

Discussing utilization of data uncertainties in different modelling techniques

k PR Influence of different conceptual geological models
%’J ‘j: Seifert et al., 2012. Water Resour. Res. 48, W06503. doi: 10.1029/2011WR011149
4 -I i ‘L. |
_.ﬁfF | Qualitative uncertainty assessment on interpretations, voxel models

Jgrgensen et al. 2010. GEUS Bulletin, 20, 27-30. doi:10.34194/geusb.v20.4892

Qualitative uncertainty assessment on interpretations, layer models
Sandersen 2008, IAHS Publ. 320, 345-349.

surfaces within

uncertainty of m
interpretation points 'm
Madsen et al. 2022. Eng. Geol. k-

309, 106833. doi: e

- Geology-Driven- ml
ling simulating layer M

10.1016/j.engge0.2022.106833 w
B il

‘GDM’ on national hydro-

stratigraphic models
Madsen et al. 2026. Math.
Geosci., doi: 10.1007/s11004-
025-10263-9

2008
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Handling uncertainties in geological modelling
in the Danish groundwater mapping
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»  Geological modelling workflow
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Handling uncertainties in geological modelling

Outline

»  Geological modelling workflow

11 - Data evahsation and data

il - Geological modelling

Activities/Choices

GSEU Workshop: Exploring, Quantifying and Communicating Uncertainties in Geological Models

3 March, 2026

Uncertainties introduced in every
step of the workflow

Chain of uncertainties:
linking aspects in all steps of a
geological modelling workflow

The most important sources
of uncertainties are presented
in the forthcoming slides

Examples on how modelling
uncertainty assessment are
communicated
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»  Geological modelling workflow >

Phases

Steps

Activities/Choices

depth handling 7 = Uncertainty
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Il Data evaluation and data collection
3a/4a data types / methods

‘Direct’ data:

Borehole lithological logs (1 —4000 m)
Outcrops (2-40m)
Surficial geological map (1-2m)

‘Indirect’ data:

Geophysical (resistivity) information (3 — 300 m)
High-resolution seismic data (10 — 5000 m)

Geological maps (dependent on theme) -

Geochemical & hydrological data (dependent on wells)

GSEU Workshop: Exploring, Quantifying and Communicating Uncertainties in Geological Models



Il Data evaluation and data collection
Borehole data — sources of uncertainties and limitations related to modelling

B Geobelresh txng
B koo g

e >450.000 boreholes reported to the Danish
national borehole database Jupiter, drilled during a
period of >100 years with various purposes

B sk ivoers
£ et beengy
[ AR T e
r} Bymgr
A BLE ORI

* Ca. 250.000 boreholes with lithology information

i
B o
e

I

https://eng.geus.dk/products-services-facilities/data-and-maps/national-well-database-jupiter

GSEU Workshop: Exploring, Quantifying and Communicating Uncertainties in Geological Models 3 March, 2026



Il Data evaluation and data collection
Borehole data — sources of uncertainties and limitations related to modelling

—

e >450.000 boreholes reported to the Danish
national borehole database Jupiter, drilled during a
period of >100 years with various purposes

* Ca. 250.000 boreholes with lithology information

» Different drilling methods results in large variations
in the quality of the geological sample

* Large variation in details of sample descriptions

e

Sample collected with auger Sample cut by a wing bit in
—Knowledge about the method is important! reverse circulation rotary drilling

=>Important to communicate on data uncertainties

Ditlefsen et al. 2008,
(Geovejledningen, 2008)
Jordprgver fra
grundvandsboringer

Sample cut by a roller cone bit in reverse circulation rotary drilling

GSEU Workshop: Exploring, Quantifying and Communicating Uncertainties in Geological Mode




Il Data evaluation and data collection
Resistivity data — sources of uncertainties and limitations related to modelling

;u-m: W= 32T _-;-""'-;— & Mptwater sardgen e
* Ambiguity — different geophysical models can fit the data! [ P Frowhy el suesd el g
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Jgrgensen et al. 2012. HESS. 16, 1845-1862. doi: 10.5194/hess-16-1845-2012
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Steps
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Il Geological modelling, conceptual model
1a — Model purpose, 1c — Level of ambition, 2b — Model scale

Model purpose

a) Regional hydrostratigraphic model

b) Model for nitrate retention modelling
differentiating in layers with varying organic
content

Model scale

o A need for modelling thinner layers

Impact on uncertainty assessment

GSEU Workshop: Exploring, Quantifying and Communicating Uncertainties in Geological Models
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Il Geological modelling, conceptual model
5a — Prior geological knowledge, 5b — Previous concept, 4. — New data

