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Introduction

Uncertainty is an inherent aspect of geology which has always been an essential component 
of subsurface research and geomodelling. Uncertainty that cascades into geological models 
is one of the most important aspects of the entire geomodelling process and thus, tracking 
them is pivotal. However, uncertainties in their inputs are elusive and easily overlooked. 
Therefore, our research question is: What is the origin of uncertainties in geomodelling inputs? 
This article aims to identify the causes of uncertainties after reviewing subsurface data. These 
uncertainties are important for making geomodels for various subsurface purposes. For 
example, in the Euregion Meuse-Rhine (Figure 1), geomodels are important for extracting 
renewable geothermal energy (Mijnlieff, 2020). They are also necessary for establishing 
energy storage systems (Kramer et al., 2020) and to better understand subsidence and rising 
groundwater in the former coal mining region (Cuenca et  al., 2013; Vis et  al., 2020). 
Furthermore, a geological model is relevant for an ongoing engineering project regarding the 
construction of a gravitational wave observatory, Einstein Telescope (Burchartz et al., 2025).

The above-mentioned applications illustrate a general need for geologic models. To build 
these models, choosing the appropriate heterogeneity scale and assessing uncertainty are 
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Key points

•	 Sources of uncertainty in geomodelling inputs are identified and categorised.
•	 A subsurface dataset is compiled, and data inconsistencies are examined.
•	 Descriptions of boreholes drilled for the Einstein Telescope site investigation.
•	 Interlinked uncertainties make a complex dynamic in the uncertainty chain.
•	 Ambiguity in fracture and bedding dips complicates borehole image interpretation.

Abstract

Geological models are important for subsurface engineering and it is crucial to iden-
tify their uncertainties. However, uncertainties in their geological input can be elu-
sive and easily overlooked. Through a data review of Paleozoic geology of the Eure-
gion-Meuse-Rhine, uncertainties in geomodelling inputs are identified and their causes 
are categorised into four groups: (1) stratigraphic interpretation, (2) fault interpretation, 
(3) transferring data, and (4) uncertainty in legacy materials. Examining these uncertain-
ties reveals numerous sources for them that are intertwined. The number of connected 
sources of uncertainty demonstrate that the uncertainty chain in geomodelling is com-
plex, calling for further investigation into the magnitude of the identified uncertainties.

The Paleozoic geology in the study region has structural complexity in which geomod-
elling is hampered by limited outcrops and scattered input data. We compile input and 
examine data inconsistencies by collecting legacy literature and maps, conducting field-
work, and compiling a dataset of 738 boreholes. Stratigraphic profiles of new boreholes 
(Cottessen-01, Banholt-01, and Terziet-02) are also included and two boreholes (Kastan-
jelaan-02 and RWTH-01) are re-evaluated with additional palynological constraints. 
Differences are found between various stratigraphic profiles for the latter two boreholes 
among different sources and updated stratigraphic profiles are presented for them. 
Comparing a newly drilled borehole with an existing geological cross-section reveals 
a >1 km depth mismatch between stratigraphic stages. Comparing stratigraphy of the 
borehole dataset with different geological maps reveals various degrees of agreement. 
The identified inconsistencies demonstrate the necessity of validating input data before 
embarking on any geomodelling exercise.
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Table 1.  Consulted geodatabases and their hyperlinks, last accessed on 01-04-2025.

Geodatabase Web address

NLOG https://www.nlog.nl/datacenter/brh-overview

Dinoloket https://www.dinoloket.nl/en/subsurface-data

DOV https://www.dov.vlaanderen.be

GSB https://collections.naturalsciences.be/ssh-geology-archives-plone6/boreholes/descriptions

GD-NRW https://www.bohrungen.nrw.de

Carte Wallonie https://geologie.wallonie.be/

crucial (Pyrcz & Deutsch, 2014; Reid & Cowan, 2023; Schweizer 
et  al., 2017). Geomodels are interdisciplinary and regularly 
intended to perform fluid flow simulations or predict subsurface 
integrity. When making them, non-communicated uncertainties 
can add up and permeate into the final model. Most published 
workflows emphasise uncertainties in the geostatistical process, 
while uncertainties in geomodelling inputs receive less attention. 
These inputs can include stratigraphic borehole profiles, 
geoloigcal maps, and cross-sections (Burs et al., 2016; Burt et al., 
2021). Other inputs include well-log data, core data, outcrops, 
and geophysical survey data. Seismic data acquired, thus far, in 
the study region is hampered by noise obstructing their 
interpretation. Therefore, we excluded seismic data and other 
geophysical survey data from this review. Thus, this review 
assesses the reliability of non-geophysical survey data necessary 
to map and understand the cascading chain of uncertainty.

An important source of geomodelling input data comes from 
records of national geological surveys. In the Netherlands, two 
different geodatabase viewers provide stratigraphic information. 
The study region, however, crosses three national borders 
(Figure 1), for which no unified database exists. Hence, we 
collected and integrated data from different Dutch, German and 
Belgian geodatabases (Table 1). These databases are a collective 
achievement, although the information provided is not 
guaranteed to match its data source. We compare stratigraphic 
profiles from these viewers with the original borehole 
descriptions and later amendments. This comparison serves as 
an indication of uncertainty in such geodatabase viewers.

To test the validity of geological maps, we examine three 
maps (Figure 1C; Barchy & Marion, 2007; Laloux et al., 2000; 
RGD, 1995), focusing mainly on the one map from the 
Netherlands that covers the complete study region (Figure 2). 
This is the most recent geologic map showing the top-Paleozoic 
surface (RGD, 1995). The map succeeded two older maps (Bless 
et al., 1976; Kimpe et al., 1978) and was published without an 
explanatory note. The lack of a report obstructs a swift 
understanding of this map and its underlying assumptions and 
data. Therefore, five selected structures depicted on the map 
were traced down in legacy literature to evaluate their 
uncertainty. Moreover, we compare the map with borehole and 
outcrop data to identify stratigraphic mismatches.

The majority of legacy materials in the region originates from 
coal mining activities. During mining operations, hundreds of 
boreholes were described and a vast amount of knowledge was 
accumulated. Mines were mapped and cross-sections of the 
Limburg, Liège, and Aachen coalfields were drawn (Chaudoir 
et  al., 1953; Humblet, 1941; Sax, 1946; Wrede & Zeller, 1988). 
Although they provide a vast amount of data, unknown 
uncertainties in such legacy materials can be problematic for the 
ultimate geomodelling exercise. Therefore, we aim to identify 
sources of uncertainty in these legacy materials.

Uncertainty can also relate to interpreting stratigraphy 
and  faults in newly acquired data. In the study region, new 
borehole data are being acquired for a site investigation to possibly 
construct a gravitational wave detector called Einstein Telescope. 
This detector is designed to be installed in the subsurface with 

Figure 1.  (A) Sketch map of northwestern Europe in-
dicating the study region. (B) Data inventory region 
with mining concessions and their known entry shafts 
inferred from RGD (1995). Mel is Melanie, and Dom is 
Domaniale. Three boreholes drilled for the Einstein 
Telescope site investigation in the Netherlands are 
indicated with the code ETB. (C) Map indicating locations 
of examined geologic maps with black squares; I (RGD, 
1995), II (Barchy & Marion, 2007), III (Laloux et al., 2000).
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either a triangular or a L-shape with 10–15 km long arms (Branchesi 
et al., 2023). For derisking and planning, a geological model with 
assessed uncertainties is called for (Amann et al., 2020). Geological 
models in structurally complex domains, such as these, can be 
made with various approaches (Brisson et  al., 2023; Wood & 
Kessler, 2021). All approaches benefit from an understanding of 
the geological architecture and uncertainty. We examine 
uncertainties related to interpreting faults and stratigraphy using 
the first three boreholes drilled for this site investigation. These 
inherent uncertainties should serve as an opportunity for 
deepening our understanding of geological limitations. This will 
hopefully allow for building more reliable geomodels.

Geological setting

Upper Paleozoic rocks in study region cover a Lower Paleozoic 
basement (Figure 2A). These Paleozoic strata were deformed 
under northwest-southeast compression by the Carboniferous 
Variscan orogeny (Wrede & Zeller, 1988). Variscan anticlines 
and thrust faults formed, which were tectonically overprinted 
by Mesozoic and Cenozoic normal faulting (Geluk et al., 1995). 
As a result, the region is characterised by structural heteroge-
neities whereby thrust faults are offset by normal faults (Hance 
et al., 1999; Oncken et al., 1999; Sax, 1946). The largest normal 
fault is the Feldbiss Fault, and a substantial thrust is the Aachen 
Fault (Figure 2; RGD, 1995). Structures in the region that are 

specifically discussed in this article are the Geul Fault, Border 
Fault, Waubach Anticline, Visé-Puth Anticline, and Val Dieu 
Anticline (Figure 2).

