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ABSTRACT

We built a 3D cartography of the alpine arc, a highly non-cylindrical mountain belt, using 

the 3D GeoModeller of the BRGM (French geological survey). The model allows to handle 

the large-scale 3D structure of seventeen major crustal units of the belt (from the lower crust 

to the sedimentary cover nappes), and two main discontinuities (the Insubric line and the 

Crustal Penninic Front). It provides a unique document to better understand their structural 

relationships and to produce new sections. The study area comprises the western alpine arc, 

from the Jura to the Northwest, up to the Bergell granite intrusion and the Lepontine Dome to 

the East, and is limited to the South by the Ligurian basin. The model is limited vertically 10 

km above sea level at the top, and the moho interface at the bottom. We discarded the 

structural relationships between the Alps sensus stricto and the surrounding geodynamic 

systems such as the Rhine graben or the connection with the Apennines. The 3D-model is 

based on the global integration of various data such as the DEM of the Alps, the moho 

isobaths, the simplified geological and tectonic maps of the belt, the crustal cross-sections 

ECORS-CROP and NFP-20, and complementary cross-sections specifically built to precise 

local complexities. The database has first been integrated in a GIS-project to prepare their 

implementation in the GeoModeller, by homogenizing the different spatial referencing 

systems. The global model is finally interpolated from all these data, using the potential field 

method. The final document is a new tri-dimentional cartography that would be used as input 

for further alpine studies. 
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1. Introduction 

1.1. Objective 

The objective of this study is to provide a realistic 3D structural model of the crustal units 

of the Western and Central Alps at orogenic scale. The complex arcuate and non-cylindrical 

shape and structural organization of crustal units justifies the development of many alpine 3D 

models and synoptic bloc-diagrams (e.g. Argand, 1911; Gidon, 1974, Schumacher and 

Laubscher, 1996; Vignaroli et al., 2008). Seismic tomography in the alpine realm provided 

the first full-3D structures of the belt based on geophysical data (e.g. Lippitsch et al., 2003; 

Stehly et al., 2009; Fry et al., 2010). In this paper, we developed a 3D cartographic model of 

the Western and Central Alps, using state-of-the-art tools and up to date database. The model 

boundaries have been set within a rectangle that encompasses the alpine arc’s realm [5°E-

10°E] in longitude and [43°40’N-48°N] in latitude (Figure 1a). We included within this box 

the arc of the Western Alps, limited to the South by the Ligurian Sea and the French Rhône 

valley to the West; the Central Alps up to the eastern Lepontine Dome and Bergell granite to 

the East; the Jura arc to the North. Vertically, our 3D model is defined between the 

topographic surface and the moho surface. 

The modelized structures mimic the successive Alpine tectonic phases at the crustal scale 

to build the present-day alpine orogenic wedge (overview in Schmid and Kissling, 2000 and 

Handy et al., 2010). The various modelized units will be detailed in the following (see part 2). 

The aim of the model is to address the structural and geometric relationships among the major 

crustal units. The alpine belt is considered as an independent orogen, and we did not address 

the relationships with surrounding structures (Rhine graben, Maures massif, Apennines…). 

1.2. Methodology of 3D modeling 

3D structural modeling was performed using the GeoModeller software developed by the 

BRGM (French geological survey). This interactive software is used to mix all geometrical, 

geological, and geophysical data available in a same 3D space to complete a geometric 3D-

model. This method allows to manage data such as a digital elevation model (DEM), 

structural and geological maps, and geological and geophysical cross sections at all scales. 

The geometrical coherence of geological interpretations can be checked and insured with this 

software in 3D during the modeling process. Interpolation of the data is performed using the 
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potential field geostatistical method (Lajaunie et al., 1997) by computation of the interfaces 

location between geological bodies known on the map and sections. These geometrical data 

and their inter-relations (“EROD” and “ONLAP” relations, see Calcagno et al., 2008 for 

details) are combined to achieve the geological model. This terminology is used by the 

GeoModeller software because it has been primirarly designed for sedimentary 

reconstructions. The result consists in scalar functions (isopotential surfaces) describing the 

whole 3D space. Visualization of the isopotential surfaces coming from the interpolation is 

achieved by the Voronoï diagram method applied to geological objects (Courrioux et al., 

2001;Boissonnat and Nullans, 1996). This method transforms isopotential surfaces into 

discrete sites, which are used to partition 3D space in adjacent cells containing a unique site. 

Cells are then merged to construct 3D volumes of the geological objects. Either volumes of 

the geological formations or geological interfaces surfaces can be extracted from these scalar 

functions (Calcagno et al., 2008). The modelling process is designed to be applied to various 

geological contexts (Marquer et al., 2006;Martelet et al., 2004;Sue et al., 2010;Joly et al., 

2008;Calcagno et al., 2008;Maxelon and Mancktelow, 2005). Finally, the geological model 

can be used for geophysical forward or inverse modeling (Guillen et al., 2008) or exported for 

further computations.