Fostglerial samd e gyl jehmey

Revised previous concepts

o New data

o Revisiting existing data
o Higher level of geological complexity observed
=> Introduce intensive faulting in specific areas

Always under the assumption that the
conceptual model is “the best possible”

Important to include conceptual model in the
communication of the model uncertainty

Sandersen et al. 2025. GEUS Report 2025/28 doi: 10.22008/gpub/34785
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»  Geological modelling workflow

w1
o
Ty
m
=
[~
E
W
i
L=
o
=
&
]
=
=
=]
<
iklugion € on i Age acpition T - Seatiaticel
P - - Le - Geological ,
3= Data af - Mo kevel imamnt ';'““':"""
Iocabon on data chromalogy -
1 | Interpalations
B = Focus A - Dt
degih hardling 7§ - Unoertaingy
1 1 Alipramen
Ih — Mol on ah - Data
data il ation
§
3i = Custa
peioditigaran

GSEU Workshop: Exploring, Quantifying and Communicating Uncertainties in Geological Models

3 March, 2026




Il Geological modelling, choice of model type

Interpretation-based modelling

©)
©)
@)
@)

Geostatistical modelling

©)
©)

Explicit
Driven by prior knowledge and data
Manuel

Qualitative uncertainty assessment EERE R T

Implicit
Mainly data-driven

o Numerical calculations and
simulations 1 L
Quantitativ ncertaint ment Madsen et al. 2021. Hydrol. Earth Syst. Sci., 25, 2759-2787, - - n
© Luantitative uncertainty assessme doi: 10.5194/hess-25-2759-2021 Madsen et al. . 2026. Math. Geosci., doi: 10,1007/s11004-025-10263-9
Combined modelling e
o Different modelling approaches and

O

Jgrgensen et al. 2015. Comput.
Geosci 81, 53-63. doi:
10.1016/j.cage0.2015.04.010

techniques in individual parts of the
model

Uncertainty assessment dependent
on modelling approach
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lll Geological modelling, 3D geological model
78 - Uncertainty assessment

Geostatistical modelling — layer based

o Calculating or estimating model
uncertainties

o Quantitative uncertainties on (geophysical)
data directly used Interpretation point Model surfaces

L ia~ti i iginal model i
o Need for quantifying subjective elements © Low uncertainty N\ Origina i
logi qld y g J © Medium uncertainty "X\ Simulations H
(geological descriptions) e High uncertainty
o Simulating model layers based on
quantification of qualitative uncertainties - 2
realisations
e ) Rl - Regeatestative profile y : Chh e §
o Evaluation of model ensemble — uncertainty. . e bt secnabas it _
E ¥ -_ + - <
i.
| I

Edevation [m a.s1]
£ =

Madsen et al. 2022. Eng. Geol. 309, 106833. 10.1016/j.enggeo.2022.106833
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lll Geological modelling, 3D geological model

. Reallsatlon #H1'

7g - Uncertainty assessment

Elrvadon [masl]

Geostatistical modelling — layer based

o Calculating or estimating model
uncertainties

' Realisation #2 '
o Quantitative uncertainties on (geophysical) ol
data directly used

Elerwarlsyn [momal]

o Need for quantifying subjective elements
(geological descriptions)

' Realisation # 3 '
o Simulating model layers based on - s
quantification of qualitative uncertainties -
realisations

Elrwarbon [m ms L]

o Evaluation of model ensemble — uncertainty.

The quantitative model uncertainty is convoyed by an
ensemble of models.

Elevadion [masl ]

Bah A B
UFTRAY ]
Madsen et al. 2022. Eng. Geol. 309, 106833. 10.1016/j.engge0.2022.106833
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Topography { Ge_q.phyfi.c.f,

Summary

Borehole

* The uncertainty of a geological model adds up from a
large number of choices in the geological modelling
workflow

* Itisimportant to identify and prioritise the
uncertainties in the workflow High

* |tisimpossible to make a complete quantification of
the uncertainties in a geological model

* Geological uncertainty can be evaluated and conveyed
to subsequent modelling like hydrological flow
modelling through geostatistical methods

Data density

* The uncertainty is related to a concrete type of
uncertainty, e.g. the uncertainty of the location of layer
surfaces in a layer model based on a specific
conceptual model Low

1 . . L H H h
* All these aspects are important when communicating ow Data quality g

uncertainties in geological modelling
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ALBANIAN GEOLOGICAL SURVEY
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P

“CHALLENGES IN GEOLOGICAL

MODELLING AND HANDLING
UNCERTAINTIES IN GEOLOGICAL MODELS
AND MAPS”

Phd Sirelda Bele




Albanian Geological Survey

> It operates in the Geosciences field according to the Jaw No. 111/2015 dated 15. 10. 2015, that defines
that the AGS is a_technical-scientific advisor of the state in the Geosciences field.