Upper Paleozoic strata are covered by Upper Cretaceous 
deposits separated by a hiatus that covers >200 myrs. During this 
period, erosion shaped an undulatory peneplain from hard 
Paleozoic bedrock that shaped the unconformity at the top-
Paleozoic surface (Langenaeker, 2000). Quaternary uplift resulted 
in a modern-day river-incised landscape with Paleozoic rocks 
exposed in the valleys (Sougnez & Vanacker, 2011). The Paleozoic 
strata are of Late Devonian and Carboniferous age. Upper 
Devonian strata that are encountered near Visé (Figure 1) consist 
of Frasnian carbonates (Kimpe et al., 1978; Pirlet, 1967). Frasnian 
strata characteristically bear stromatoporoid fossils (Coen-Aubert 
& Boulvain, 2006). Upper Devonian deposits comprise micaceous 
fine-grained sand and siltstones of Famennian age (Bultnynck & 
Dejonghe, 2002; Thorez, 1977). Typical Famennian plant fossils 
were described from an exposure in the Belgian village Moresnet 
(Hellemond et  al., 2019; Stockmans, 1948). The lower 
Carboniferous strata (Tournaisian and Visean: Dinantian) consist 
of dolomites and limestones, commonly with crinoid fossils 
(Kasig, 1980). In the Belgian and German parts of the study region, 
these limestones have a karstified top with cavities filled with 
upper Carboniferous deposits (Kasig, 1980; Poty, 1991). Upper 
Carboniferous strata (Namurian and Westphalian) comprise 
siliciclastics that host coal seams and frequent plant fossils 
(Bless et al., 1980a). Upper Carboniferous strata are known from 

Figure 2.  (A) Chronostratigraphic column with an approximate indication of the main depositional phases. (B) Top-Paleozoic map, where Mesozoic and Cenozoic strata are 
stripped away. Redrawn after RGD (1995). Boreholes discussed in Section 4 are indicated with white circles and outcrops with triangles.
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the coalfields and outcrops (Figure 1b; Jongmans et  al., 1925; 
Walter, 2010). These strata consist of a mudstone succession of 
Namurian age with an organic-rich base (Nyhuis et al., 2016; Wei 
et al., 2023) and fluvial-deltaic deposits of Westphalian age (TNO-
GDN 2025d).

Stratigraphic nomenclature of the Paleozoic is subject to 
progressive insight and recent changes (Mottequin et al., 2024; 
Vis et al., 2025). A harmonised stratigraphic nomenclature is 
not available for this region straddling national boundaries. 
For Carboniferous units, this study uses the Dutch lithostratigraphic 
nomenclature (TNO-GDN, 2025a, b, c, d) following Van 
Adrichem Boogaert and Kouwe (1994), and recently proposed 
updates (Vis et al., 2025). The nomenclature of Mottequin et al. 
(2024) is used for Devonian units, resulting in the use of 
Condroz Formation for Famennian micaceous sandstones. 
Proposed units are written here uncapitalised and ratified 
formations are capitalised. For fault rock terminology, we 
adhere to the scheme of Woodcock and Mort (2008). We also 
adhere to the formally used global timescale (Cohen et  al., 
2023), except for the Carboniferous. The Carboniferous has 
been defined differently according to various schemes 
(Davydov et  al., 2012), and a harmonised classification is 
problematic (Aretz et  al., 2020). To avoid stratigraphic 
confusion with regional literature, we chose to deviate from 
the formal timescale for the Carboniferous and adhered to the 
European nomenclature, based on the Heerlen regional 
scheme  (Jongmans, 1928; Jongmans & Gothan, 1937). In 
contrast to the formal Mississippian and Pennsylvanian 
subsystems (Gradstein & Ogg, 2020), this regional 
nomenclature divides the Carboniferous into Dinantian and 
Silesian. These subsystems are, in turn, divided into series; 
the  Dinantian is split into Tournaisian and Visean, and the 
Silesian into Namurian, Westphalian, and Stephanian. 
This regional division is still deemed valid for regional units 
(Aretz et al., 2020).

Materials and methods

Three work steps were followed: (1) collect geomodelling input 
data and materials, (2) identify uncertainties, and (3) categorise 
types of uncertainties. We define uncertainty as: ‘the recogni-
tion that information may deviate from reality’ (Merriam-
Webster, n.d.). To identify uncertainty we test the consistency 
of how data are presented and processed. For the latter new 
data are analysed.

Data compilation

Literature, borehole and outcrop data, and maps were collected 
to create the necessary data overview. Borehole data were gath-
ered from various publicly accessible data sources: (1) TNO-
Geological Survey of the Netherlands geodatabases (NLOG 
and Dinoloket), (2) database ondergrond Vlaanderen (DOV), 
(3) archives from the Geological Survey of Belgium (GSB), (4) 
survey of Nordrhein-Westfalen (Geobasis NRW), and (5) data-
base viewer of Wallonie (Table 1). For the remaining borehole 
data, which were absent in geodatabases, we inferred coordi-
nates from vectorised maps using ArcGIS® (ESRI, 2016). We 
converted all coordinates to Amersfoort / RD new projection 
(EPSG code 28992).

Legacy literature consists of annual reports and notices 
from geological surveys. Reports include dissertations and 

legacy borehole reports, accessed from the archives of  
TNO-Geological Survey of the Netherlands and the Geological 
Survey of NRW. In addition, cross-sections from the 
Limburg coal mines were evaluated.

New data

Cores and boreholes
Borehole data, acquired for the Einstein Telescope feasibility 
study, were described to characterise cores and cuttings. We 
focus on stratigraphic boundaries and fault zones. A total of 
10% hydrochloric acid (10% concentration) was used to identify 
calcite, and grain sizes were observed using a hand lens (10x). 
Grain sizes are grouped according to the Wentworth classifica-
tion (Wentworth, 1922). Dip angles of bedding planes were 
determined in core using a protractor, assuming that cores 
were cut at right angles to the bedding.

Borehole image logs were analysed to recognise dip and 
fracture patterns. Well-log data were recorded by Terratec 
Geophysical Services GmbH and include spectral gamma-ray 
logs, televiewer and acoustic images. These oriented borehole 
images were studied to identify faults by picking bedding 
surfaces using software (WellCAD, 2022). Bedding planes were 
recognised as dark blue parallel layering in the acoustic 
amplitude logs and shaded parallel layering in the optical logs. 
After picking, our interpretation was compared with the core to 
validate the image log interpretation and identify potential 
pitfalls when using borehole image logs.

Palynological analyses
Palynological analyses on samples taken from cuttings, 
cores, and outcrops were conducted by A.J.P. Houben. A 
total of 52 rock samples were processed at CGG Laboratories, 
Conwy, United Kingdom. Microscope slides were studied 
with a transmissive light Leica DM-LB2 microscope at the 
Geological Survey of the Netherlands. Palynological obser-
vations and ensuing interpretations are displayed in the 
range charts provided in Supplement 3. For each paly-
normph, a confidence assessment for each interpreted inter-
val was assigned with the categories: low, medium, and high 
confidence.

Evaluating legacy materials

Examined legacy materials are articles, documents, photos, 
maps, and cross-sections mostly made in the 20th century 
(Figure 3). These legacy data and concepts are accumulated by 
decades of work by mining geologists and efforts of geological 
surveys (Geologisch Bureau Heerlen, GSB, and Geologischer 
Dienst NRW). Fossils were described (Dorsman, 1945; Jongmans 
& Robert, 1917) , lithostratigraphic correlations were made 
(Haites, 1948), and tectonostratigraphic overviews were pub-
lished (Bless et al., 1980a). In addition, anticlines, synclines, and 
faults were interpreted (Bless et  al., 1976; Dikkers, 1945; Sax, 
1946). A subset of two interpreted anticlines (Waubach Anticline 
and Visé-Puth Anticline) and two faults (Border Fault and Geul 
Fault) depicted on geological maps are evaluated in this study 
(Figure 2).

To test the validity of materials, we compared them with 
original reports or data. To test borehole descriptions, cores of 
Kastanjelaan-2 were logged and compared with the original 
description (Bless et al., 1981a). To test geodatabase viewers, 
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their stratigraphic information was compared with original 
reports and later amendments. Moreover, borehole data were 
compared with the most recent top-Paleozoic map (RGD, 
1995). Furthermore, borehole data were compared with cross-
sections published with geological maps (Barchy & Marion, 
2007; RGD, 1995) and inventoried outcrops were used for 
mapping. Based on these outcrop data, borehole data, and 
legacy literature, four structural elements depicted on this 
geological map were evaluated. These elements are: Border 
fault, Geul Fault, Waubach anticline, Visé-Puth anticline, and the 
Val Dieu Anticline.

Data overview

The assessment of legacy materials and processed data is not 
intended as a critique, but as a necessary step to understand 
uncertainty in modern geomodelling practices using such data. 
We recognise that various factors, such as time and data limita-
tions, may have caused uncertainty in the past and that knowl-
edge progresses over time. Also, the research goals of past studies 
did not necessarily require serving as geomodelling input.

Mining materials

In the South Limburg coalfield, over 7000 drillings were taken 
upwards in the roofs of mining galleries to determine the height 
between galleries and the top-Paleozoic surface, or to explore 
coal seams (Dikkers, 1945). These drillings reached lengths 
over 50 m, and most were cored, although none of them 
remained physically archived. Mining galleries, shafts, and 
drillings were logged, of which the shafts were described in 
most detail (Dikkers, 1945; Figure 4A). Differences have been 
described between logged shafts and nearby borehole logs in 
the Maurits concession (Dikkers, 1945). These differences could 
suggest uncertainty in mining logs. Yet, a description of numer-
ous upward drillings exists (n = 7228), making them useful for 
modelling purposes, such as modelling the depth of the 
top-Paleozoic surface.

Based on a mapping campaign of the mines, an isometric 
block diagram and a top-Paleozoic map were created (Sax, 
1946; Figure 3D). Faults were categorised into three groups, 
namely SE-NW oriented normal faults, SW-NE oriented thrust 
faults, and an enigmatic group of NS-oriented faults (Sax, 
1946). Among these faults is the Willem Thrust which is regarded 

Figure 3.  Examples of legacy materials. (A) Cover of ear-
ly literature on regional Paleozoic geology (Van Water-
schoot van der Gracht, 1909). (B) Document appending 
a top-Paleozoic map (Patijn & Kimpe, 1961). (C) Litera-
ture on the Aachen coalfield (Wrede & Zeller, 1988). (D) 
Isometric block diagram of the South Limburg coalfield 
(Sax, 1946). (E) Literature on the South Limburg coalfield 
(Sax, 1946). (F) Stratigraphic profiles of coal mines and 
their correlations (Haites, 1948). (G) Folded top-Paleozoic 
map (RGD, 1995). (H) Example of a borehole description 
of Horbach VI (Herbs, 1948).
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as one of the most substantial thrusts (Sax, 1946). This fault is 
described with a 300 m throw (Sax, 1946), as depicted in cross-
sections (Figure 4E). The dragged coal seams on this cross-
section have the shape of a hanging wall anticline and thus, 
provide a sense of structural style. These cross-sections were 
updated until the 1960s (Figure 4F), when the paradigm 
gradually shifted to accepting plate tectonic theory (Nitecki 
et  al., 1978). Before this shift, the processes of faulting were 
generally interpreted differently, causing uncertainty in legacy 
cross-sections.

