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Abstract. Three-dimensional geological modelling of orogenic belts and other highly deformed complexes remains 10 

challenging, especially in metamorphic complexes, where the obliteration of stratigraphy complicates the definition of units, 

boundaries, and their relations. In such contexts, approaches inherited from modelling in sedimentary basins often lead to 

ambiguous definition of the legend (and the units represented therein) and topologically inconsistent 3D models. Here, we 

present the Structural Topology Model (STM), a conceptual framework designed to formalise the construction of consistent 

geological legends by making explicit the relations between units, bounding surfaces, and their structural roles, according to 15 

the concept of oriented topology (based on the properties of continuity and conformability). Central to STM is the concept of 

the Structural Level, which integrates absolute ages, relative ages, and structural relations into a scalar field used to define an 

ordered sequence of geological units and events, even where chronological constraints are incomplete or ambiguous. STM 

was conceived for 3D modelling, but it could be applied also in 2D to geological maps and cross-section providing useful 

constraints and tools to validate topological relationships and conceptual models. The method is illustrated with two case 20 

studies in the Helvetic units of the Aar Massif (Helvetics, Central Swiss Alps) and in Penninic units of the Gressoney Valley 

(Western Italian Alps). In both examples, STM enables the construction of topologically consistent volumetric models that 

preserve internal structures, foliation patterns, and cross-cutting relationships, while providing an unambiguous framework for 

labelling units and boundaries. STM, already implemented in the open-source PZero 3D modelling platform, is independent 

of specific software implementations or interpolation techniques and could be potentially applied in a wide range of geological 25 

settings and software. In this way, limitations of implicit 3D modelling in complex polydeformed areas are reduced 

substantially. 
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1 Introduction 

3D geological modelling techniques have seen a constant development since the early ‘90s, thanks to a concurrent development 30 

of hardware and software (Mallet, 1988, 1997, 2002). Originally their applications were focused on oil and gas reservoirs 

(Gartrell et al., 2004; Power et al., 2001), mining (Sides, 1997; Vollgger et al., 2015; Wang et al., 2018), underground 

repositories and research facilities (Schneeberger et al., 2017, 2018) and in some case on geothermal exploration (e.g. Witter 

and Phillips, 2012). This range of applications reflects the high capital intensity of these industries, where the financial value 

of subsurface targets justifies substantial investment in 3D/4D data acquisition and analysis, and therefore in software and 35 

hardware (Hartman and Mutmansky, 2002; Jahn et al., 2008). More recently, 3D modelling is becoming common in many 

other fields of geology, thanks to cheap high-performance 3D graphics hardware, new techniques and algorithms that are 

constantly under development, sustained both by specialised software houses but also by a growing community of open-source 

developers (de la Varga et al., 2019; Bistacchi et al., 2021; Grose et al., 2021; Lyu et al., 2021; Hillier et al., 2023; Malard et 

al., 2023; Monti et al., 2024; Kamath et al., 2026). These applications now routinely include geothermal projects (Guglielmetti 40 

et al., 2013; Milicich et al., 2014), nuclear waste repositories (Bossart et al., 2017), civil or industrial underground facilities 

(Bistacchi et al., 2008; Xiong et al., 2018), and fluid reservoirs in the framework of the energy transition (Kaufmann and 

Martin, 2008; Vo Thanh et al., 2019). The diffusion and improvement of 3D geomodelling technologies has also suggested an 

increasing number of national geological survey agencies the possibility to complement the classic 2D map representation with 

3D models of the surface and sub-surface geology (Maxelon and Mancktelow, 2005; Baumberger et al., 2022; Musso Piantelli 45 

et al., 2022; Pizzella et al., 2022; Arienti et al., 2024; Dal Piaz et al., 2025a, b; Lopez et al., 2025), with the long-term goal to 

help managing – in synergy with other geosciences experts – geological hazard, water and geothermal resources, mineral 

deposits, and subsurface storage applications (Kaufmann and Martin, 2008). 

As 3D geological models are increasingly used to support geological interpretation and decision-making, assessing and 

communicating their reliability becomes increasingly important. Any 3D geological model represents an interpretation of 50 

incomplete and spatially heterogeneous geological information and is therefore inherently affected by uncertainty. Such 

uncertainty may involve both uncertainties associated with input data and model geometry, and those related to alternative 

geological interpretations or modelling scenarios (Wellmann et al., 2010; Wellmann and Regenauer-Lieb, 2012; Schneeberger 

et al., 2017; Baumberger et al., 2022). The explicit representation of geological knowledge and of the assumptions underlying 

a model is therefore an important component of model evaluation and comparison. 55 

The traditional paradigm used to represent geological bodies in 3D geomodelling is the so-called “boundary representation” 

(BREP)(Mallet, 2002). In this framework, geological units are defined as finite-size hollow volumes bounded by their 

boundaries (i.e. stratigraphic, tectonic, and intrusive contacts) represented by discretised surfaces (e.g. triangulated surfaces). 

Geological units in BREP models are a partition of the volume occupied by the model itself, which in turn is a partition of the 
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whole 3D space (Mallet, 2002). The boundary surfaces are therefore the key element in BREP, and the meaning of the model 60 

(the “legend” of the model in geological jargon) is strictly connected to the meaning of the boundary surfaces. 