At orogenic scale, such 3D geometric reconstruction presents technical limitations: it has 

been built using only interfaces between different geological body, with position and 

eventually dip data. Geological objects such as folds and infra-crustal faults could not be 

modelized at this scale. It is also noticeable that the deep structure of the Alps is 

inhomogeneously documented. This is especially the case of the southern tip of the belt, 

which is complex and poorly constrained at depth. Due to the poor constrains available in this 

area (see cross section in Delacou et al., 2004) and the Alpine-scale of our modeling, the 

specific crustal structure of the Ligurian Alps and their relation with the piemont bassin are 

not adressed in this paper, and would deserve a specific study (see Molli et al. 2010 for a 

review). The accuracy and validity of our model depends on the degree of knowledge 

availaible. 

1.3. Structural and tectonic framework  

The Western and Central Alps (Figure 1a, 1b) have been created by the subduction of the 

Tethyan and Valaisan ocean seafloors and the subsequent collision between the European and 

Apulian margin since the upper Cretaceous (Tricart, 1984;Lemoine et al., 1986). The overall 
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structure of the belt is well known at every scales (see review in Handy et al., 2010). At 

lithospheric scale, the shape and temperature of the European and Apulian lithospheres are 

pictured by local and telesismic tomography (Kissling, 1993;Okaya et al., 1996;Paul et al., 

2001;Lippitsch et al., 2003;Béthoux et al., 2004;Kissling, 2008;Lombardi et al., 2009). The 

geometry of the crustal nappe stack has been documented by three seismic refraction cross 

sections, acquired in the 80’s (ECORS-CROP (Bayer et al., 1987;Nicolas et al., 1990;Roure 

et al., 1996), and NFP20 (Pfiffner et al., 1988;Valasek et al., 1991)). These cross-sections 

reinterpreted by the end of the 90’s (Schmid and Kissling, 2000) are the backbone of the 

present study. The geological macro-structures are especially well known thanks to centuries 

of mapping and structural interpretation (e.g. Argand, 1916, Figure 1b), see an history in Dal 

Piaz (2001). This very dense geological mapping and structural interpretation provide 

inescapable and invaluable constraints on the 3D reconstruction of the Alpine structure we 

provide here.

If the arrangement of the various geological units with respect to each other is well 

documented in cross-sections (2D), the lateral continuation of units and the junction between 

the classical crustal cross sections is often puzzling and elusive, partly because the western 

part of the belt is highly curved and non cylindrical.  

The arcuate shape of the Western Alps has been debated since decades (Goguel, 

1963;Gidon, 1974; Tapponnier, 1977;Tricart, 1984;Laubscher, 1988; Ménard, 1988; Platt et 

al., 1989;Vialon et al., 1989;Laubscher, 1991; Schmid and Kissling, 2000;Lickorish et al., 

2002;Rosenbaum and Lister, 2004). The origin of such bend shape is still unsolved today, and 

probably result of the interaction through time of a pre-existing bending (the shape of the 

Mesozoic European margin), together with indentation and counter-clockwise rotation of the 

Apulian microplate. The rotation of the Apulian microplate is documented for most of the 

alpine history (e.g. Dercourt, 1986; Dewey et al., 1989) and is still active today (e.g. 

D'Agostino et al., 2008). The location of the Euler pole of the Adria microplate with respect 

to stable Europe determined by GPS (Calais et al., 2002; Battaglia et al., 2004; Serpelloni et 

al., 2007; D'Agostino et al., 2008; Devoti et al., 2008; Weber et al., 2010) and seismotectonics 

(Anderson and Jackson, 1987; Westaway, 1992; D'Agostino et al., 2008) is located to the NW 

part of the Po plain, with a counterclockwise rotation of ~0.4°/Ma ± 0.2°/Ma. Consequently, 

the Western and Central do not experience significant shortening anymore, but only 

transcurrence and extension (e.g. Eva et al., 1998; Sue et al., 1999; Bistacchi et al., 2001;

Delacou et al., 2004; Champagnac et al., 2006; Sue et al., 2007; Larroque et al., 2009).
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The goal of this paper is not to discuss the origin of the shape of the belt, but to provide a 

new perspective of the 3D structure of the Western and Central Alps. Note that the southern 

termination of the belt could not be modelled with the same accuracy as the rest of the arc, 

due to the lack of deep seismic sounding. 

2. Input database 

The model is build using several kinds of structural information. The first one is the 

tectonic map of the Alps published by Schmid et al. (2004), based on the units at the surface. 