Cross-sections resulting from the rigorous work of coal 
mining geologists can be useful to locate faults in the 
subsurface. For example, a cross-section from the Wilhemina 
Mine shows a normal fault with conjugate sets (Figure 4C). 
Cross-sections also provide other helpful information such as 
channel-shaped depressions cutting the top-Paleozoic surface 

(Figure 4D). However, some cross-sections show geometries 
that are geometrically unlikely (Figure 4B) such as faults 
lacking any offset. Unlikely cross-section may result from a 
different understanding of tectonic processes before the 1960s 
(Nitecki et al., 1978). Hence, cross-sections can provide relevant 
information about faults, although some care is needed.

Outcrops

Over 58 outcrops are still exposed along river valleys, while 154 
outcrops (Figure 5) can be inferred from geological maps 
(Barchy & Marion, 2000, 2007; Laloux et al., 2000; RGD, 1995) 
and literature (Jongmans et al., 1925; Walter, 2010). Outcrops 
are clustered along a northwest-southeast trajectory in the Geul 
river valley and the region near Visé, Dalhem, and Val Dieu 
(Belgium; Figure 5).

Figure 4.  Cross-section scans from the South Limburg coalfield providing information on geological structures with varying reliability. Faults are drawn over in red. (A) Detail of 
cross-section B, showing logged shafts, drillings, and galleries. (B) Cross-section from the Hendrik Mine showing fault geometries lacking offset. (C) Cross-section from the Wil-
helmina Mine. (D) Cut from a cross-section of the Hedrick Mine showing a depression in the top-Paleozoic surface. (E) Cross-section of the Willem Mine showing the Willem Fault 
with dragged coal seams in the hanging wall providing a sense of structural style. (F) Indication of the date of the last update in a period of gradual paradigm shift (Nitecki et al., 
1978). Concession localities are indicated in Figure 1.

https://doi.org/10.70712/NJG.v105.12991
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Geul river-valley
Paleozoic strata are exposed along the Geul river-valley 
(Figure 5). Examples are the former Heimans, Cottessen, and 
Kamp quarries in the Netherlands, where sandstones of 
Namurian age were mined (Jongmans et al., 1925). The Kamp 
quarry is currently overgrown, yet archived photos from the 
Geological Survey of the Netherlands show deformed strata 
(Figure 6B) described as shales and sandstones (Thiadens, 
1948). Shales also occur in the Heimans quarry as part of an 
open fold with a 57˚ striking axis. This fold is still exposed, 
although archival photos show twice as many outcropping 
strata than currently accessible (Figure 6A). Furthermore, 
shales and quartz conglomerates are exposed in the Cottessen 
quarry, as well as southeast-northwest oriented slickensides 
(135˚/31˚). We measured similarly oriented slickensides 
(145°/12° and 122˚/2˚) in two outcrops south of the church in 
Plombières (Belgium), with steps indicating sinistral strike-slip 
movement. Namurian strata are also exposed directly north of 
Sippeneaken and in a former quarry at Terbruggen (Delmer & 
Graulich, 1959). The outcrop at Sippeneaken is still accessible 
and exposes steeply dipping siltstones, while the former quarry 
at Terbruggen is closed off by a fence.

At Plombières (Belgium), Dinantian and Namurian strata 
are indicated on the top-Paleozoic map (RGD, 1995). The 
Dinantian strata in Plombières hosted a Pb-Zn ore (Bevandić 
et al., 2020; Dejonghe, 1998), depicted with an elongated NW-
SE oriented shape on the RGD (1995) map. Archival photos 
show an outcrop with tightly folded Dinantian strata 
(Figure 6D). This outcrop is now largely overgrown, although 
bedding (054˚/38 SE) and a fold axis (060˚/08˚ ENE-WSW) are 
still measurable. Near Plombières, three more outcrops are 
indicated along a tributary of the Geul river, which are currently 

all overgrown and inaccessible. Similarly, the classic outcrop at 
Moresnet (Figure 5), Suermondt quarry, is no longer accessible 
due to waste dumping. Nevertheless, literature (Hellemond 
et al., 2019; Stockmans, 1948) confirms the former existence of 
this exposure. These inaccessibilities of former outcrops 
introduce an uncertainty caused by limited data availability.

Near Moresnet, Dinantian carbonates described by Conil 
(1964) are still exposed and Dinantian strata also crop out along 
the N3 road in Kelmis (Figure 6). In the latter outcrop, a sub-
vertical fault plane with north-south oriented slickensides 
(008˚/30˚) is exposed and strata are steeply inclined (60–81˚) 
with a deviating westward dip (Figure 5). A similarly deviating 
strike of 339˚ was also measured at the Wilhelmstein outcrop 
along the Wurm valley (Figure 5). These deviating bedding 
attitudes indicate structural complexities.

Visé, Dalhem, and Val Dieu
Carbonates of Frasnian and Dinantian age are exposed in quar-
ries along the eastern bank of the Maas River parallel to the E25 
motorway near Visé (Horion & Gosselet, 1892; Poty & Delculée, 
2011). Frasnian carbonates are described in the former La Folie 
and Souvré quarries (Figure 2; Kimpe et  al., 1978; Plisnier, 
1931). Both quarries are now private property, which hampers 
a detailed inspection. Nevertheless, some overgrown Frasnian 
is exposed along a steep slope at Souvré, but the bedding is 
unrecognisable. The Frasnian at Souvré is described as ‘puzzle 
breccia’ with massive stromatoporoids (Kimpe et al., 1978) and 
at the La Folie quarry as Frasnian dolomites and shales (Pirlet, 
1967). Despite the inaccessibility of these outcrops, literature 
confirms their existence and provides stratigraphic constraints 
in agreement with geological maps (Figure 2; Barchy & Marion, 
2007; RGD, 1995).

Figure 5.  Digital elevation model (MAPS for Europe, n.d.) with Paleozoic outcrop locations and their bedding attitude indicated. Green symbols indicate outcrops inferred 
from geologic maps (Barchy & Marion, 2000, 2007; Laloux et  al., 2000; RGD, 1995) and literature (Jongmans et  al., 1925; Walter, 2010). Purple symbols were confirmed in 
recent fieldwork. Former carbonate quarries in the Maas valley are referred to as F,M,N,L (Pirlet, 1967). For measurements, see Supplement S1.1 and for the elevation model, 
Supplement S4.3.
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Near Dalhem (Belgium), Namurian and Lower Westphalian 
strata are exposed (Lambrecht, 1966). A sample for palynology from 
an outcrop at the southern exit of tunnel in Dalhem (Figure 5), 
yielded rich yet poorly preserved miospores. Spore colouration is 
dark and the sample is dominated by long-ranging Late 
Carboniferous and younger spores (Supplement S3.7), which 
indicate a Westphalian age with an imprecise range (SS-Zone or 
RA-Zone of Clayton et al., 1977). A Westphalian age mismatches the 
most recent top-Paleozoic map at this location (Figure 2), however, 
unambiguous marker taxa for this Westphalian zone were 
unidentified. Thus, this age interpretation comes with uncertainty.

Outcrops along the road from Val Dieu to Dalhem expose 
Namurian strata concordantly overlying Famennian strata 
(Ancion et al., 1943). Famennian strata comprise fine micaceous 
sandstones with regular planar lamination and plant fossils. 
Two sections are cut along the road, of which the one closest to 
Val Dieu abbey exposes a thrust fault (334˚, 22˚ ENE) with 
metre-scale offset. Another section shows Famennian strata 
(043˚, 40˚ NW) as part of a fold and an outcrop exposes 
contorted and tightly folded Namurian mudstones. In legacy 

literature, the road section is sketched, showing >100 meters 
more outcrop than currently exposed (Figure 7: Raucq, 1942).

Borehole data

Boreholes in Belgium, Germany, and the Netherlands are com-
piled into one dataset. Shapefiles of this dataset is provided in the 
supplementary materials. Rendering all borehole data onto one 
map revealed a clustered and uneven distribution over the study 
region (Figure 8). Most boreholes are located in the former South 
Limburg and Aachen coalfields or where Paleozoic strata are sub-
cropping at shallow depths. Exploration boreholes, Exploration 
boreholes at Pb-Zn ores near Plombières and Moresnet, also exist, 
however, these are left out related to data accessibility.

New boreholes

Cottessen (ETB-03)
In 2022, the 250.1 m deep, fully cored, Cottessen borehole was 
drilled near the Dutch-Belgian border for the Einstein Telescope 

Figure 7.  Sketch of the Dalhem-Val Dieu road section after Raucq (1942). Sketch shows >100 meters more Namurian strata outcropping than is currently exposed, demonstrating 
how an assessment of legacy materials can be obstructed. See supplement S5 for location.