In order for a BREP partition to be unambiguous, the volumes must be “watertight”, in the sense that the boundary surfaces 

must be perfectly sealed one to another and do not allow any connection between different units or leave undefined volumes 

within the modelling domain (Caumon et al., 2004). This topological condition is even more fundamental if the purpose of a 

3D geological model is not just qualitative visualisation, but to make available the geometry and properties of different volumes 65 

for further analysis or modelling downstream (e.g. Cacace and Blöcher, 2015; Kastner et al., 2017; Nguyen et al., 2017; 

Hussain et al., 2026). To produce a sealed model, discretised boundary surfaces must be connected along intersection polylines, 

with no undefined spaces or overlapping domains between the different units (i.e. “meet and contain” topological contacts 

according to the 9-intersections model, as in Egenhofer et al., 1993; Zlatanova et al., 2004; Wang et al., 2016). In common 

geological terms, this means that stratigraphic boundary surfaces must be perfectly sealed to other stratigraphic boundaries, 70 

faults, or the outer model boundaries, while faults could have free borders when their tip-lines (null displacement lines) fall 

within the model domain (hereafter referred to as “finite faults” in the sense that they do not extend to the whole model extent). 

In computer graphics jargon, this assembly of watertight discretised surfaces and intersection polylines is called a Piecewise 

Linear Complex (PLC)(Cacace and Blöcher, 2015; Tierny et al., 2018; Hussain et al., 2026). 

In a traditional 3D geomodelling workflow - known as “explicit approach”, the discretised surfaces that contribute to a BREP 75 

are modelled, one-by-one, with several different tessellation and interpolation algorithms, that are not specifically the object 

of this contribution (see for example Lévy and Mallet, 1998; Mallet, 2002; Caumon et al., 2004), and in a second step all their 

intersections are calculated, sometimes with a mesh-refinement or resampling step allowing to ensure perfect sealing (e.g. 

Cacace and Blöcher, 2015; Hussain et al., 2026). 

More recently, implicit modelling methods have been introduced, that use potential field-type functions (Lajaunie et al., 1997; 80 

Mallet, 2004; Caumon and Mallet, 2006; Caumon et al., 2007; Tertois, 2007; Calcagno et al., 2008; Hillier et al., 2014) to 

produce volumetric scalar field(s) representing the “stratigraphy” (more details are given in the following) from which the 

boundary surfaces are extracted a-posteriori (hence indicated as “implicit”). Implicit interpolation dramatically reduces user 

interaction and interpolation times, and increases the reproducibility of the model, since the whole model, including all 

different units, is interpolated in a single step, ensuring mathematical consistency and the watertight requirement (Tertois, 85 

2007). 

Whatever the interpolation methods used are, since many applications of 3D geological modelling are focused on hydrocarbon 

reservoirs or mining, the kind of geological structures involved are usually relatively simple (e.g. sedimentary basins with 

limited deformation), or sometimes more complex but condensed in a small volume (e.g. fault zones in mines). By contrast, 

when developing 3D models at the scale of the sheets of official national maps, at scales between 1:25.000 and 1:50.000 and 90 

for areas between 300 and 600 km2, modellers are forced to deal with very large study areas. Moreover, in metamorphic or 

fold and thrust belts, structures become more complex (Arienti et al., 2024; Musso Piantelli et al., 2026). The model may 

include both sedimentary cover and metamorphic and/or basement units, and these may be overturned, repeated, or completely 
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transposed, lithological boundaries may not correspond to stratigraphic ones, and temporal relationships are often uncertain or 

entirely obliterated. As a result, the construction of 3D geological models relies heavily on conceptual geological frameworks, 95 

in which geological objects are framed within a coherent geological history involving multiple processes (e.g. sedimentation, 

erosion, deformation, magmatic, metamorphism, etc.). In these contexts, the standard stratigraphic practice, as defined by the 

International Commission of Stratigraphy (Salvador, 1994), does not always apply or is not practically applicable, and defining 

target modelling units poses problems that must be solved according to different criteria and interpretative standards (Williams, 

1985; LeMaitre et al., 2002; Gillespie et al., 2008; Fettes et al., 2011; North American Commission on Stratigraphic 100 

Nomenclature, 2021; Simonetti et al., 2024). 

In a partial attempt at solving this class of problems, Grose et al., 2021 introduced "time aware” geological modeling – a 

generalized version of implicit modeling, but in some complex geological environments the problem of defining a valid and 

practically usable geological legend is still open, and we believe that it is rooted into a general ontological problem1, i.e. a 

problem concerning the possibility to define an explicit conceptual, formal and yet practically applicable classification of 105 

geological units, for both 2D maps and cross-sections, and 3D models. 

In an attempt at tackling this kind of problems, in this contribution we focus on 3D modelling in metamorphic poly-deformed 

mountain belts, combining basement and cover – possibly the hardest situation in terms of structural and tectonic complexity, 

but our aims are also more general and we propose a framework – the Structural Topology Model (STM) - that might be 

applicable to a multitude of geological scenarios, from simpler to extremely complex, independently from interpolation 110 

methods, despite being inspired by implicit modelling, and valid both in 2D and 3D models, hence strengthening the 

connections between data (2D map) and interpretation (2D cross-sections and 3D models). 

2 The Structural Topology Model 

The Structural Topology Model (STM) is a conceptual and topological framework for representing geological architectures, 

including spatial and temporal relationships. The goal of STM is to enable geologists to schematise legends based on concepts 115 

derived from standard stratigraphic and structural practice, since they are familiar to all geologists, while formalising these 

concepts into an ontology – an explicit and formal machine-readable conceptualisation applicable to 3D geological models, 

2D maps, and cross-sections. 