» It depends from the Ministry of Infrasturcture and Enetgy:

> 1t has its beginnings in 1922, when the Geological Office was created by the Czech-Austrian chief
geologist Dr. Ernest Nowack.

» In 100 years of its existence, AGS is the oldest institution in our country, in the Geosciences
field.




The Directorate of Geo-informatization performs the following

main tasks:

»Produces the maps of any scale and the digital documentation for all the units of the Albanian
Geological Survey.

> 1t creates, complements and updates the database for all activity that AGS carties; makes the computerized data
processing of the studies.

» Georeferences, digitalises, elaborates all the types of maps for the projects in process and archived ones.

»Builds structures for the databases, presents in the form of catalogs the types of data to be recorded, provides
data connection with maps in Arc-GIS program.
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Geological Maps Overview

Geological Maps and Models in Geological Survey of Albania have been significantly developed in recent
years.. Our achievements to date:

Name Scale

Geological Maps 1:200 000 : 50 000 : 25 000
Hydrogeological Maps 1:200 000 : 50 000 : 25000
Mineral Recourse Maps 1:200 000 : 50 000 : 25 000
Geological Maps 1:200 000 : 50 000 : 25 000

Our Department has just started on geomodelling of ore body deposit

We have taken some ore deposit of chromite to approached a methodology on 3D modelling .
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Handling uncertainties in map data and interpretations

1. The main concern remains to gather new data

2. We use mostly historical data

3. Uncertainties are handled in collaboration with field experts for specific themes,
by analyzing and comparing historical data.

* We don’t have new data from boreholes that previous studies have drilled

* Since 1990 we haven’t collected any new data on mineral resources

* We don’t have sufficient borehole data to create 3D models of stratigraphy, geology or karst
aquifers

The main reason for this is the lack of funding
Additionally, we are limited to using outdated software or open -source tools, which restricts our
ability to adopt new technological approaches.




Stakeholder Communication & Interaction

Communication Barriers:
o Communicating uncertainties to stakeholders is a challenge in itself.

o Decision-makers often prefer clear and simple messages, even if this oversimplifies the underlying
complexity

FEffective : visual representations (maps and graphs, which help make the uncertainty understandable).
Ineftective ‘Technical terminology lengthy explanation

Current Situation:

° No direct stakeholder communication

Independent operations : stakeholders purchase finished product
° No collaborative service requests

Opportunity:

o Collaborative services would enhance value, but stakeholders currently prefer ready made outputs
processed by their own technical staff.

°© Our focus :Producing high quality maps and data for their use.
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Institutional Limitations

° The institution currently lacks sufficient funding to carry out all necessary work, such as new drilling or extensive
data collection.

o There is a strong need for staff training and specialization in new methods for using software and developing
innovative approaches.
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Conclusions & Key recommendations

o Uncertainties in geological models and maps stem from limited data, complex geology, and
outdated tools.

o Main challenges, Recommendations and Future directions at AGS: insufficient funding for new
data collection, need for staff training in advanced GIS/3D modeling software, and difficulty
communicating uncertainties to non-technical stakeholders

° Recommendations: Prioritize investment in modern geological survey technologies, develop visual
communication methods (simplified maps/graphs), and foster collaboration with stakeholders for
data sharing

° Future direction: Transition to open-source tools and establish uncertainty quantification
protocols for all published maps and models.




THANK YOU!

Sirelda Bele
Albanian Geological Survey
Sirelda.Bele@gsa.gov.al
sireldabele@gmail.com




Causes of uncertainty in
geomodelling inputs

Data review of Paleozoic geology in the Euregion
Meuse-Rhine

Jasper Maarsi-2, Jasper Hupkes!, Alexander J.P. Houben?, Geert-Jan Vis?, Allard W.
Martiniusi-3, Cornelis, R. Geel?, Marleen de Ceukelaire>, Hemmo A. Abels!