Figure 6.  Photos of outcrops that are now inaccessible or partly overgrown. (A) Photo assemblage from the Heimans quarry in 1936. (B) Photo of the Kamp quarry in 1948. 
(C) Namurian strata at the ‘Dancefloor’ outcrop from 1945. (D) Photo from 1937 showing folded Dinantian strata at a former mine in Plombières; note the sitting person for scale. 
Photos are accessed from the TNO-photo archive; locations are indicated in Figure 5.
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feasibility study, known as E-Test (Interreg EMR, n.d.) (Figure 9). 
A gamma-ray log was acquired over the full borehole trajectory 
and optical and sonic borehole image logs were acquired from 35 
to 250.1 m depth. The borehole encountered a 53.6 m thick 
succession of dark shales with faint lamination and thinly alternat-
ing fine sands and mudstones (Supplement S2.2). Based on 
palynology (Supplement S3.2), the interval above the lithostratigr-
pahic contact at 53.6 m (Fig. 9) suggests an early Namurian age. 
Therefore, we interpret this succession as pertaining to the Epen 
Formation. Underlying this succession are micaceous fine to very 
fine sandstones and thinly alternating fine sand and mudstones 
with frequent burrows. The micaceous sandstones are either mas-
sive, planar laminated, wavy laminated, or cross-laminated. 
Moreover, soft-sediment deformation such as slumps and loading 
structures occurs. Based on these lithofacies, this succession from 
53.6 to 250.1 m is interpreted as the Condroz Formation. New pal-
ynological data indicate that this interval is of middle-late Late 
Famennian age (Supplement S3.2). Collectively, these bio- and 
lithostratigraphic interpretation imply an unconformity at 53.6 m 
separating the middle-late Late Famennian from the Namurian.

Bedding attitudes inferred from borehole image logs (strike = 
80˚) in the top interval (35–75 m) agree with those in the nearby 
Cottessen quarry (strike = 74˚). This agreement validates the 
orientation of the borehole images. Yet, the Famennian-
Namurian unconformity in the core has an annotated depth of 
53.6 m, whereas it is recognised at 52.8 m in borehole images 
(Figure 9D). This difference corresponds to a 0.8 m core shift 
between the core and borehole image logs. This core-log shift 

introduces an imprecision in the depth of bounding surfaces if 
the shift is not taken into account.

A comparison of our borehole image log interpretation and 
the actual core revealed that low-angle veins (Figure 10E) 
were unrecongised in the image logs (Figure 10D). Also, no 
vertical strata were interpreted from image logs, despite their 
presence (Figure 10E). Therefore, it is likely that fractures 
oriented roughly parallel to the bedding were confused with 
the bedding itself. This similarity between bedding and 
fractures in image logs causes uncertainty in fracture 
characterisation. This imprecision can be corrected for by 
calibrating recognisable structures in the core to the depth 
indicated by the image logs.

Trends in dip patterns recognised in the core match dip 
patterns inferred from image logs (Figure 10B). These dragged 
dip patterns indicated three thrust fault zones at 90.4–108 m, 
156–171.9 m, and 203–221.6 m (Figure 10). These zones 
correspond to broken and heavily fractured strata with 
abundant veins, fault breccias and clayey gouge (Supplement 
S2.2). Thus, the comparison between faults interpreted from 
borehole image logs and the core demonstrated usefulness in 
identifying fault zones.

Banholt (ETB-04)
In 2017, a 252.8 m deep borehole was drilled near the village 
of Banholt for the Einstein Telescope feasibility study, known 
as E-Test (Interreg EMR, n.d.). The 142–230 m interval was 
cored and a gamma-ray log and acoustic borehole images 

Figure 8.  Map showing 738 boreholes in South Limburg and its surroundings that reached Paleozoic rocks. Circled boreholes have cored samples available, of which DB-
106, Laiterie (123W-724), and Villers-Saint-Siméon (121W-220) only have hand specimens. Banholt, Cottessen, Terziet, and Aubel-1 were newly drilled for the Einstein Tele-
scope site investigation. ‘s-Grav = ‘s Gravenvoeren. Note the uneven data distribution with most boreholes located in the coalfields or where Paleozoic strata are shallowly 
subcropping.
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Figure 9.  Stratigraphic profiles and gamma-ray logs of three boreholes drilled for the Einstein Telescope feasibility study. (A) Banholt (B62C1327), (B) Terziet-02 (B62D1113), (C) 
Cottessen (B62D1181), (D) Borehole image logs of Cottessen showing the unconformity between Namurian (Nam) and Famennian (Fam) strata. These profiles are based on litho-
stratigraphic descriptions and palynological constraints (Supplementary Materials 2 and 3).

Figure 10.  (A) Acoustic travel time image log of the Cottessen borehole (B62D1181). (B) Comparison between bedding inferred from image logs and cores. (C) Tadpoles of open 
fractures. (D) Tadpoles of closed fractures. (E) Core piece at 100 m depth showing steeply dipping strata and low-angle veins. The arrow indicates a mismatch between the borehole 
image log interpretation and the core. Note that no vertical bedding and low-angle closed fractures were inferred.
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were acquired. Four core samples were processed for paly-
nology, however, all samples lacked discernible palyno-
morphs (Supplement S3.3). Strata in the core consistently dip 
20–45˚ with a gradual increase downcore. Strata consist of 
grey to dark grey mud- and siltstones and coaly intervals of 
up to 70 cm (Supplement S2.4). These coaly intervals are not 
only typically found in Westphalian strata but also occur in 
the Namurian strata of the Dutch Baarlo Formation (NLOG, 
2025). The core encountered massive mudstones lacking 
marine marker beds, thus limiting the lithostratigraphic 
interpretation. Yet, based on what is predicted on the 
geologic map (RGD, 1995), we deem a Namurian age inter-
pretation favourable. However, this interpretation is 
uncertain.

Core in the basal 230–250 m interval was not recovered due 
to complete core loss of which the cause is unreported. Above 
this lost interval occurs a 13-meter thick interval of broken 
claystone, siltstones and fine- to coarse-grained chaotic breccias 
(Figure 11D). Borehole image logs in this unrecovered interval 
reveal fractured strata until 243 m depth. Downhole, a 20 cm 
thick void, oriented bedding parallel, is revealed at 234.8 m. 
Below this surface neither bedding nor fractures are 
recognisable and the acoustic signal is chaotic (Supplement 
S2.3). We interpret the basal 25 m of the Banholt borehole as a 
fault zone.

Encountering this fault zone raises the need to understand 
its scale in three dimensions. The fault zone thickness (>25 m) 
provides a rough estimation, however, this thickness is 
apparent due to the angle between the fault plane and the 
vertical borehole. Therefore, the thickness of the encountered 
fault overestimates the actual thickness. Linking the fault 
zone thickness to fault dimensions is also not straightforward. 
Empirical relationships often show substantial scatter 
(Sperrevik et al., 2002; Torabi & Berg, 2011) and a single fault 
zone changes thickness along its plane (Caine et  al., 1996). 
Additionally, as drilling stopped in the fault zone, it is 
unknown whether the fault juxtaposed different stratigraphic 
units on top of each other, further limiting our understanding. 
Thus, the scale of the fault encountered in the Banholt borehole 
is unknown.

Terziet-02 (ETB-02)
Near the Dutch-Belgium border at Terziet two boreholes 
were drilled 64 m apart from each other. Terziet-02 (B62D1113) 
was drilled vertically after Terziet-01 (B62D1112) was drilled 
with an unintended ~6˚ southward inclination (Supplement 
S2.1). The Terziet-02 borehole reached a total depth of 252 m 
and not core but cuttings and a gamma-ray log were acquired 
(Figure 9b). The borehole encountered dark mud and silt-
stones from 13 to 42 m, whereas micaceous siltstones were 
recognised in the strata below 42 m. These micaceous silt-
stones are characteristic of the Condroz Formation and are 
thus interpreted as such. Based on palynology (Supplement 
3.3), an early-middle Late Famennian age (GF-Zone; Streel 
et al., 1987) is suggested for the interval of below 42 up to 139 
m, and a late Late Femennian age (VCo-Zone; Streel et  al., 
1987) for deeper strata. The dark mud and siltstones above 42 
m are of Namurian age and are typical of the Epen Formation 
(TNO-GDN, 2025c), and thus interpreted as such. These 
new  litho- and biostratigraphicaphic constraints imply an 
unconformity at 42 m separating Upper Devonian strata and 
upper Carboniferous strata (Figure 9).

Inspected cores of legacy boreholes

Kastanjelaan-2 (KSL-02)
In 1981 in the city of Maastricht, the 500 m deep Kastanjelaan-2 
(KSL-02) borehole was drilled. Wireline logs, including a neu-
tron and gamma-ray log, were acquired. The interval below 
334.7 m depth was cored. This cored interval was initially 
described by Bless et  al. (1981a), which included a biostrati-
graphic inventory. More recently, the interval consisting of 
Dinantian carbonates was re-examined, focusing on Dinantian 
strata (Mozafari et al., 2019).

As Mozafari et al. (2019) excluded Famennian strata at the 
base, we revisited the cored interval from 377 to 500 m 
(Supplement S2.5). We analysed five samples for palynology to 
validate and further refine the interpretations by Bless et  al. 
(1981a).

Famennian strata are characterised by micaceous siliciclastics 
with various sedimentary structures (Supplement S2.5). In 
addition, burrowed horizons and conglomerate intercalations 
are present. An interval of burrowed carbonate-mudstone 
alternations is present from 465.40 to 459.30 m (Figure 11). The 
top of this burrowed interval is cut by a normal fault 
(459.3–452.3 m) containing chaotic breccias (Figure 11D, E) and 
shear fractures (Figure 11C). The strata above this fault 
comprise crinoidal-rich carbonates (Figure 11B) and a ~2 m 
thick interval of dark-coloured carbonate mudstones at 
446.30–444 m. Based on the sharp contrast in lithofacies above 
and below the fault zone, we interpret the centre of the fault 
(456 m) as the contact between Condroz Formation and the 
Hastière formation (Figure 12).