2.1 Structural Scalar Field and Structural Polarity 

In implicit modelling, as originally proposed by Mallet, 1989 and Lajaunie et al., 1997, and implemented by (Mallet, 2004; 120 

Caumon and Mallet, 2006; Tertois, 2007; Caumon et al., 2007; Calcagno et al., 2008), a scalar field representing the value of 

 
1 Ontology in philosophy is the most general study of reality and entities, where knowledge structures and categories are 
created to organise reality and the relationships between entities. By extension, the term ontology is used in information 
science as "a formal, explicit specification of a shared conceptualisation" that can be used by computers (i.e. it can be used 
in practice and is unambiguous)(Gruber, 1993) 
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stratigraphic time (e.g. absolute or relative age of rocks) is interpolated from points bearing observations (i.e. outcrops of rocks 

with a given age). In this framework, iso-surfaces of the volumetric scalar field are time-surfaces that can be matched, choosing 

a specific age value, to standard stratigraphic boundaries (Mallet and Tertois, 2021). One key property of the scalar field used 

in implicit methods is that it is defined as a potential field, i.e. a field that is continuous and differentiable (Mallet, 1989; 125 

Lajaunie et al., 1997; Mallet, 2002; Tertois, 2007; Calcagno et al., 2008). Thus, it always has a gradient (first spatial derivative) 

defined as a vector field that is everywhere – by definition – orthogonal to equipotential iso-surfaces, hence to stratigraphic 

boundaries and more generally to bedding. Observations of layering can be therefore used as further constraints for 

interpolation of the scalar field, increasing very much the volume of data that can be used in these methods. The most relevant 

commercial implementations of this general concept are found in GeoModeller® 130 

(https://www.brgm.fr/en/software/geomodeller-3d-geological-modelling-software; Calcagno et al., 2008) and SKUA® 

(https://www.aspentech.com/en/products/sse/aspen-skua; Mallet and Tertois, 2021; Tertois, 2007), the first being the first 

commercially available software for implicit methods, the latter including the GeoChron model, where a system of paleo-

coordinates is used, with the vertical paleo-coordinate axis representing geological time in a stratigraphic sense. Notable open-

source implementations are represented by LoopStructural (https://loop3d.org/LoopStructural; Grose et al., 2021) and GemPy 135 

(https://docs.gempy.org/installation.html; de la Varga et al., 2019), both including very up-to-date algorithms but lacking a 

graphical user interface, thus posing a usability barrier to many geologists.  

In our contribution, we generalise the implicit framework by reformulating it as an a-priori modelling ontological construct, 

aimed at extending its applicability beyond the stratigraphic age concept, to a broader class of geological concepts and settings, 

while preserving the underlying implicit representation of scalar potential fields. Thanks to this ontology (Fig. 1), it is possible 140 

to correlate maths, geology and topology, satisfying both the need for a clear geological meaning, and that for a rigorous 

mathematical definition (allowing a general implementation). Within STM, the scalar field is defined as a structural scalar 

field that represents a general Structural Level (SL), which includes stratigraphic level (i.e. age), but also geological levels 

defined by a set of reference surfaces or horizons, such as foliation or metamorphic isograds, as well as by continuously varying 

quantities such as crustal depth or any other planar structure. The gradient of SL is defined as the Structural Polarity (SP), 145 

which may represent the younging direction when SL is used as a stratigraphic level, or other structurally significant vector 

fields, such as the normal to foliation in metamorphic units (more examples afterwards in Fig. 2). This provides a unified 

mathematical and topological framework for defining coherent relationships among geological observables and the model, 

regardless of the geological processes they represent. Where geological discontinuities are present, such as unconformities or 

intrusive boundaries (i.e. stratigraphic discontinuities), or faults and tectonic boundaries (i.e. tectonic discontinuities), the SL 150 

scalar field (or the stratigraphic scalar field of previous implementations) is made discontinuous (with different techniques, 

depending on the specific interpolation method; Fig. 1). Depending on the geological situation, a discontinuity can completely 

disconnect two sub-regions of the model (resulting in two disconnected SL fields, for example across a major fault separating 

two distinct structural domains), or end within the domain, as in the case of finite faults (as define above) or of unconformities 
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passing laterally to continuity. Notably, only the interpolation method implemented in SKUA® can at the moment deal with 155 

finite discontinuities (Tertois, 2007). 

It is a common observation in complex terrains that the internal layering, bedding and/or foliation within map units (that can 

be easily measured in the field, thus providing large datasets of planar data) can be either parallel (i.e. concordant) or form an 

angle (i.e. discordant) with stratigraphic and tectonic boundaries. Concordance vs. discordance is obviously also a key concept, 

and source of data, in stratigraphy. To frame this kind of observation in STM, we introduce the concept of oriented topology, 160 

where the continuity and conformability of a boundary define the possibility to use planar constraints within units on both 

sides of the boundary (“intraformational constraints”) to define the geometry – i.e. interpolate – the boundary itself. Within 

this framework, four end-member topological relationships can be distinguished for boundaries: (1) continuous and 

conformable, (2) discontinuous and conformable, (3) discontinuous and conformable on one side only, and (4) discontinuous 

and unconformable on both sides. As evidenced by the sketches in Fig. 1, these end-member relationships are very general 165 

and can represent sequential stratigraphy concepts, or relationships typical of both magmatic and metamorphic basement 

complexes. Noteworthy, their mathematical formulation remains general and can be applied to a wide range of geological 

settings (Fig. 2), as well as to any combination of the end-member cases and where different domains meet (e.g. at the 

unconformity separating basement from cover sequences). 
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 170 

Figure 1: Ontological relations between math (SL, scalar field, gradient and iso-surfaces, and discontinuities), geology and oriented 

topology are the building bricks of STM. Stratigraphic and structural levels are fundamental components for constraining the SP. 