This map has been simplified in a GIS environment, in which we added the alpine DEM as 

upper limit (GTOPO30), and the alpine moho surface as lower limit (Waldhauser et al., 

1998). The second set of data comes from the latest reinterpretations of deep seismic sections 

ECORS-CROP, NFP20 West and NFP20 East (Schmid and Kissling, 2000). To improve the 

constraints of these cross-sections, we added three cross-sections, two in the South of the belt 

(Embrunais and Embrunais-Ubaye) and one across the Jura. A fourth cross-section from

Delacou et al. (2004) in the southern tip was tested but not used due to incoherencies with the 

Waldahauser’s Moho model. The third set of data is a local tomography specifically 

constraining the Ivrea body volume (Paul et al., 2001).

2.1. Alpine GIS 

The tectonic map of Schmid et al. (2004) has been implemented in ArcGIS 9.1, then 

simplified in order to allow the 3D modeling process. All the smaller tectonic units have been 

coherently regrouped with larger ones on paleogeographic bases. From thirty units in the 

original tectonic map (Schmid et al., 2004), we kept fourteen units to be implemented in the 

3D model (Figure 2). The alpine realm has then been divided in three main domains: (i) 

European-related units (basement, secondary and tertiary covers), (ii) Penninic units (internal 

Briançonnais basement, Briançonnais cover and Houiller-zone, Piemontais ocean related 

units, Valais ocean related units, exotic flychs), and (iii) Apulian-related units (Austroalpine 

nappes North of the Insubric line, Ivrea lower crust, Apulian basement, Southern Alps cover, 

Tertiary cover), plus (iv) the Bergell granite Tertiary intrusion. 

The DEM of the Alps (GTOPO30) has been processed in the GIS using the Reformatter 

Toolbox (Maxelon, 2004) in order to be compatible with the 3D GeoModeller.
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The moho interface (Waldhauser et al., 1998) was processed the same way. The DEM of 

the moho gives the lower interface of the 3D model. All data have been projected in the Swiss 

coordinate system CH10903_LV03 with a grid cell size of 1 km for the GTOPO30 DEM and 

5 km for the moho elevation model. 

2.2. Deep constraints: alpine cross-sections 

Since upper and lower boundaries of the model are fixed at +10 km and -60 km 

respectively, surface data from the tectonic map do not sufficiently constrain the 3D model. 

Geophysical imagery of mountain belts is thus a key point to provide knowledge on deep 

structures. Indeed, deep seismic sounding in the 1980’s (ECORS-CROP and NFP20 projects) 

yielded to huge improvements in the alpine geology (Roure et al., 1996;Nicolas et al., 

1990;Mugnier et al., 1990;Bayer et al., 1987;Pfiffner et al., 1988;Pfiffner et al., 1997;Valasek 

et al., 1991). In this study, we exclusively used the up-to-date interpretations of the three 

profiles ECORS-CROP, NFP20 East NFP20 West by Schmid and Kissling (2000) (see 

location on Figure 2). These three main and now classical cross-sections have been sketched 

in a way to match the simplified units of the tectonic map (Figure 3a, b, and c). This was 

necessary to assure a good internal coherency between the boundaries of the units in map and 

cross-section. In addition to the fourteen units of the tectonic map, three more geological 

subsurface bodies are defined: European mantle, European lower crust, and Apulian mantle, 

including Ivrea Body. 

In addition to the three sections well established from deep seismic sounding, we needed 

three complementary cross-sections to locally constrain our 3D modeling in a backward 

process (see location on Figure 2). We also integrated a balanced cross-section (Figure 3d) 

documented by several seismic lines through the Jura belt and the Swiss molasses basin from 

Sommaruga (1999) and Bonnet et al. (2007). Finally, we used two sections in the southern tip 

of the arc, the so-called Embrunais-Ubaye area, one drawn from Sue et al. (1999), the other 

one from Delacou et al., 2004 (Figure 3e and f, respectively). These two sections allow a 

better constrain of the Penninic Crustal Front (Sue and Tricart, 1999) and determine the 

behavior of the so-called exotic flysch nappes in that area. Yet, they are only documented by 

geological mapping, and do not integrate geophysical data.
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2.3. Ivrea Body’s tomography

We integrated in a final step of the 3D modeling four profiles across the Ivrea Body 

volume from the local tomography published by Paul et al. (2001). They come from a P-

waves velocity model using local seismicity, designed to specifically image the Ivrea Body 

and the related lateral velocity variations. This local study allows to precisely characterize the 

geometry of the Ivrea Body in the southwestern Alps. The tomographic profiles we used are 

localized on Figure 2. 

3. 3D Structural Modeling 

Modeling with the 3D GeoModeller requires specifications about the geological objects to 

be modelized. First, units must be defined in a stratigraphic-like succession. Secondly, the 

nature of the contact between each formation needs to be specified following ONLAP/EROD 

rules (Calcagno et al., 2008). The modeling process follows the given succession of the 

stratigraphic-like pile. In order to define a coherent pile for the 3D model, a synthetic cross-

section of the Alps was created (Figure 4). This synthetic section and the related 

ONLAP/EROD rules remain valid through the entire 3D model. In our model, we only 

considered two crustal discontinuities, the Crustal Penninic Thrust (CPT), and the Insubric 

Line (IL). Technical limitations of the GeoModeller prevented us to modelize these 

discontinuities as the so-called “fault” objects, which is suitable for smaller discontinuities. 