Palynological zonations of the Devonian-Carboniferous 
boundary interval are challenging and its biozonal schemes 
underwent modifications since the first description of 
Kastanjelaan-2 (Becker et al., 1974; Denayer et al., 2021; Maziane 
et al., 1999; Marshall et al., 2018). This prompted a (bio)
stratigraphic evaluation (Supplement S3.6). The results of this 
evaluation imply that the uppermost Famennian, i.e. Strunian, 
is encountered below 447.55 m depth. In addition, a fault zone 
at 452.1-458.8 m was recongised to juxtapose crinodional 
carbonates on to mica-rich siliciclastics (Fig 12A). The above 
results imply that the Devonian-Carboniferous boundary is 
located within the crinoidal-rich carbonates provisionally 
assigned to the Hastière formation (Figure 12A). Thus, we 
found no evidence to deviate from the originally allocated 
depth of the Devonian-Carboniferous contact at 445 m 
(Bless et al., 1981a; Figures 11 and 12). Yet, as palynomorphs 
could be reworked, we cannot exclude the possibility that 
the Devonian-Carboniferous boundary is actually located 
deeper corresponding to the fault zone as a tectonic contact 
(Figure 11). Thus, the precise depth of the Devonian-
Carboniferous boundary comes with some uncertainty.

In the original report, the 382–500 m interval was grouped 
as Bosscheveld formation (Bless et  al., 1981a). To facilitate 
cross-border consistency, and because the validity of the 
Bosscheveld formation has been questioned (Vis et al., 2025), 
the interval between 456 and 500 m depth is allocated to the 
Condroz Formation. The interval between 456 and 397 m is 
now allocated to the Hastière formation (Figure 12). The 
resulting stratigraphic profile deviates from the original profile 
(Figure 12). Mozafari et  al. (2019) suggested a stratigraphic 
amendment after recognising elevated gamma-ray levels 
associated with the Pont d’Arcole formation (Figure 12). Here, 
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Figure 11.  (A) Sedimentary log of Kastanjelaan-02. (B) Core piece showing crinoidal-rich carbonate at 446.5 m. (C) Shear fracture at 454.4 m. (D) Cross-laminated fine micaceous 
sandstone at 468 m. (E) Paleokarstic structures at 465.4 m. (F) Chaotic breccia at 453.4 m. (G) Chaotic breccia with carbonate vein fragment at 454 m. Note the lithofacies change 
above and below the fault zone in A.
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we update the original description with the amendments 
suggested by Mozafari et al. (2019) and this study (Figure 12), 
while adhering to an updated nomenclature (Mottequin et al., 
2024; Vis et al., 2025). The resulting stratigraphic profile deviates 
from the NLOG geodatabase viewer (2025; Figure 12).

RWTH-1
Borehole RWTH-1 was drilled near the campus of RWTH 
Aachen University in 2004 for geothermal exploitation. The 
borehole is 2544.50 m deep and Paleozoic strata were reached 
after drilling 20 m (Ribbert, 2006). Three intervals from 1392–
1516 m, 2128–2143 m, and 2537–2545 m were cored and well-
log data, such as a dip meter log and a gamma-ray log, were 
acquired. Below a depth of 1263 m, acoustic and electric resis-
tivity image logs were also acquired. These well-log data were 
analysed to study the in situ crustal stress state (Trautwein-
Bruns et  al., 2010) and for its structural setting (Trautwein-
Bruns et al., 2011).

Deviating stratigraphic profiles of the RWTH-1 borehole 
exist (Figure 13). The original description of cuttings and 
cores describes a thick siliciclastic succession (20–1025 m) 
corresponding to Namurian-A (Ribbert, 2006). Other 
stratigraphic profiles suggest that the succession is of both 
Namurian and Westphalian-A in age (Figure 13), without 
indication of the boundary between them (Becker et al., 2011; 
Trautwein-Bruns et  al., 2011). Based on new palynological 
data (Supplement, S3.5), the interval from 20 to 40 m is 
interpreted as Westphalian, and the interval 300–780 m as 
Namurian-A (TK-Zone; Clayton et  al., 1978). These results 
contrast with the original borehole description and constrain 
the depth of the Namurian-Westphalian boundary somewhere 
between 40 and 300 m (Figure 13). Faults are annotated 
differently among the existing stratigraphic profiles 
(Figure 13). For example, Sindern et al. (2008) indicate a fault 

contact at 1440 m, while Becker et al. (2011) indicate a hiatus 
at this depth (Figure 13). This contact at 1440 m is cored and 
characterised by numerous quartz-carbonate-chlorite veins 
(Becker et al., 2011; Sindern et al., 2008, 2012). Veins frequently 
exhibit slickensides with steps indicating both up- and down-
dip slip. Pseudotachylite and fault breccias testify to high 
stresses (Sindern et al., 2012). The paleofluid composition of 
veins from the same interval was interpreted as being 
introduced from a Variscan brine along a fault (Sindern et al., 
2012). On top of that, the scattered bedding attitude and 
sudden dip change indicate deformation around 1440 m 
(Figure 14), and the increased fracture density suggests a fault 
zone (Pechnig, 2005). Based on dip patterns and shear wave 
velocity anisotropy, Trautwein-Bruns et  al. (2011) also 
indicated a zone of high deformation exceeding a width of 150 
m and interpreted as a thrust zone from 1269 to 1437 m (Figure 
13). These observations collectively suggest that the contact 
between the Lower Devonian and the Famennian is most 
likely a fault contact, rather than a hiatus.

Inspected borehole reports

Mezzel-6 (DB-141), Baneheide (DB-115), and Horbach VI
Inconsistencies were identified between stratigraphic 
profiles in borehole reports and geodatabase viewers. The 
Mezzel-6 (DB-141) borehole was drilled only 285 m apart 
from the recent Cottessen borehole. Its original description 
describes a micaceous sandstone succession from 32.25 m to 
the base at 186.92 m (Geologisch Bureau, 1937). These sand-
stones underlie mudstones and thus, have a similar litho-
stratigraphic succession as the Cottessen core (Section 4.3.1). 
Therefore, the mudstones (3.10–32.25 m) most likely repre-
sent the Epen Formation, and the micaceous sandstones 
(32.25–186.92 m) the Condroz Formation. However, on the 

Figure 12.  Different stratigraphic profiles of the Paleozoic succession in KSL-02, dotted lines indicate depths of stratigraphic boundaries. The left columns are lithostratigraphic 
interpretations, and the right are chronostratigraphic interpretations. (A) Lithostratigraphy after geodatabase viewer (NLOG, 2025). (B) Profile by Bless et al. (1981a) (C) Suggest-
ed stratigraphy by Mozafari et al. (2019). (D) Stratigraphic profile with faults indicated as interpreted in this study. (E) Suggestion for an updated profile. BVL = Beveland mbr, 
PdA = Pont d’Arcole formation.
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NLOG geodatabase viewer, the upper Carboniferous 
Limburg Group is indicated for the entire borehole (NLOG, 
2025). Thus, stratigraphic information from the geodatabase 
viewer mismatches a retrospective lithostratigraphic inter-
pretation made with additional information.

Borehole Baneheide (DB-115) is a 509.65 m deep borehole 
(Figure 2), which reached Paleozoic strata below 130.50 m 
(Geologisch Bureau, 1985). Strata were initially interpreted as 
lower Westphalian, based on coal beds in the 307–400 m 
interval (Patijn & Kimpe, 1961). Later, however, index 

Figure 13.  Different stratigraphic profiles of RWTH-1 with tadpoles and a gamma ray log from Trauwein-Bruns et al. (2011). Note the differences in fault zone locations. The profile 
on the right is a reinterpretation of this study. UFS = upper famenne shales; FS = Famenne shales.
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goniatites from the upper part were interpreted as being of 
Namurian age (Geologisch Bureau, 1985). The resulting age-
conundrum was explained by interpreting a thrust fault that 
displaced Namurian strata over Westphalian-A strata 
(Geologisch Bureau, 1985). This fault was described with a 
~270 m vertical throw located at 170 m depth (Geologisch 
Bureau, 1985). Yet, in the original  report, this fault zone is 
described slightly deeper at 187.10–215.70 m (Geologisch 
Bureau, 1922). We incorporated the amendment of Geologisch 
Bureau (1985) while adhering to the original depth of the fault 
zone. The resulting stratigraphic profile deviates from the 
NLOG viewer (NLOG, 2025), indicating uncertainty in the 
geodatabase viewer.

Horbach VI is a 182 m deep borehole drilled in 1948 in the 
former Melanie mining concession (Figure 2), west of 
Kohlscheid (Germany). The borehole reached Carboniferous 
strata after drilling 21.4 m and encountered the Steinknipp 
marker bed indicating an early Westphalian age for the strata 
overlying this marker (Maurenbrecher, 1944). Although the 
abovementioned information is available in the physical 
archive of NRW, the Horbach VI borehole is not included in the 
NRW geodatabase viewer (Geobasis NRW, 2025). This lack of 
information exemplifies an uncertainty caused by limited data 
availability.

Lanaye boreholes (108W-202, 108W-203, 108W-204) and Eysden 
(DB-144)
Three boreholes (108W-202, 108W-203, 108W-204) were drilled 
at Lanaye (Belgium, Flanders; Figure 15A). The Paleozoic strata 
were all described as Namurian shales, based on their dark 
grey coloured shaley appearance. Later, however, microfossils 
were found in these strata that indicated a Dinantian age 
(Kimpe et al., 1978; Pirlet, 1967). Based on these age constraints, 
it was argued that the Lanaye boreholes encountered weath-
ered and silicified Dinantian carbonates that resemble shales 
(Bless et al., 1976). This amendment is unmentioned in reports 
provided by the DOV geodatabase viewer for these boreholes 

(DOV, 2025). Thus, the Lanaye boreholes exemplify both uncer-
tainty in geodatabase viewers and uncertainty caused by 
ambiguous lithofacies.