On the right, from top to bottom, the four end-member classes of boundaries are shown: continuous and conformable (absence of 

discontinuities), discontinuous and conformable (e.g. in depositional hiatus or thrust), discontinuous and conformable on one side 

only (e.g. in erosive contacts or tectonic contacts), and discontinuous and unconformable (e.g. faults). 175 
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Figure 2: Example of relationships between the SL scalar field, its gradient SP, and discontinuities in different geological settings. 

Colour represents SL, black arrows represent SP, red ones refers to areas where the gradient is conformable with the geometry of 

the discontinuities: (a) erosional truncation, onlap, downlap, toplap, and depositional hiatus as in sequential stratigraphy 180 
conceptualisations, where all kinds of oriented topologies occur; (b) dyke (unconformable), sill (conformable) and plutonic intrusion 

(if igneous rocks are foliated or layered, these planar structures may be coherent or not with the pluton boundary surface); (c) a 

simple fault with complete unconformability with the host rocks; (d) a ramp and flat thrust system with conformability in footwall 

and hanging wall flats, and unconformability in ramps; (e) a ductile shear zone gradually overprinting the foliation of the 

surrounding units (conformable); (f) a folded tectonic contact conformable to both units. 185 
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2.2 Units and their boundaries 

Similar to generation of a legend at the start of a field mapping project, the first step when creating a 3D model is the ontological 

definition of the geological units to be represented. The definition of these units depends on the scale and resolution of the 

model or map, and its intended purpose, but also fundamentally on geological criteria such as the origin of each unit, the rocks 190 

it includes, and the way its boundaries are defined. The assignment of a geological volume to a specific unit type is therefore 

scale- and purpose-dependent, and must rely on parameters that are observable, interpretable, and mappable at the scale of 

representation. It is therefore very common for a geological legend suitable for mapping at, for example, a 1:10.000 scale to 

require generalisation when creating a 3D model at a 1:50.000 scale. According to approaches followed by geological survey 

agencies worldwide (Gillespie et al., 2008; Simonetti et al., 2024), we classify geological units as: Tectonic Units (TUs), 195 

Stratigraphic Units (SUs), or Intrusive Units (IUs).  

TUs are units primarily defined by tectonic and/or metamorphic features at the scale of representation. They commonly include 

crystalline basement domains, metamorphic complexes, or tectonic slices, but also tectonised sedimentary or volcano-

sedimentary units, either metamorphosed or not. When preserved, original lithological associations or stratigraphic elements 

may contribute to their interpretation and, at finer scales, may allow internal subdivisions within the broader TU. Some authors 200 

further differentiate between Tectono-Stratigraphic (TSU) and Tectono-Metamorphic (TMU) Units (Battaglini et al., 2022). 

TUs are bounded by tectonic contacts (i.e. faults and ductile shear zones) that may be either conformable or unconformable. 

Depending on surrounding units, also unconformities and intrusive contacts may contribute to bounding TUs. 

SUs are used within sedimentary or volcanic sequences showing preserved stratigraphic relationships, primary structures, and 

depositional architecture, undeformed or only mildly deformed. These units retain well-preserved primary structures and 205 

stratigraphy, such as those found in foreland basins, preserved rift sequences, stable platform domains, or volcanic successions 

with recognisable stratigraphic organisation. SUs are typically bounded by conformable tops and bases, but may also be 

confined by unconformable boundaries such as erosive surfaces, unconformities (which may be conformable for instance in 

pyroclastic fall deposits) and faults.  

IUs include intrusive bodies such as dykes, plutons and batholiths. They are distinguished by their intrusive nature and by their 210 

cross-cutting relationships with surrounding units. However, when post-emplacement deformation and metamorphism affect 

an intrusive body together with its host rock, obliterating its intrusive features, it may be more appropriately classified as a 

TU. IUs are typically bounded by intrusive contacts, which may be conformable with the IUs in the presence of a magmatic 

foliation or layering. Despite their cross-cutting nature, intrusive contacts may also be conformable with the host-rock fabric 

or structures when these control the geometry of the intrusion (as e.g. in a sill or laccolith). 215 

A specific case of TUs, occurring where deformation is distributed across a volume rather than localised along discrete 

structural boundaries and involving geological domains not necessarily corresponding to formal units, is represented by what 

we call Structural Domains (SDs). These are volumes that can be used to capture structural features of interest, e.g. the damage 
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zone of a brittle fault zone, a shear zone characterised by progressive dragging of foliation in a finite volume, etc. (Fig. 3). 

This kind of unit is therefore scale-, resolution- and purpose-dependent: the brittle fault system in Fig. 3a/b may be represented 220 

as a volumetric geological object, rather than simple surfaces, when the modeller chooses to define an envelope that 

encompasses the entire fault system, explicitly accounting for damage zones, strain gradients, uncertainty domains, or fluid‐

flow–related processes (Fig. 3c). Also ductile shear zones (Fig. 3e) can be represented as SDs with a well-defined volume (Fig. 

3f), either when upper and lower boundaries are clearly identifiable or when the modeller chooses to define a certain threshold 

intensity of deformation or metamorphic recrystallisation, based on fabric observation (e.g. Fossen and Cavalcante, 2017). 225 

Following the same approach, mélanges, DSGSD, and recumbent fold limbs can be represented with SDs, as well as systems 

of other pseudo-planar, deformation-related objects, such as dykes, sedimentary dykes and mineralised veins.  

 

Figure 3: Classification of SDs depending on the model’s scale, resolution and purpose. On the left, a fault system in a mountain 

valley (a) can be represented in the classic way with single surfaces (b), preserving cross-cutting relations and fault geometries, or 230 
as a SD volume (c), encompassing all the faults and defining a fault zone volume. On the right, a ductile shear zone, which does not 

show sharp or clearly defined boundaries (d), can be represented either as a single surface defining the tectonic contact between 

units (e), or as a volumetric SD (f), where upper and lower boundaries are identified based on a strain intensity or metamorphic 

recrystallisation threshold. 