Nevertheless, the CPT and IL have been modelized as virtual distinct formations 

characterized by a nil volume in EROD mode, and called “erosive surfaces” hereafter. In fact, 

the pile contains units having the same stratigraphic meaning (e.g. European vs. Apulian

mantles). The CPT and IL virtual formations divide the 3D model in three distinct domains: 

the European, the Penninic and the Apulian domains (see section 2.1, Figure 2 and Figure 4) 

and therefore allow separated modelization for these stratigraphic equivalent units. Thus, 

including the 14 units of the tectonic map, plus the three deep formation added in the cross-

sections, and these last two virtual formations CPT and IL, we obtained a global model made 

of nineteen formations in a stratigraphic-like pile. Each formation is defined by 

ONLAP/EROD formation with respect to the others.

The 3D modeling begins with loading of the input data (DEM, moho geometry, tectonic 

map and the six cross-sections) in the delimited model box. Geological objects are then 
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defined by contact points in a top mode (digitalized points refer to the top of the lower unit) 

together with orientation data. Orientation data are automatically computed linked to contact 

points in cross-sections, but manually fixed on topography following the tectonic map and our 

own interpretation. 

Units are modelized step-by-step following a trial-and-error process, which starts from the 

base of the stratigraphic-like pile with the European moho’s isobaths. The modeling process 

is divided in six main phases (Figure 4): 

1) The European volume; 

2) The Penninic front erosive surface; 

3) The Penninic volume; 

4) The Insubric line erosive surface; 

5) The Apulian volume; 

6) The Bergell granite. 

In order to manage increasing complexity of the ongoing model and handle backward 

steps, each successive stages of the modelization are saved apart. Note that more than 300 

distinct projects were computed to achieve the 3D model of the Western Alpine Arc presented 

here. 3D volumes are computed with a cell size of 1 km, representing more than twelve 

million cells for the complete model cube. 

3.1. The European volume: five units in ONLAP rules 

This volume comprises the European mantle, the European lower crust, the European 

basement (outcropping in the External Crystalline Massifs, ECM), the European Mesozoic 

cover (including the Jura belt, the French “Dauphinois” subalpine massifs, and the Swiss 

“Helvetic” nappes), and the European Cenozoic Cover (mainly the Molasse Basin). 

The model of the European domain is first calculated with digitized contact point for the 

five formations in the ECORS-CROP and NFP-20 East/West and the respective unit’s limits 

in the tectonic map. A better delimitation of the European mantle is then obtained by loading 

the moho’s geometry targeted on the specific area. The Jura belt and the most external parts 

of the Alps are then better constrained using the three additional sections. 

3.2. The Crustal Penninic Thrust: EROD surface 
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Since erosive surfaces are modelized as a geological formation they need to meet the 

following criteria: 1) They must not erode prior formation more than the desired limit and 2) 

they must have no space for deposition. This balance is obtained by inflating prior units and 

by adaptation of dipping value of the erosive surface to avoid free volume available for 

deposition. As for the European volume, the Penninic erosive surface model is first computed 

after digitized contact point in the ECORS-CROP and NFP-20 profiles. Then the additional 

Embrunais-Ubaye sections to the South give new constraints allowing a better modelization 

of the CPT in that area. Finally, the Figure 5 presents the result of the 3D model for the 

European volume view to the Northwest, with its five units, limited in the inner part by the 

modeled CPT. 

3.3. The Penninic volume: six units in ONLAP rules 

As for the European volume, the modeling of the Penninic volume is based on the tectonic 

map, the three deep seismic sections (ECORS-CROP, NFP20 East and NFP20 West), with 

the same step-by-step process. The additional section from Sue et al. (1999) in the 

Embrunais-Ubaye area has also been implemented to constrain the Exotic flyschs nappes in 

the Southwestern Alps. For the coherency of the model, and irrespectively to the geological 

logic, the stratigraphic-like pile of the Penninic volume follows the synthetic cross-section 

(Figure 4) and begins from the Exotic flyschs nappes, then the Valaisan unit, the Briançonnais 

cover, the Briançonnais basement, the Piemont oceanic unit, and finally the Austro-alpines 

klippes (Figure 2). Two specific complexities appear for the Penninic volume, which are the 

Prealps klippe, and the Austro-alpine klippes. For modeling purpose, due to the relative size 

of the geological bodies and their inner complexity, we choose to modelize the Prealps klippe 

as belonging to the so-called Briançonnais basement formation. Similarly the Austro-alpines 

klippes must be modelized within the Penninic volume, to allow a coherent stratigraphic-like 

pile in the further Apulian volume (see below). The Figure 6 gives a sketch of the different 

units belonging to the Penninic volume. 