Similarly, Kimpe et al. (1978) argued that silicified shales in 
the Eijsden area suffered similar interpretation problems and 
are actually of Visean age. Yet, in the NLOG geodatabase 
viewer, the Paleozoic section of the Eysden borehole (DB-144) 
is indicated as the Namurian Epen Formation (NLOG, 2025). 
Thus, the NLOG geodatabase viewer mismatches the most 
recent stratigraphic constraints for the DB-144 borehole.

Evaluation of maps and structures

Based on the compiled borehole dataset (Figure 8), we assess 
the uncertainty of geologic maps and appended cross-sections, 
focusing on the most recent top-Paleozoic map (RGD, 1995). 
As highlighted before, we do not intend to critique these legacy 
materials, rather, we evaluate them to examine sources of 
uncertainty from a modern-day geomodelling perspective. We 
examine a subset of four geologic structures depicted on 
geologic maps (Bless et al., 1976; Kimpe et al., 1978; RGD, 1995) 
and trace their origin in legacy literature. To this end, the Border 
Fault, Geul Fault, Visé-Puth Anticline, Waubach Anticline, and the 
Val Dieu anticline were selected (Figure 2).

Geological maps and cross-sections

Comparing three geologic maps with borehole stratigraphy of 
the compiled dataset (Figure 1C) revealed several mismatches. 
A geologic map covering the Geul River-Valley (Laloux et al., 
2000) conforms with our compiled dataset, and a Paleozoic 
subcrop map in the Belgian Visé region (Barchy & Marion, 
2007) has one mismatch. The top-Paleozoic geologic map of 
South Limburg and surroundings (RGD, 1995) contains 22 
mismatches (Figure 15A). Four mismatches are related to 
information in geodatabase viewers that was revised 
(Section 4.3.3). Most other mismatches are near stratigraphic 

Figure 14.  (A) Borehole image log televiewer of RWTH-
1 at the Famennian-Lower Devonian contact around 
1440 m (Trautwein-Bruns et al., 2011). (B) Deformed rock 
in the RWTH-1 core at 1443.5 m. (C) Fault breccia with 
juxtaposed sand and mudstone at 1434 m. (D) Chlorite 
slickenfibres indicating up dip-slip at 1393.5 m.
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boundaries (Figure 15A), suggesting an uncertainty of limited 
magnitude. Nevertheless, the mismatches indicate that the 
RGD (1995) map should be used cautiously outside the coal 
mining region.

The recent cottessen-borehole revealed an unconformity 
whereby the Dinantian succession is completely missing 
(Figure 9D). This stratigraphic gap is not shown in the cross-
section appending the RGD (1995) map (Figure 15A). The top-
Famennian contact of the recently drilled Cottessen borehole 
also mismatches the cross-section with a depth difference of ~2 
km (Figure 15B). Similarly, stratigraphy of the ‘s Gravenvoeren 
borehole shows a ~500 m mismatch with a cross-section 
through the Visé region (Barchy & Marion, 2007; Figure 15C). 
These mismatches indicate that these cross-sections are a source 
of uncertainty for geomodelling.

Faults

Numerous faults are depicted on the RGD (1995) map (Figure 2). 
Of these faults, we discuss the Geul Fault and the Border Fault. 
Along the Geul valley, the Geul Fault is indicated on the RGD 
(1995) map (Figure 2). Outcrops in Plombières expose two 
NW-SE oriented slickensides (170˚, 77˚) with sinistral strike-
slip indicating steps. We measured similarly oriented slicken-
sides at the Cottessen quarry (148˚, 35˚) along the trajectory of 
the Geul Fault. Oblique sinistral indicating slickenfibres on a 
vertical plane (strike = 132˚) are also present in the Cottessen 
core at 195.5 m depth. Furthermore, the Geul Fault trajectory 
coincides with Pb-Zn mineralisations (RGD, 1995), including 
the fault-related Sippenaeken and Plombières deposits 
(Dejonghe, 1998; Geologisch Bureau, 1954). A borehole report 

Figure 15.  Geologic map and cross-sections with borehole stratigraphy overlain for comparison. (A) Southern part of the most recent top-Paleozoic map (RGD, 1995). Circles 
indicate mismatching stratigraphy. (B) Cross-section appending this map. (C) Cross-section appending geologic map sheet (34/7–8) covering Visé-St-Martens-Voeren (Barchy & 
Marion, 2007). Note the mismatches indicated by black arrows.
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from an inclined well in Plombières (Belgium; Bl-2) describes a 
transfer fault at 342 m coinciding with the Geul Fault (Wallonie, 
2025). These observations support the existence of the Geul 
Fault as depicted on the map (RGD, 1995) and, despite few kin-
ematic indicators (n = 4), it possibly has a sinistral strike-slip 
component.

The Border Fault is depicted on the RGD (1995) geologic map 
with a SSW-NNE strike running through South Limburg 
including the city of Maastricht (Figure 2A). On an older map 
(Bless et  al., 1976), this region was left blank and the border 
fault was indicated with a question mark. In the 1970s, in an 
attempt to constrain the location of the Border Fault north of 
Liège, five nearby boreholes were drilled near Viller-Saint-
Siméon (Legrand, 1977). At this location in Belgium the strike 
of the fault can be inferred from gravity data (Bless et al., 1980; 
Everaerts & De Vos, 2012) and it was extrapolated towards 
Maastricht in the NNE (Figure 2). Only a few boreholes are 
located NNE of Villers-Saint-Simeon (Figure 8), making this 
extrapolation uncertain. The Border Fault is depicted on the 
RGD (1995) map, continuing in South Limburg to connect with 
the so-called 70 m Fault (Figure 2). No evidence was found in 
this data review that suggests a connection between the Border 
Fault and the 70 m Fault. Both the orientation and kinematics 
of  the Border Fault differ from the 70 m Fault (Legrand, 1977; 
Sax, 1946; Figure 2). Therefore, connecting these two faults, as 
depicted on the RGD (1995) map, is somewhat speculative.

Anticlines

Three anticlines are reviewed of which two are shown on the 
RGD (1995) map named Visé-Puth Anticline and Waubach 
Anticline. The Waubach Anticline is described with elevated Cl 
and Pb-Zn concentrations in groundwater (Kimpe, 1963; Kimpe 
et al., 1978). The anticline is inferred from the shallow sub-crop-
ping of the Namurian amid Westphalian deposits and is 
depicted on Dutch maps (Kimpe et al., 1978; RGD, 1995) with a 
SW-NE trending axis (Figure 2). This orientation suggests a 
genetic link with Variscan deformation (Patijn, 1963b). Towards 
the east, in the Aachen coalfield, the Waubach anticline is 
depicted with a NNE-SSW orientation (Wrede & Zeller, 1988). 
This variation could be explained by the curvature of the 
Variscan fold-and-thrust belt around the London-Brabant-
Massif (Wrede & Zeller, 1988).

The Waubach Anticline is described as a SW-plunging anticline 
with the northern flank running until the 10 m Fault (Sax, 1946). 
Later, a seismic survey in the Voerendaal area (South Limburg) 
suggested the existence of the Anticlinal Fault (Patijn & Kimpe, 
1961). Afterwards, the Waubach Anticline was associated with 
this nearby Anticlinal Fault and ran until this fault on top-
Paleozoic maps (Kimpe et  al., 1978; RGD, 1995; Figure 2). 
Furthermore, the Waubach Anticline is described as an asymmetric 
anticline with a gently dipping southern and a steeper dipping 
northern flank (Sax, 1946). This vergence, and its association now 
with the Anticlinal Fault, is characteristic of a hanging wall 
anticline (Fossen, 2016). Legacy cross-sections also show the 
Willem Fault with a hanging wall anticline geometry (Figure 4E). 
Likewise, the Waubach Anticline can be interpreted as a hanging 
wall anticline of the Anticlinal Fault (Figure 4E).

The Puth Anticline (Figure 2) was recognised in the Maurits 
mine and interpreted as compression flexure (Dikkers, 1945; 
Patijn, 1963a; Sax, 1946). This Puth Anticline is expressed as 
Namurian strata amid Westphalian strata near the village of 

Puth (Kimpe et al., 1978). The Puth Anticline occurs along strike 
the Visé Anticline and was interpolated as a single structure, 
named Visé-Puth Anticline, on the Dinantian depth contour map 
(Bless et  al., 1976). The Visé-Puth Anticline corresponds to 
enhanced Cl-concentrations in soils and mining waters (Bless 
et al., 1976; Kimpe et al., 1978) and a -5 mGal negative gravity 
anomaly (Bless et al., 1981b). Frasnian exposures, at Souvré and 
La Folie (Section 4.2.2) were interpreted as the core of the 
Visé Anticline (Bless et al., 1976).

The unconformity at the Frasnian-Dinantian contact at the 
La Folie quarry (Figure 2; Section 4.2.2) led Bless et al. (1976) 
to interpret the Visé Anticline as a synsedimentary ridge. In 
addition, the Puth Anticline was interpreted to have affected 
Westphalian sedimentation (Bless, 1973), ultimately leading 
Bless et  al. (1976) to interpret that ‘the anticline has been a 
synsedimentary ridge from at least the Dinantian to lower 
Westphalian times and was at least intermittently active’. This 
interpretation assumes that the Visé-Puth Anticline was 
already one joint structure during the Dinantian. Deformed 
Westphalian strata as part of the Puth Anticline (Dikkers, 1945) 
imply that the Puth anticline formed or deformed during or 
after Westphalian times. Thus, if the Visé and Puth Anticlines 
are part of a single connected structure, the cross-cutting 
relationship suggests it formed either by progressive or 
multi-phase deformation up to Westphalian times. Although 
the connection of the two anticlines has not been confirmed by 
additional data and few boreholes are located between the 
two structures (Figure 8).