1. Department of Geoscience and Engineering, Delft University of Technology, PO Box
5048, 2600 GA Delft, The Netherlands

Subsurface modelling, TNO, Princetonlaan 6, 3584 CB Utrecht, The Netherlands
Equinor ASA, Arkitekt Ebbellsvei 10, Trondheim, Norway

Applied Geosciences, TNO, Princetonlaan 6, 3584 CB Utrecht, The Netherlands
Department of Geology, Royal Belgian Institute of Natural Sciences—Geological
Survey of Belgium, Jennerstraat 13, 1000 Brussels, Belgium
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There are several sources of uncertainty;
what now?

Necessity of validating legacy materials
Input uncertainty = Freq. of inconsistency x degree of inconsistency

How frequent do these causes occur?
Which type of uncertainty matters most?

What is their impact on geomodel design?
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U The NGM Program

Tectonic map of Switzerland (swisstopo, 2024)
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With the National Geological Models program, swisstopo has the objective to build
harmonised geological models of Switzerland's surface and subsurface by 2030
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- K‘E‘F results

Swiss Alps 3D Tectonic cross-sections

Development of:

® A consistent large-scale 3D geo-
logical model of the Swiss Alpine
nappe stack subsurface,

® Key knowledge and digital visu-
alization of the main lithostrati-
graphic and structural systems
of the Alpine subsurface.

® A diverse community of experts
in 3D modelling of deformed

Alpine regions.
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‘ U Challenges in Regional-Scale Modelling Projects in the Alps

1) Scale »
2) Complex geological architecture » o

3) Modelling approaches, implicit vs explicit P e B,
4) Lack of subsurface data @3}5 S ﬁ ' e
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»ﬁf“ R o SA3D




’ SA3D Models: First results

West Subalpine
| Helvetic I Penninic | | Prealps ‘ l Molasse l
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’U SA3D Models

‘:‘1:" { b, oy e gy 4000 m a.s.l.




| &) SA3D Models

AN - 34.5 km




| &) SA3D Models

Aar Massif

[ Doldenhorn nappe

[ Molasse top-basement
[ ] Aarmassif basal thrust

Plutonicrocks

I Haslital Group

] Fruttstock Group

[ | Rotfirn Group

Permo-Carboniferous rocks

- Wenden- Létschental-Maderanertal Zone
Pre-Variscan basement (northern units)

- Innertkirchen-Lauterbrunnen Zone

[ Estfeld Zone

[ Ferden-Guttannen Zone

Musso Piantelli et al. 2026 (Tektonika)




’ U Input Data

H Input Data Sources

Tunnel data

© Contact / Structure (m accuracy)




’ U Input Data

H Input Data Sources

Boreholes
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Contact / Structure (m accuracy)
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’ 0 Input Data

H Input Data Sources

Tunnel data
Boreholes

Geological map
Structural measurements

® Outcropping (<25 m accuracy)

® Below Quat.- Glaciers (>25 m accuracy)

SR, Al




’ U Input Data

Input Data Sources

Tunnel data
Boreholes

Geological map
Structural measurements

Seismic data

», Low accuracy >500m



‘ U Key Questions /M

H 1. Applicability of Uncertainty Quantification Methods
How applicable are existing uncertainty quantification methods to this type of models?
(large scale — geological setting — sparse data)

2. Uncertainty Propagation
How does uncertainty in individual data points (x, y, z) propagate into the full 3D
model?

3. Distance—Uncertainty Relationship
Is there a universal relationship between distance and uncertainty?

Uncertainty gradient with depth Data dominates the uncertainty
dom'nates ¢ More uncertaint y Space




‘ U Soft Data

H | Input Data Sources

Tunnel data
Boreholes

Geological map
Structural measurements

Seismic data

Geological cross-sections

Published literature

NP




‘ 0 Model validation: e.g. 4D Reconstruction

H Cross section view

--10

=15

--20

Musso Piantelli et al. 2026 (Tektonika)

Penninic/Austroalpine Aar Massif Structural elements
1 undifferenciated B Paleogene sediments — = = Strike=slip faults
Helvetic BN Para-fAutochtonous cover — = = Thrust faults
[—] Cover nappes BN Perma-Carb. Zones (PC) —— = = Reverse faults
A\ A I Basement Units = = = Rhone-Simplon fault sys.




‘ U Key Questions

4. Integrating Prior Geological Knowledge

How can geological cross-sections and existing literature be embedded | - | |
. . . . Uncertainty gradient with depth Data dominates the uncertainty
into uncertainty quantification? dominates *More unceranty  SpaCe

5. Quantifying model Validation

How can model-specific validation (e.g., restoration) be incorporated
and weighted in uncertainty quantification?

A

1 Less uncertainty
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