3.4. The Insubric Line: EROD surface 

The Insubric Line (e.g. Schmid et al., 1987) plays a similar role for the Penninic volume as 

the CPT for the European volume. Therefore, the Insubric line erosive surface loses its 

geological status as a fault to become a splitter surface that separates the European/Penninic 
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volumes from the Apulian domain. The IL is also modelized as a virtual geological formation, 

which allow to create free volume for the further Apulian domain modeling. In the northern 

part of the belt, the IL has been modelized using the tectonic map and the deep seismic cross-

sections (ECORS-CROP, NFP20 East and NFP20 West). On the contrary, we had to perform 

many trial-and-error tests in the southern part of the arc, where this limit is very complex with 

three adjacent mohos (see Figure 2) and poorly constrained. Actually, we based our model of 

the IL in this particular area on the moho isobaths (Waldhauser et al., 1998) at depth, and we 

used the map of the Ligurian sea provided by (Rollet et al., 2002) to document its shallow 

location. More precisely, we considered the Ligurian moho as a continuation of the Apulian 

moho. Then, we modelized the European mantle after the moho’s isobaths in subduction 

under the Ligurian and Apulian moho. This approach gives a model of the IL to the South, 

which remains highly prospective. Actually, the scarcity of the constrains available in this 

area, together with the larger scale of our model with respect to this more local issue, and with 

technical matters of the IL modeling (see above), do not allow to better analyze the problem 

of the Ligurian Moho, South of the belt. Indeed, our model is only based on the 

Waldahauser’s Moho geometry in the southernmost tip of the arc, at the limit of the model.

Moreover, local edge effects prevent to better discuss this specific sector. The Figure 7 

presents two views of the 3D model, including the geometry of the IL. 

3.5. The Apulian volume: five units in ONLAP rules 

The ECORS-CROP and NFP20 sections with the tectonic map and the moho isobaths give 

good constraints on this last volume. Actually, the structure of the Apulian volume is quite 

simple, with a classical stratigraphic-like pile: Apulian mantle, Apulian lower crust, Apulian 

basement, South-Alps cover, and Tertiary cover of the Pô plain. 

Due to the lack of deep cross-section, the crustal indentation of the Ivrea Body is not 

constrained in the Southwestern Alps. To improve its geometry in that area, we used four 

sections drawn from the local P-waves tomography of Paul et al. (2001), which show the 

Ivrea Body indenter in a very high position in the crust. This provides a more continuous 

Ivrea Body, all along the internal arc of the Alps, as illustrated on the Figure 8. 

3.6. The Bergell intrusion: EROD rule 
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The 3D model of the Western and Central Alps is achieved by the modelization of the 

Bergell granite intrusion. It is constrained by the tectonic map and the NFP20-East section 

(see supplementary material for illustration of this intrusion). 

4. Discussion and outlook 

4.1. Limitation of the model 

The main limitation of our model rises up from the large scale we handle. At the whole 

alpine belt scale, smaller structures (i.e. formally less than ten time the grid size of 1km) 

cannot be modelized. Detailed relationships between units, as well as structures belonging to 

each individual modelized volume are beyond the scope of this work. In the same way, 

available deep constraints are irregularly distributed around the belt. Another important 

limitation of the final model is due to technical matters, specific to the GeoModeller,

especially concerning the EROD/ONLAP features we had to assign. It is also geographically 

restrained, and further developments should take into account the larger alpine geodynamic 

context, including the Eastward prolongation of the belt, the peri-alpine rift system, as well as 

the Alpine-Ligurian sea-Apennines relations, which remains poorly constrained. As for all 

cartography, our reconstruction includes interpolations, extrapolation and interpretation, and 

is limited by the existing data. 

Nevertheless, our model is the first approach to provide a global 3D view of the Western 

and Central Alps. It is a key-point for further studies on the Alps, and provides a new tool to 

improve our knowledge of the belt. 

4.2. 3D cartographic modeling of the belt 

Our model is a tri-dimensional cartography of the alpine belt. It allows the extraction of 

any 2D sections as desired, including vertical, oblique and horizontal sections. Figures 9 and 

10 present nine examples of vertical (Figure 9) and horizontal (Figure 10) slices extracted 

from the model. Note that classical cross-sections (ECORS-CROP and NFP20) can obviously 

be recovered from the model with a good coherency. The main scientific result of our work 

do not lay in these cross-sections shown as example, but in the model itself, which provides a

coherent vision of the main alpines units, including their structures and relationships, and the 

overall deep structure of the Alps.
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The section 1 Figure 9 (oriented N-S from the northeastern tip of the Jura belt to the 