The Val Dieu Anticline is expressed by a southwest-
northeast oriented band of Famennian strata outcropping 
amid Namurian strata (Barchy & Marion, 2000). The anticline 
is interpreted as a structure in the hanging wall of a Variscan 
thrust fault (Ancion et al., 1943; Barchy & Marion, 2000). The 
structure was first described based on field data near the 
abbey of Val Dieu and a former quarry named Booze (Ancion 
et al., 1943). The exposed strata revealed an unconformable 
contact between Famennian and Namurian strata (Ancion et 
al., 1943; Graulich, 1955). This unconformity is interpreted as 
formed by a structural high, named Booze-Le Val-Dieu Ridge, 
which has been extrapolated from Val Dieu to the northeast 
towards Aachen (Arndt et  al., 2020). This paleogeographic 
feature is considered to have separated different basins or 
acted as a shoal during the Dinantian (Bless et  al., 1980a, 
1980b), and was later deformed by Variscan tectonics 
(Graulich, 1955).

In the recently drilled Cottessen and Terziet boreholes, an 
unconformity between Famennian and Namurian strata was 
also found (Figure 9D). These boreholes are located in the 
southwest-northeast continuation of the mapped Val Dieu 
Anticline (Figures 1, 2). Assuming the unconformity in 
Cottessen and Terziet is part of the same structure, these new 
data confirm the previously interpreted trend of the Val Dieu 
Anticline and demonstrate a degree of certainty in legacy 
concepts.

Identifying uncertainties

In statistics, a distinction is made between quantitative 
uncertainty that is described numerically and qualitative 
uncertainty that can be described categorically (Bulmer, 
2012; Funtowicz & Ravetz, 1990). Quantitative uncertainties 
are somewhat similar to precision and are described by 
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statistical probability using uncertainty ranges. In geomod-
elling, this uncertainty can, for example, describe the uncer-
tainty range of a predicted fault strike (e.g. 45–65˚), regardless 
of whether the fault actually exists. In contrast, qualitative 
uncertainties relate to interpreting non-numerical data and 
are more akin to accuracy. They are expressed in terms of 
probable or improbable. Qualitative uncertainty can describe 
the probability of whether a fault exists at all. Such uncer-
tainties can be expressed by an estimated number to incor-
porate them into a Bayesian modelling framework (Joo et al., 
2020). Estimation, however, can be challenging and requires 
an understanding of these uncertainties. Here, we reflect on 
the encountered uncertainties in geomodelling inputs and 
group them into different types (Table 2).

Uncertainty scheme

An uncertainty scheme was made specifically for geologic 
mapping (Mann et al., 1993), which was later adapted in the 
context of geomodelling (Wellmann et al., 2010). In the latter 
scheme, three uncertainty types were categorised relating to 
(1) data imprecision and quality, (2) stochasticity and geosta-
tistical interpolations, and (3) incomplete knowledge about the 
geological domain (Wellmann et  al., 2010). However, as 
exemplified in this article, an incomplete knowledge of the 
geological domain (Type 3) can manifest itself in input materi-
als (Type 1). This overlap invites a closer look at input-related 
uncertainties to find their causes, which helps with more effec-
tive tracking of uncertainty. Therefore, causes of uncertainty 
are identified and comprehensively classified (Table 2). The 
presented categories affect the making of an explicit static 
model, made from cross-sections (Lemon & Jones, 2003) also 
called a geometric or framework model (Wood & Kessler, 
2021). The following sections elaborate on the types of 
uncertainty listed in Table 2.

Uncertainty in stratigraphic interpretation
Uncertainty in stratigraphy interpretation (Type a) is caused 
by observational limitations and ambiguity (Figure 16). This is 
exemplified by the weathered Dinantian carbonates resem-
bling Namurian shales (Section 4.3.3). This resemblance 
caused interpretation problems resolved with additional 
biostratigraphic constraints (Bless et  al., 1976; Kimpe et  al., 
1978). Similarly, diagenetically formed breccias can be 

ambiguously interpeted as breccias formed by tectonic pro-
cesses (Flude et al., 2025). This ambiguity results in multiple 
viable stratigraphic interpretations, causing uncertainty 
(Høyer et al., 2024).

Uncertainty in biostratigrpahic interpretation originates 
from (1) limitations of identification, (2) contamination and 
reworking, and (3) an imprecise calibration. The first source of 
uncertainty is demonstrated by samples of the Banholt borehole 
(Section 4.3.1). Microfossils were altered to an extent that no 
interpretation could be made by specialists (Section 4.3.2). 
Ultimately, no distinction between a Namurian or Westphalian 
age was possible (Section 4.3.1). Uncertainty caused by the 
possibility of reworking is exemplified by trying to pinpoint 
the Devonian-Carboniferous boundary in the Kastanjelaan 
borehole (Section 4.3.2). Due to reworking, microfossils can 
indicate an older age than its host rock. This possibility of 
reworking causes quantitative uncertainty on the precise depth 
of a stratigraphic contact.

Uncertainty in fault interpretation
Uncertainty in interpreting faults (type b) is caused by prob-
lems with their recognition and interpreting their scale. 
Difficulties with recognising faults are exemplified by differ-
ences in fault interpretation between borehole profiles of 
Kastanjelaan-2 and RWTH-1 (Figures 12 and 13). Faults in 
boreholes are often not discrete planes but rather zones of 
fractured strata. Fracturation, however, can also be caused 
artificially during drilling, which makes it challenging to 
determine its cause. A means to recognise if the fractured 
interval is a fault zone is the presence of breccias (Figure 11D, 
E). However, breccias can form in seven different environ-
ments by different processes (Flude et  al., 2025), thereby 
complicating their interpretation. Specific features, such as a 
piece of broken-up mineral vein as clasts (Figure 11D), can 
help to discriminate between different breccias. Two other 
features associated with fault zones is the juxtaposition 
of  stratigraphic units and dragged bedding patterns 
(Figure 11A). The stratigraphic order of the juxtaposed units 
and the bedding patterns help to discriminate between nor-
mal and thrust faults (Fossen, 2016). Furthermore, recognis-
ing faults is also aided by borehole image logs. These logs 
help to recognise increased fracture density and bedding 
patterns around fault zones (Section 4.3.1). However, we 

Table 2.  Categories of uncertainty recognised in geomodelling-inputs in this study.

Type of uncertainty Causes Example

a. Stratigraphic interpretation -Ambiguity of interpreting data Resemblance of Namurian mudstones and weathered Dinantian silicified strata

-Indiscernible fossils

-Possibility of reworking of fossils

b. Fault interpretation -Problems in scaling fault dimensions Deciding to incorporate a fault with ~25 m damage zone into a regional 
cross-section-Interpreting damage zone thickness

-Lacking stratigraphic constraints

c. Transferring data -Differences in presented information Differences in indicated bore-hole stratigraphy and faults among different 
sources-Consequences of stratigraphic revision

d. Legacy materials -Inconsistencies in interpretive products Geologic cross-sections or maps that mismatch borehole stratigraphy

The letters a–d are used in Figure 16 and Table S5.1.
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demonstrated a resemblance between similarly oriented 
bedding and fracture planes that caused errors in interpret-
ing image logs. Despite this pitfall, borehole image logs 
are still helpful tools in recognising fault zones, as demon-
strated with the case of the Banholt and Cottessen boreholes 
(Section 4.3.1).

Besides difficulties in recognising faults, uncertainty in 
interpreting them (type b) is caused by interpreting their scale. 
Determining the offset of faults when making cross-sections 
introduces uncertainty (Figure 16). The damage zone thickness 
is taken into consideration when interpreting the offset of faults 
by scaling laws (Torabi & Berg, 2011). However, problems can 
arise when pinpointing the outer limit of a damage zone, and 
deviating criteria are used in practice and literature (Torabi 
et  al., 2020). In the example of the Banholt borehole, the 
thickness could not be determined as drilling stopped in the 
fault zone (Section 4.3.1). In addition, faults in boreholes have 
apparent thicknesses due to the trigonometric relationship 
between a dipping fault zone and a vertical hole. Hence, if the 
dip of the fault is unknown, the actual fault thickness cannot be 
determined precisely, challenging the interpretation of the 
scale of a fault by scaling laws.

When the damage zone is known, uncertainty persists as 
damage zone thickness varies along its fault plane (Caine 
et al., 1996). Empirical relationships between fault dimensions 

and fault zone thickness suffer from substantial natural 
variability (Sperrevik et  al., 2002; Torabi & Berg, 2011). 
Therefore, scaling heuristics – a thicker fault zone has a larger 
offset – serve as a rough estimator, which does not necessarily 
hold true. Because of the scaling problems, deciding to 
incorporate a fault into a regional cross-section comes with 
uncertainty. This qualitative uncertainty affects the boundary 
conditions of geomodels and can be handled by scenario-
based modelling.

Uncertainty in transferring data
Uncertainty in transferring data (Type c) can arise from 
inconsistencies in data communication as processed data are 
shared among peers. These uncertainties affect the position 
of stratigraphic bounding surfaces and thereby the geometry 
of the geomodel. Uncertainty in data transfer is exemplified 
by stratigraphic borehole profiles of the same borehole that 
differ among various sources (Section 4.3.2). These differ-
ences can result from revised stratigraphic nomenclature 
(Mascarelli, 2009), as for the Kastanjelaan-02 borehole 
(Section 4.3.2). Differences in presented information were 
also observed in seven examples of borehole reports deviat-
ing from stratigraphic profiles by geodatabase viewers. 
These inconsistencies arise from revised stratigraphic inter-
pretations that are not updated in geodatabase viewers or 

Figure 16.  Sources of uncertainty recognised in geomodelling inputs for explicit modelling of the architecture of deformed domains. Letters a–d refer to Table 1. 
Uncertainties in geophysical survey data are excluded. The network shows numerous intertwined sources that challenge an overview of all the uncertainties accumulat-
ed in the process. The term ambiguity refers to how data can be interpreted in more than one equiprobable way. Definitions for each term are provided in Supplement 
Table S5.1.
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with a delay. These inconsistencies are hard to tackle given 
the size of geodatabases and the accumulation of data and 
insights.