 235 

https://doi.org/10.5194/egusphere-2026-5626
Preprint. Discussion started: 12 October 2026
c© Author(s) 2026. CC BY 4.0 License.



11 

 

Depending on the geological setting and the scale and resolution of the model, a specific boundary may represent the top of a 

SU (typically preferred in stratigraphic successions), the bottom of any kind of unit, or a discontinuity – such as a tectonic, 

intrusive or erosional contact. Within this framework, it is important to consider that changing the label or structural role of a 

surface – while keeping its geometry unchanged – may completely alter the interpretation of the geological evolution and the 

relations among units, as shown in Fig. 4. Geometrically correct but semantically ambiguous surfaces may obscure the 240 

expected orientation of the foliation, the stratigraphy, or the deformation patterns within the units. This can lead to 

misinterpretation of the structural and stratigraphic framework and evolution. In implicit modelling, these semantic ambiguities 

could also compromise the efficacy of using dip data as constraints for interpolation. 

For these reasons, when possible, assigning a single conformable boundary to each unit (consistent with the oriented topology) 

helps to maintain clarity in the model and supports the transition from surfaces to volumetric representations, as illustrated in 245 

Fig. 2. However, some geological bodies are not characterised by an internal foliation and others only show non-conforming 

boundaries. A typical example is non-foliated IU, which are defined solely by their intrusive contact, which cross-cuts planar 

structures in host rocks, and has no useful relationships with the internal isotropic fabric. Similarly, not all tectonic contacts 

can serve as a reference surface conformable to internal structures, e.g. when a tectonic contact does not produce any foliation 

at the scale that is relevant for modelling (e.g. the Combin Fault in Fig. 10). 250 

 

Figure 4: Starting from a neutral case study (a), where black lines represent unlabelled contacts, different ontological interpretations 

of the same contacts can lead to completely different geological settings, while preserving the same geometric configuration from (b) 

cross-cutting relations to (c) an intrusion along an unconformity. 

The hierarchical meaning of units and boundaries may also change across scales, suggesting the use of super-units composed 255 

of several units that are only relevant at lower hierarchic level and that can be modelled only locally at high resolution. In 

STM, hierarchical levels are defined by the relationships among geological objects: higher-order boundaries subdivide larger 

domains, while lower-order boundaries further partition the resulting units. Intersection and truncation relationships between 

boundaries can therefore be used to establish their relative hierarchical order at the scale considered. For example, in regional 

geological maps it is common to have large higher-order TUs or SUs that include several smaller lower-order units, as in the 260 

case for instance of two TUs, composed of several SUs and IUs, overlain (on top of a regional unconformity) by a SU (Fig. 

5). 
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Figure 5: TUs (green and purple) with their lower-order metasedimentary covers (light green and purple) and transposed intrusive 

bodies (a). These SUs and IUs can be included in the higher order TUs (b). 265 

Similarly, a regional boundary (higher-order) may be subdivided into smaller portions (lower-order) when it changes its 

meaning laterally, as in the case of an unconformity becoming conformal towards the basin (Fig. 2a). In all these cases, 

maintaining topological and polar consistency across scales and hierarchic levels is essential to ensure that the boundaries 

remain geologically meaningful and that the transition from 2D (map data and conceptual interpretation in cross-section) to 

3D preserves the reasoning and interpretation from data to model.  270 

2.3 STM  

Building on the concepts described in the previous paragraphs, we have developed graphical tools to facilitate building the 

STM, and we have implemented these tools in PZero (https://github.com/gecos-lab/PZero/releases; Monti et al., 2026). To 

illustrate how this works, we consider the synthetic case shown in Fig. 6a, where two tectonic units (TU_1 and TU_2) are 

juxtaposed and share a common deformational history, resulting in conformable relationships along their common boundary 275 

(Bnd_A). TU_1, TU_2, and Bnd_A are truncated by Bnd_B, which separates them from TU_3, located at a higher structural 

level (no assumption about the age of its rocks). Bnd_B is conformable with the foliation in TU_3 but crosscuts the foliations 

in TU_1 and TU_2, as implied by the conformable relationship between Bnd_A and the internal foliations of these units. 

Finally, the Bnd_C unconformity marks the base of SU_1, which transgressively overlies the eroded basement units. In order 

to build an interpretative and geometric scheme that defines the relations among these units, structural relations must be made 280 

explicit, highlighting cross-cutting and unconformable vs. conformable contacts between the different units. 

Each unit included in the model corresponds to a range of values of the structural scalar field SL, increasing upwards in a 

structural sense and bounded by values at the boundaries (see vertical axis marked SL), while the gradient SP of SL defines 

its polarity and the relationships across boundaries are defined in terms of oriented topology (Fig. 6b). Starting from the 

lowermost structural levels (lower part of the graph), Bnd_A shows a continuous and conformable relationship with TU_1 and 285 

TU_2, which can be assigned to a single domain or super-unit that shares the same continuous scalar field SL. This super-unit, 
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comprising TU_1, TU_2 and Bnd_A, is then cross-cut by Bnd_B, which is discontinuous and conformable on the TU_3 side 

only. Finally, Bnd_C is discontinuous and unconformable on both sides and SU_1, showing the higher range of SL values, is 

not conformable to any boundary within the modelling domain. These relationships are schematised in the graph in Fig. 6b, 

where units and boundaries are represented in two different columns, at an elevation corresponding to relative values of SL 290 

(growing upwards) and continuous lines represent conformal relationships in oriented topology, while dashed lines indicate 

non-conformity. 