Alpine-Apennine junction, see location Figure 10) documents the boundary between 

European and Apulian domains. This cross-section highlights the relationships among the 

lithospheres, the lower crusts, and upper crusts (so-called European and Apulian basements) 

and gives an image of the structures between the ECORS-CROP and NFP20-West sections, 

through the Sesia zone. At the first order, this section illustrates the indentation of the 

European lithosphere by the Apulian one. Indeed, symmetric European-related structures are 

found North and South of the Adria indenter within the European crust and lithosphere. The 

southern end of the section showing a small part of Adria lithosphere is constrained from the 

Waldhauser’s Moho model in its lower part, but could also corresponds to an edge effect of 

our model in its upper part; this specific area being rather badly constrained. The Western 

European part of the section is pretty similar to the classical NFP20-West section, taken 

slantwise. One could recognize the classical crustal structures, but with a stretching factor 

with respect to the sections purely perpendicular to the belt’s axis.

The section 2 illustrates the European crustal thickening, and the lateral thickening of the 

Penninic Domain in the saddle between the bulges of the Mont-Blanc and Argentera External 

Crystalline Massifs: the Penninic Frontal Thrust is thus crossed twice on this section. This N-

S section is parallel to the section 1, 40 km to the West. The Apulian indenter disappears in 

this section for the benefit of the penninic units, mainly made of the basement overlaid by the 

Piemont oceanic units. Nevertheless, symmetry of the overall structure is beautifully imaged 

(with an axis in the middle of the penninic units), and is underlined by the uplift of both the 

Argentera and Mont-Blanc massifs. This section perfectly illustrates the European upper 

crust’s saddle between the Mont-Blanc and Argentera massifs, which allows the penninic to 

take place. To the north of the section, as for section 1, one can see the standard relationships 

(but stretched) between the ECM, the Helvetic/Dauphinois nappes, the Prealps klippen, the 

Molasses Basin, and the Jura belt.

The section 3 runs E-W from the southern Jura belt to the Bergell granite. It documents 

mainly European and Penninic units, showing eastward crustal thickening from 30 km to 60 

km. Upper crustal structures in the western part of the section are comparable to the first 

sections above and to the classical NPF20 and ECORS–CROP sections. Eastward, this 

section crosscuts the Valaisan area (Penninic units), the Simplon fault, and the larger 

Lepontine Dome. One can see a structural symmetry between the western limit of the 
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penninic nappes (Penninic Frontal Thrust) and their eastern limit (Simplon Fault), although 

their tectonic roles are opposite (thrust vs. normal fault). The main interest of this section is to 

document the indentation of the Apulian crust from an unusual viewpoint. Indeed, the front of 

the Apulian indenter comes inbetween the upper and lower European crust, and its western 

termination ends underneath the Lepontine Dome. In this area, the crustal “sandwich” is 

responsible of most of the crustal thickening. Finally, the Bergell granite marks the boundary 

between the Central Alps (Lepontine Dome) and the Eastern Alps. 

Six horizontal slices at five km interval from 0 km to 25 km are shown in Figure 10. The 

section at 0 km is very similar to the tectonic map (Figure 2) with exception of the uppermost 

structures (intramontane basins etc.). The section at -5 km depth shows mainly the European, 

Penninic and Apulian basements, with local basins and slices of Mesozoic cover (e.g. below 

the Molasse basin) as well as Tertiary Pô basin. At this depth, structural complexity is mostly 

restrained in the inner part of the arc. The slice at -10 km depth shows mainly collision-

related basement-to-basement contact between Europe and Apulia, with Houiller and 

Penninic cover pinched by the Ivrea Body vertical indentation. The remnant of the Pô basin 

appears as an endorheic basin. The slices at -15, -20, and -25 km depth show the lower crust 

of the European Plate becoming more and more preponderant with respect to the upper crust.

In the innermost part of the arc, the deepest parts of Penninic pinches disappear gradually, 

which provides a simpler view of the overall collisional system. Note that from the top (0 km) 

to the bottom (-25 km) of theses slices, the curvature of the Western and Central Alps evolves 

toward a less arcuated shape. 

4.3. Further developments

The scope of this study is to produce and give access to a 3D alpine model, inferred from 

up-to-date data 3D-modelling tool. This model will be usable by the larger alpine community, 

as an input for further studies.

A first class of further developments concerns geophysical potential field inversions such 

as single field (gravimetry inversion) or joint inversion (gravity and seismic velocities for 

instance). This approach was beyond the scope of this paper, and would ask for a specific 

analysis (see Martelet et al., 2004 for an example in Brittany). Indeed, such inversions would 

be natural prolongation of our study, as it could give new constrains on the model, by the use 

of a new range of data, in a forward-backward process. In the Alps, Masson et al. (1999) 

published an updated gravimetry map that could be integrated in an evolution of our model. A 
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tool of potential field modeling implemented in the GeoModeller would first produce a 

forward modeling of the gravimetry field, using single density value assigned to each 

geological body we reconstructed in our 3D-model, to be compared to the map of Masson et 

al. (1999). A second step would be to proceed an inverse joint modeling of both gravity and 

seismic data, by readjustments of both the shape of the geological bodies, and of their 

physical parameters (density, seismic velocities…) (Guillen et al., 2008). Such approach must 

take into account the non-uniqueness of the geophysical models, as a supplementary 

constrain. Seismic parameters allow the reconstruction of large-scale 3D structures using 

tomographic methods (e.g. Paul et al., 2001; Lippitsch et al., 2003; Stehly et al., 2009; Fry et 

al., 2010). In comparison, our 3D model provides a much smaller definition (about 5-10 km).