Uncertainties arising from transferring data in geoscience 
have also been found to relate to semantic misunderstanding 
and data reworking (Ma et al., 2014). Semantic misunderstanding 
occurs when processed data are understood differently than 
intended by the provider. As processed data are passed on to 
coworkers or peers, a data reworking can occur and errors can 
propagate that are easily unnoticed in cross-disciplinary 
geoscience projects (Allen et al., 2008; Ma et al., 2014).

Uncertainty in legacy materials
Uncertainty in legacy materials (type d) can be caused by 
changing paradigms and concepts after new data were 
acquired. This uncertainty was revealed as mismatches with 
the data (Figure 16). For example, the geologic map discussed 
in Section 5 (RGD, 1995), is demonstrated to have mismatches 
with borehole data (Figure 15A). Also, cross-sections may 
mismatch borehole stratigraphy by 100-1500 m (Figure 15B, 
C). These mismatches indicate qualitative uncertainty from 
interpretive decisions made to complete the geologic map and 
cross-sections. Due to these interpretive decisions, geologic 
maps always have some degree of qualitative uncertainty. 
However, two other geological maps in Belgium conform to 
the dataset, which demonstrates a degree of certainty in the 
legacy materials.

Geologic concepts that changed over time can cause 
misconceptions in legacy materials. This is exemplified by a 
coal mining cross-section made before the 1960s showing 
mechanically unfavourable geometries (Section 5.1). This is 
because older coal mining sections were drawn with different 
geologic principles of tectonic processes of times before plate 
tectonics gradually became widely accepted (Nitecki et  al., 
1978). Misconception arises when the underlying assumptions 
in legacy interpretation are now understood differently. 
Nevertheless, mining cross-sections also show mechanically 
realistic geometries that provide helpful information (Section 
5.1). Assessing structural interpretations in coal mining 
cross-sections helps to examine whether faults have 
mechanically favourable angles and offsets and look whether 
geometries are similar to natural examples (Section 5.1). The 
degree of consistency of structural style within a concession 
can also guide an assessment. Uncertainty in maps and cross-
sections can be assessed by comparing them with the data 
itself. However, this validation process can be challenging as 
mine shafts are closed and former outcrops are sometimes 
inaccessible or partly overgrown (Section 4.2). Yet, a swift 
validation check can already provide a useful estimation of 
uncertainty.

Cognitive bias
Where data are inconclusive, interpretative decisions are 
made that, albeit logical, suffer from unconscious cognitive 
biases (Baddeley et  al., 2004). For example, when several 
equally probable interpretations can be derived from the 
data, a person is often inclined to favour the option that best 
fits his or her conceptual model, i.e. confirmation bias. When 
working in a group, a person can be inclined to interpret 
what is generally accepted, referred to as the bandwagon effect 
(Polsen & Curtis, 2010). A cognitive bias can also occur when 
a person tends to overly rely on the first piece of data or 

information that he or she comes across (Tversky & 
Kahneman, 1974). Similarly, a person can overly rely on 
prior knowledge related to experience, known as availability 
bias (Tversky & Kahneman, 1973). These cognitive biases can 
influence interpretation across all identified types (Figure 16). 
Yet, despite these cognitive biases, geological interpretation 
is factual and based on objective criteria (e.g. see Section 
6.1.2). To ensure these impartial interpretations, it can be 
necessary to use working hypotheses (Chamberlin, 1965) or 
working with scenarios when making maps or cross-sections 
(Bentley & Smith, 2008).

Towards weighing uncertainty
Tracking uncertainties that enter the geomodelling process 
is  challenged by numerous intricate links between various 
causes (Figure 16). The main categories of uncertainty are 
linked, obscuring the boundaries between categories. For 
example, uncertainty in legacy materials (type d) affects uncer-
tainty in transferring data (type c). Also, uncertainty in strati-
graphic interpretation affects the fault interpretation if different 
stratigraphic units are juxtaposed. Additionally, all uncertainty 
types are affected by an interplay of limited data, limited time, 
and cognitive biases (Figure 16). These interconnections imply 
complexity that adds up in the uncertainty chain of 
geomodelling.

The identified causes and uncertainty scheme (Table 2) 
allow to gain a better understanding of uncertainty in 
geomodelling inputs. Yet, the question of how often each 
uncertainty arises remains an open question. In the investigated 
case, uncertainty caused by interpreting stratigraphy was 
recognised repeatedly. Yet, the frequency of uncertainties can 
be irrelevant if an uncertainty has little effect on model 
outcomes. Therefore, the magnitude of each uncertainty is a 
most relevant subject for further research. For example, the 
quantitative effect of uncertainty in transferring data (type c) 
on geological models can be examined by numerical sensitivity 
tests. Alternatively, a qualitative criterion can be used to 
compare their weights. For example, discriminating whether 
the uncertainty is quantitative or qualitative can be helpful to 
rank them. Qualitative uncertainties can substantially change 
the boundary conditions and is, therefore expected to have 
more impact than quantitative uncertainties.

Most stratigraphic mismatches between borehole data and 
the studied geologic map (RGD, 1995) are near stratigraphic 
boundaries (Figure 15). These mismatches therefore suggest 
uncertainty that has a limited impact on model outcomes. On 
the contrary, cross-sections (Barchy & Marion, 2007; RGD, 
1995) have depth mismatches up to 1500 meters (Figure 15). 
These mismatches have substantial impacts on the model 
boundary conditions and thus outcomes. To better understand 
the relevance of these uncertainties, future research could 
contribute by testing and comparing the magnitude of 
uncertainties to ultimately make a ranking and prioritisation 
for different subsurface cases. Sensitivity analyses are used to 
study the effect of uncertainty in stratigraphic interpretation 
(Liu & Wang, 2022). Similarly, the impact of uncertain scaling 
of faults can be examined by sensitivity testing and then 
compared with test results examining uncertainty related to 
transferring data. Eventually, each uncertainty can be 
incorporated into the modelling workflow using a Bayesian 
method (De la Varga & Wellmann, 2016). When geological 
uncertainty involves substantial qualitative uncertainty, 
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working with scenarios helps to describe uncertainty (Bentley 
& Smith, 2008). A better understanding of the magnitude of 
cascading uncertainties will ultimately lead to improved 
geomodels and better decision-making. This will aid the 
construction of a reliable geomodel and decision-making in 
subsurface engineering projects.

Conclusions

Our research objective was to identify causes of uncertainty 
in geomodelling input after compiling and reviewing sub-
surface data. These data review show the necessity of vali-
dating legacy materials to design a reliable modelling 
strategy before starting geomodelling. A vast amount of leg-
acy knowledge and data exist and new data have brought 
new insights to this information. New litho- and palynos-
tratigraphic results reveal an unconformity at the Famennian-
Namurian contact in the Cottessen and Terziet boreholes. 
These new findings are in line with the Val-Dieu Anticline 
and Booze-Le Val Dieu Ridge described in legacy literature, 
demonstrating a degree of certainty. Reviewing data also 
revealed inconsistencies between (1) original borehole 
descriptions and stratigraphic information provided by 
online geodatabase viewers, (2) interpreted borehole image 
logs and cores, (3) borehole data and cross-sections, and (4) 
the compiled borehole dataset and two geologic maps. The 
examination of these inconsistencies suggests that causes of 
uncertainty are interconnected, thereby creating complexity. 
We identified various sources of uncertainty and categorised 
them into four main types. After this recognition, we call to 
investigate the magnitude of each uncertainty on model out-
comes by sensitivity testing. The recognised uncertainties 
should eventually be incorporated into the modelling work-
flow. We draw the following conclusions:

1)	 Uncertainty in stratigraphic interpretations (type a) is 
caused by the ambiguity of lithofacies. This uncertainty is 
exemplified by a lithofacies of silicified Dinantian car-
bonates that are, in appearance, indistinguishable from 
Namurian mudstones. This type of uncertainty can perme-
ate into geologic maps

2)	 Uncertainty in interpreting faults (type b) is caused by dif-
ficulties in their recognition and uncertainty in using scal-
ing laws to estimate offsets of faults. This uncertainty 
permeates into geological cross-sections.

3)	 Borehole image logs demonstrated usefulness in recognis-
ing and interpreting faults; however, ambiguity in similarly 
oriented fractures and bedding planes challenges fracture 
identification.

4)	 Uncertainty related to transferring data (type c) is caused by 
stratigraphic reinterpretations of borehole reports that are 
not incorporated in geodatabases. This uncertainty is exem-
plified by stratigraphic profiles of the same borehole that are 
presented differently among various sources, i.e. literature 
and geodatabase viewers. Inconsistencies were found in 
this  study for the following boreholes: Kastanjelaan-02, 
RWTH-1, DB-141, DB-115, and DB-144.

5)	 Uncertainty in legacy materials (type d), such as geologic 
maps and cross-sections, is caused by changes in paradigms 
and concepts from later insights. This uncertainty is exem-
plified in our case study by cross-sections that mismatch 

borehole stratigraphy up to 1500 meters. Two geological 
maps are also found to mismatch data to some degree, 
while one map conforms to the compiled dataset. 
Uncertainty in cross-sections can have a substantial impact 
on geomodel design.
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