In addition to geological boundaries, in the graph in Fig. 6 also the modelling region boundaries are shown, that must be used 

to limit generate units with a finite volume. 

Figure 6: Synthetic case study to explain the ontological architecture of the STM. (a) Cross-section with units, boundaries and 295 
foliations and bedding; (b) Components of the STM arranged in the graph discussed in the text and implemented in PZero. 

3 Case studies 

Here we present two case studies from the Alps (general overview in Dal Piaz et al. 2003) that played different but 

complementary roles in the development and application of the STM. 

The goal of the first case study was to model several basement units and the Mesozoic cover as a whole in the Helvetic domain 300 

of the Aar Massif (Swiss Central Alps). Here a regional-scale 3D geological model has already been published by Musso 

Piantelli et al., (2026), which was reconstructed with classical explicit methods. The initial goal for us was to test to which 

extent reprocessing with implicit methods would be capable to generate a valid 3D model, in a faster and less manpower 

demanding way compared to explicit modelling. During this process, the complexity of the geological units and their structural 
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relationships revealed ontological ambiguities and topological relationships that could not be represented unambiguously 305 

within standard implicit frameworks, ultimately motivating the development of STM. 

The second case study includes Penninic units outcropping in the upper part of the Gressoney Valley (Italian Northwestern 

Alps), at the foot of the Monte Rosa massif. This study area has been selected to test and generalise the approach in a different 

tectonic setting with both basement and ophiolitic units, and different kinds of boundary surfaces. 

For the purposes of this paper, the two case studies are illustrated through a single representative geological cross-section from 310 

each 3D model (Fig. 9 and Fig. 10). However, the topological relations encoded in the STM are valid at the scale of the entire 

3D models and not limited to the cross-section 2D representation, and in fact are valid also in 2D maps or in any other 

representation. This means that STM encodes structural and stratigraphic relationships that are valid irrespective of the 

representation – an abstraction level that is typical of topological representation, which lies at a more abstract level than 

geometry. 315 

Before discussing the case studies, it is important to briefly analyse examples where the SL scalar field and its gradient SP do 

not represent geological time in a stratigraphic sense (as in standard implicit methods), and the alternatives we have to define 

it in the more general structural level sense. In Fig. 7a the green unit is metamorphic and polydeformed, and a stratigraphic 

younging direction cannot be defined. This can be defined, on the other hand, within the orange and blue cover units, but there 

is no way to define a unique younging direction at the scale of the whole model. Therefore we can define an SL scalar field 320 

based on the structural level (deep to shallow) in the present configuration, highlighted by the black arrow, and use it and its 

gradient SP to interpolate our model. In Fig. 7b all units are from the crystalline basement and tectonically juxtaposed, therefore 

no younging direction can be defined, and the structural level is not really defined, being the boundaries vertical. The interpreter 

is free to use SL oriented right to left (black arrow) or left to right (grey arrow). Finally in Fig. 7c we show a mid-ocean ridge 

environment (Nicolas, 1995) that can be used as a model for ophiolitic sequences (used later on in the Gressoney case). Here 325 

all rocks have roughly the same age, but they occur at different crustal levels: green serpentinites at the deeper level, then blue 

sheeted dykes, intruded by brown gabbros, all overlain by pale blue ocean-floor basalts. In this case we suggest to use the 

original crustal level at the ridge as a suitable choice for SL and SP. 
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 330 

Figure 7: Orientation of the SP (black arrows) in different geological contexts: (a) cross-cutting relations between basement and 

cover units; (b) basement units vertically juxtaposed; (C) ophiolitic complex (modified after Nicolas, 1995). Discussing in main text. 

3.1 Helvetic of the Aar Massif 

The Aar Massif – an NE-SW trending elongated dome exposing the European basement– is one of the External Crystalline 

Massifs of the Helvetic domain in the Central Alps of Switzerland (Piaz et al., 2003). It is composed of pre-Variscan gneisses 335 

and migmatitic basement units intruded by Variscan to post-Variscan plutons after their coupling  and it was affected by 

Permo-Carboniferous transtensional tectonics (Schaltegger and Corfu, 1992; Berger et al., 2017; Ruiz et al., 2022).  The 

overlying Doldenhorn Nappe is composed of Mesozoic cover units derived from the European passive continental margin, and 

was emplaced during basin inversion and nappe stacking in the Oligocene (Abrecht, 1994; Berger et al., 2017; Herwegh et al., 

2017; Musso Piantelli et al., 2026). Subsequent Alpine deformation of the Aar Massif included vertical extrusion (~22–12 Ma) 340 
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and later NW-directed thrusting (Herwegh and Pfiffner, 2005; Herwegh et al., 2017, 2020; Berger et al., 2017). Starting from 

cross-sections of the published structural model by Musso Piantelli et al. (2026), we created the STM of the area, which 

includes the same geometries but now includes a complete definition of topological relationships schematised in the graph of 

Fig. 8. The six basement units of the massif have been grouped into a macro-domain of TUs with SL representing the structural 

position, oriented from SSE (Clavaniev Zone) to NNW (Innertkirchen–Lauterbrunnen Zone) following the tectonic units of 345 

Berger et al. (2017). This orientation reflects the SP derived from the regional metamorphic gradient and deformation pattern 

(Herwegh et al., 2017, 2020).  

The early Variscan volcano-sedimentary Cavardiras Group TU follows as a younger unit, with cross-cutting relations with the 

basement units. Similarly, the early Variscan Rötifirn Group IU follows, intruding both the basement units and the Cavardiras 

Group. The Fruttstock IU (middle Variscan) and the Diechtergletscher–Tscharren and Lötschen–Mandranertal Groups TUs do 350 

not intersect each other, but their absolute ages allow their SL to be defined. 