Tomography based on seismic waves propagation currently provides images mainly at the 

lithospheric scale. Complementary, our approach, based on tectonic maps and seismic 

interpreted cross-sections allows management of crustal-scale, and nappe-related structures. 

Actually, large trends of our 3D model, such as the Moho shape or the collision-related 

crustal contacts (see above), are in good agreements with the tomographic results (e.g. Stehly 

et al., 2010).

A second class of applications of our 3D-model of the Western and Central Alps concerns 

further developments of 3D tectonic and (thermo)mechanical model of the belt, from the 

collision stages onward, including the final buoyancy-forces-controlled current state of the 

Alps (see Sue et al., 2007 for a review). 2D tectonic models, in map or cross-sections, have 

been already proposed (Delacou et al., 2005;Jiménez-Munt et al., 2005;Yamato et al., 

2008;Viganò and Martin, 2007), using codes such as ADELI (Hassani et al., 1997) or SHELL 

(Bird, 1999). Indeed, 3D (termo)mechanical model developed on the basis of our 3D 

geometrical model used as an input starting point would represent an important step forward 

in alpine tectonics understanding. 

5. Conclusion 

In this study, we built a 3D structural model of the Western and Central Alps based on 

DEM, geological maps, crustal cross-sections, Moho isobaths, and local tomography. Thanks 

to a careful geometrical reconstruction of the structure using the BRGM GeoModeller

software, which works in a sedimentary-like fashion (EROD/ONLAP relationships between 
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the geological bodies), we provide a novel cartography of the entire Western and Central 

Alps, including seventeen first-order geological bodies, and two major interfaces (the Crustal 

Penninic Thrust, and the Insubric Line). This 3D cartography emphasizes the improvements 

brought by such 3D approach in the understanding of structural relationships at crustal scale, 

in a highly non-cylindrical belt. Our 3D cartography provides novel views of the belt’s 

structures through unconventional cross-sections, and horizontal sections at depth, and on 

demand slices in any orientation. 
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Figure captions 

Figure 1: a) Study area of the 3D model of the Western and Central Alps. It is delimited in 

latitude from 43°40’N to 48°N and in longitude from 5°E to 10°E, thus enclosing the entire 

arched part of the Alpine belt together with the Jura belt. b) Early 20th century 3D view of the 

alpine nappes from (Argand, 1911). 

Figure 2: Input GIS database of the 3D model of the Western and Central Alps. Simplified 

tectonic map, modified from Schmid et al., 2004, in transparency on shaded topography 

(GTOPO30 DEM) and moho surface model from Waldhauser et al., 1998. Traces of all cross-

sections used for the 3D modeling are displayed on the simplified tectonic map. Thick black 

lines represent cross-sections with geophysical constraints (NFP20 East and West, ECORS-

CROP, Jura, respectively a,b,c and d on Figure 3), whereas thin black lines display sections 

only documented by geological mapping (Embrunais-Ubaye, Embrunais, respectively e and f 

on Figure 3). Red dashed lines give the position of the four tomographic profiles (A-B-C-D) 

of Paul et al., 2001. These latter are imaged in Figure 8. . 
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Figure 3: Deep constraints of the 3D model of the Western and Central Alps with no 

vertical exaggeration. Three deep seismic sounding interpreted profiles (from East to South-

West): a) NFP20-East, b) NFP20-West and c) ECORS-CROP, modified from Schmid and 

Kissling, 2004. d) Balanced cross section constrained by seismic lines across the Jura belt, the 

Swiss Molasse basin and the Prealps, modified from Sommaruga, 1998 and Bonnet, 2007. e) 

and f) Geologically documented cross sections across the so-called Embrunais-Ubaye area, 

modified e) from Delacou et al., 2004 and f) Sue and Tricart, 1999. Legend is similar to 

Figure 2 plus the European and Apulian mantle and lower crust units. All profiles have been 

redrawn to match the intersection with the simplified tectonic map (Figure 2) when projected 

in 3D in the GeoModeller software. 