The late-to-post-Variscan Haslital Group IU presents two key aspects: (1) although labelled as a single group, it is composed 

by the main body of the Haslital Group and by the Gastern Granite, which is spatial separated from the former; (2) the NNW 

boundary of the Haslital Group coincides with the contact between its host unit (Sustenhorn Zone) and the Ferden–Guttannen 

Zone, without intruding the latter, since the contact has been reactivated during Alpine collision (Wehrens et al., 2017). 355 

The Oberaar–Furka Zone is a tabular unit composed of pre-Variscan protoliths, showing cross-cutting relationships with the 

younger Haslital Group, due to an Alpine deformational stage. Its tabular geometry and mylonitic foliation make it more 

appropriately classified as a SD unit (a shear zone). 

Finally, the Mesozoic cover of the massif is represented by a TU overlying the entire structural stack through a higher-level 

boundary (Fig. 9), providing a stratigraphic reference for the younger evolution of the massif, and the internal stratigraphic 360 

units are not further differentiated in this model (but they can be potentially differentiated following the hierarchic approach 

discussed above).  
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Figure 8: A schematic non-georeferentiated representation of the Aar Massif (a). The topological relation between units and 

boundaries are represented in the graph (b), where boundaries labels are assigned based on shortened names of the main units 365 
they bound (exceptions to this rules are the intrusive contacts that only refers to the related IU, and the some contacts with 

relations with groups of basement units, B, or with the entire massif, Aar). Continuous lines represent conformable relations, and 

dashed lines represent unconformable one. For graphical simplification the topological connections between the basement units 

the cover or the model boundary are unified in single lines from the basement domain to the boundaries. 
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 370 

Figure 9: A comparison of the interpretation of the surfaces in a cross-section of the 3D model of the Aar Massif (Musso Piantelli et 

al., 2026) before STM (above) and after STM (below), where surfaces have been split in accordance with oriented topology avoiding 

the use of shells. See the graph in Fig. 8 for colours legend. The main foliation of the units is represented by thin black lines. 

3.2 Penninic of the Gressoney Valley 

In the upper Gressoney Valley (northwestern Alps, Italy), the oceanic suture between the European continental crust—375 

represented by paragneisses and orthogneisses of the Monte Rosa Nappe—and the overlying Piedmont Ligurian oceanic 

lithosphere—including the Zermatt–Saas and Combin ophiolitic units—is well exposed (Ballevre and Merle, 1993; Reddy et 

al., 2003; De Giusti et al., 2003; Dal Piaz, 2010). This area has been considered a natural laboratory for studying subduction, 

collision and exhumation processes since the introduction of plate tectonics (Chadwick, 1974). The Monte Rosa and Zermatt-

Saas units reached eclogite-facies (possibly UHP) conditions in the Eocene (Rubatto et al., 1998; Lapen et al., 2006) and were 380 

then exhumed following the same decompression path, under epidote-amphibolite and greenschist facies conditions (Ernst and 

Dal Piaz, 1978; Dal Piaz and Lombardo, 1986). Since also mylonites at their boundary (Monte Rosa-Zermatt boundary in the 

following) followed the same path, Lapen et al., (2006) suggest that these units were coupled in an early stage of the 

exhumation path and then were exhumed as a whole. The Combin unit, which never reached the eclogite facies and is mostly 

characterised by greenschist-facies assemblages (Manzotti et al., 2021), was tectonically juxtaposed to the Zermatt-Saas and 385 

Monte Rosa assembly in a much later stage, under greenschist facies conditions, with tectonic elision of a thick section of the 

collisional belt along the extensional Combin fault (Ballevre and Merle, 1993; Reddy et al., 2003). 
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For the sake of this methodological study, the STM (Fig. 10) was reconstructed as follows (different solutions might apply to 

studies at different scales). At the higher hierarchical level we have three TUs: from lower structural levels (lower SL scalar 

value) to higher levels (higher SL) the Monte Rosa, Zermatt-Saas and Combin units. The Zermatt–Saas unit has been further 390 

split into two units with lower hierarchic level: serpentinites and metabasalts, with SL growing from serpentinites to the 

metabasalts as proposed above. The internal boundary between serpentinites and metabasalts is locally cross-cut by the higher-

order tectonic boundary between Monte Rosa and Zermatt–Saas. This might suggest a discordant topology along this boundary 

with respect to foliations within both units. However, this mylonitic zone and its host rocks were characterised by continuing 

shear during and after juxtaposition of Monte Rosa and Zermatt-Saas, resulting in transposition of original lithological layering 395 

and attraction of all fabrics towards parallelism with the boundary itself in a thick volume around it. Therefore, we define the 

Monte Rosa-Zermatt boundary as conformable on both sides, and the lower-order boundary between serpentinites and 

metabasalts as unconformable (however small the angle between these boundaries can be, if one crosscuts the other they cannot 

be all conformable for topological reasons). From this perspective, polarity is oriented from the Zermatt–Saas unit toward the 

Monte Rosa Nappe, even though, chronologically, the Jurassic ophiolites are younger than the pre-Mesozoic paragneiss. This 400 

contact is strongly deformed due to the competence contrast between serpentinites and paragneisses, locally developing 

cuspate–lobate folds. 

Continuing upwards, the Combin fault exhibits a rather planar geometry, truncating the folded foliations of both units in the 

hanging wall and footwall, therefore it is modelled as unconformable on both sides. 

 405 

Figure 10: A cross-section from the 3D model of the Gressoney Valley and the related graph. See extended discussion in main text. 
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4 Discussion and conclusion 

STM is a conceptual topological modelling method aimed at formalising and making explicit, in a machine-readable ontology, 

geological concepts and reconstructions, including structural, stratigraphic and petrographic observations and processes. In 410 

more complex settings, such as metamorphic belts where stratigraphy is unreliable, building an STM graph allows 

reconstructing unambiguous topological relationships between units, their internal foliation or layering, and their boundaries, 

also considering hierarchic relationships between these elements in 3D and 2D. 

In addition to being fundamental for 3D modelling, STM allows building geological legends that clearly represent the 

stratigraphic and tectonic evolution. Therefore, this approach could be greatly helpful even if 3D modelling is not the goal. 415 

Although the method has been developed to be applicable to both explicit and implicit surface modelling workflows, the SL 

scalar field, and its SP gradient, represent key elements in STM since they lead to the concept of oriented topology and a proper 

classification of topological relationships between the internal foliation/layering of units and their boundaries. Applying STM 

to 3D modelling with explicit methods is possible; however, in this case, these topological relationships are not intrinsically 

encoded by the modelling framework and therefore need to be defined and maintained separately. 420 

An implication of this framework concerns the use of structural observations (e.g. orientation data) as constraints in implicit 

modelling, since existing implicit interpolation methods can already incorporate different types of structural constraints in 

addition to geometrical information from interpreted cross-sections. STM provides the conceptual and topological framework 

for assigning such constraints according to the oriented topology between unit boundaries and internal foliation or layering. In 

structurally complex settings, this may allow structural observations to be exploited more consistently and potentially reduce 425 

the dependence on dense networks of interpretative cross-sections. The extent to which this potential can be exploited in 

practice depends on the capabilities and implementation of the modelling software adopted. 

The assignment of a geological object to a specific STM class is not absolute, but depends on the scale, resolution, and purpose 

of the model. The same geological entity can therefore be represented as a higher-order domain bounded by its main boundaries 

at a regional scale, and as a hierarchy of lower-order units and associated local boundaries at finer scales. This flexibility relies 430 

on simple geological criteria (which are often directly recognisable in the field), such as the structural position of units, defined 

by their boundaries and characteristic internal content, and the intersection and truncation relationships among boundaries, 

which establish their relative hierarchy. This scale-dependent representation does not imply a change in the underlying 

geological interpretation, but rather its progressive refinement, provided that the topological and polar relations between 

hierarchical levels are preserved. 435 

The Aar Massif and Gressoney Valley case studies demonstrate how to apply STM in different geological contexts. Both areas 

are well-investigated geological systems, and in both cases the main challenge is not the lack of geological knowledge, but the 

difficulty of translating complex and heterogeneous geological relationships into a formal and unambiguous representation. 

The Aar Massif is the case where STM was originally conceived, emerging as a response to unresolved topological problems 
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encountered in standard implicit and explicit modelling. In this setting STM enables the identification of structural domains 440 

and the definition of coherent SL and SP fields, solving ambiguities typical of classical methods. The Gressoney case study 

illustrates the broader applicability of the approach beyond its original scope, demonstrating that the method is not case-specific 

but can be extended to geological systems characterised by strong deformation, shear zones, and an evolution in time that is 

clear (after 60 years of detailed studies) but not expressed in terms that can be formalised according to standard stratigraphic 

codes. Taken together, the two case studies show that STM can accommodate geological systems in which the main challenge 445 

is not the absence of geological knowledge, but the difficulty of translating complex and heterogeneous geological 

relationships into a formal and unambiguous representation. 

A critical aspect of the method is its dependency on the purpose of the model itself and on expert interpretation. However, this 

dependency is intrinsic to geological modelling and does not represent a limitation specific to STM. Three-dimensional models 

are not just interpolated geometries, but also experts’ interpretations guided by hypotheses and geological knowledge. Within 450 

STM, these hypotheses and modelling decisions are explicitly represented through the workflow and the ontological legend, 

providing a traceable link between geological interpretation and the resulting digital model. This also provides a framework 

for exploring interpretational uncertainty through alternative modelling scenarios. Different geological hypotheses may, for 

example, imply alternative classifications of boundaries and units, different hierarchical relationships, or different topological 

relationships between geological objects. As illustrated in Fig. 4, the same geometrical configuration may therefore result in 455 

different ontological representations and corresponding STM graphs when different geological meanings are assigned to its 

elements (Fig. 11). These alternatives can be represented as distinct STM scenarios and compared while explicitly preserving 

the assumptions underlying each reconstruction.  
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Figure 11: Alternative interpretations of the same geometrical configuration and their corresponding STM representations. The 460 
geological examples introduced in Fig. 4b/c are here associated with their respective STM graphs, showing how different geological 

meanings assigned to the same geometrical elements result in different ontological classifications and topological relationships. STM 

therefore allows alternative interpretative scenarios to be explicitly formalised and compared. 

The aim of STM is not to eliminate interpretation or to provide a quantitative estimate of uncertainty, but to make it explicit, 

traceable, and testable in a formal ontological legend, with topological relationships between units, their internal layering or 465 

foliation, their boundaries, and possibly a hierarchy from sub- to super-units, clearly represented by the STM graph.  

The formal structure of the STM graph also makes the ontology machine-readable and suitable for computational 

implementation. In this context, STM has been implemented in the geological modelling software PZero (this topic will be 

covered in a future publication), where the formalised topology supports model construction and validation while preserving 

the imposed geological relationships. STM is therefore not intended to replace geological interpretation, but to provide a formal 470 

framework in which such interpretation can be explicitly expressed, structured, compared, and computationally tested. 

 

 

 

 475 
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