Figure 4: a) Synthetic cross section of the 3D model of the Western and Central Alps that 

defines the pile of the 3D model. The section and the related ONLAP/EROD rules remain 

valid through the entire 3D model (see text for details). For modeling purpose, because of 

relative size of geological bodies, the Prealps klippe is linked to the Briançonnais basement 

unit. Similarly, the Austro-alpines klippes are defined within the Penninic domain, therefore 

allowing to maintain a coherent stratigraphic-like pile in the next Apulian domain. b) Inferred 

stratigraphic-like pile of the 3D model with related ONLAP/EROD rules for each unit. The 

3D geometric construction of the model follows the stratigraphic-like succession and is 

divided in six main phases: 1) European domain with five units in ONLAP mode; 2) The 

Penninic erosive surface with one unit in EROD mode. Modeling of the Penninic erosive 

surface allows creation of free space for the further construction of the Penninic domain units. 

3) Penninic domain, six units in ONLAP mode, enclosing the Austro-alpines klippes; 4) 

Insubric line erosive surface, one unit in EROD mode that permits creation of free volume for 

further modeling of the Apulian domain; 5) Apulian domain, five units in ONLAP mode and 

6) The Bergell periadriatic intrusion, one unit in EROD mode which terminates the 3D model 

construction.  

Figure 5: South-Eastern view of 3D model of the European domain (European mantle, 

European lower-crust, European basement, Secondary cover and Tertiary cover) limited in the 

inner part by the modeled Penninic erosive surface. Legend is similar to Figure 4. Modeling 

of the Crustal Penninic Thrust (CPT) allows creation of free space for subsequent 

construction of the Penninic units. Excess volume of CPT and Tertiary cover (arrows) are 

removed during the following stages of modeling in particular during the creation of the 
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Insubric line interface which eliminates the CPT and Tertiary cover excess volumes within 

the Penninic domain. 

Figure 6: a) to f) Six successive 3D models of the Penninic domain units before modeling 

of the Insubric line erosive surface. Legend is similar to Figure 4. For each formation, the 

traces of the constraining cross-section are displayed within the box. g) Southern view of the 

Penninic volume. Excess volume of the Briançonnais cover unit is removed during the 

modeling of the Insubric line interface. 

Figure 7: North-Western and South-Eastern views of the 3D model of the European and 

Penninic domains before the 3D construction of the Apulian units. Legend is similar to Figure 

4. Modelization of the Insubric line erosive surface allowed creation of free space for 

subsequent modelization of the Apulian domain units and excess deposit of Briançonnais 

cover (see Figure 6) has been removed. In the Southwestern part of the Alpine arc, where the 

structure is very complex but very little constrained, the IL was modelized following the 

moho’s isobaths with the European mantle subducting the Ligurian and Apulian mantles. 

Figure 8: South-Eastern views of the 3D Apulian mantle model (displayed with the 

European basement volume). 1) 3D model of the Apulian mantle constrained by the deep 

seismic profiles (ECORS-CROP, NFP20-East and NFP20-West). 2) Apulian mantle 

constrained by local tomography of Paul et al., 2001. A-B-C-D refer to profiles displayed 

below. 3) Local tomography imaging the Ivrea body in the Southwestern Alps (Paul et al., 

2001). The four sections (A-B-C-D) are localized on Figure 2 (red dashed lines) and 

displayed with no vertical exaggeration. Intersection of the 3D model of the Insubric erosive 

surface is represented in red lines on the sections. Red dashed lines represent intersection of 

model only constrained by the deep seismic profiles (ECORS-CROP, NFP20-East and 

NFP20-West) whereas thick red lines represent intersection of model taking into account the 

tomography imagery. Use of this new constraint provides a more continuous Ivrea Body, all 

along the internal arc of the Alps. 

Figure 9: A set of three unconventional cross-sections. Sections are located on Figure 10. 

1) North-South profile running across the Western Alps arc. The section cuts through the 

Apulian and Ligurian margins. The profile shows a very complex structure to the South, 

insufficiently constrained due to the lack of deep geophysical imagery in that area. 2) North-

South profile running at the border of the Western Alpine arc, showing symmetrical structures 

for the European basement and lower crust around the Alpine arc. 3) West-East profile cross-

cutting the Prealps klippe, the Lepontine Dome and the Bergell granite. The section reveals 
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the identation of the Apulian lower crust unit below the Lepontine Dôme. AA: Aar Massif; 

AR: Argentera Massif; B: Bergell; LD: Lepontine Dome; PA: Prealps; PN: Penninic units; 

PP: Pô Plain. 

Figure 10: Horizontal cross sections of the 3D model box for the first 30 kilometers with 

five kilometers intervals. Traces of cross-sections used for the modeling are displayed on the 

maps. Unconventional profiles 1, 2, 3, are represented in Figure 9. Legend is similar to Figure 

9.
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 7 
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Fig. 9 
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Fig. 10 
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Highlights 

We built a 3D structural cartography of the alpine arc 
The 3D map is based on the global integration of geophysical and geological data 
This cartography provides a fully usable background for cross-section drawing in any 
orientation.
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