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Introduction
Geological 3D modeling of buried structures, especially in large plains, is a strategic goal for the Servizio 
Geologico d’Italia (SGI). Despite the common perception that plains are geologically stable, the societal 
and industrial activities in such areas have often to face with various geological hazards.

The Po Plain, one of the biggest plain areas in the European continent, does not escape this general rule. 
On the ground surface, it hosts nearly a third of the Italian population, along with important historical 
centers, many industrial facilities, critical infrastructures, hydrocarbon plays and gas storage sites, 
while underground it is characterized by active blind thrusts, among which also those responsible for 
the May-June 2012 seismic sequence (MW max 6.1). After this seismic event and following a strong 
public concern, a scientific and political debate started (ICHESE 2014, Cartlidge 2014) to address and 
investigate the possible interactions between the impact of human activities in the subsurface (e. g. 
oil and gas production) and the seismicity, as already experienced in recorded cases of induced and/or 
triggered seismicity all around the world (e. g. Evans et al. 2012, National Research Council 2013). This 
case pointed out the basic need of a publicly available 3D geological infrastructure (models and tools) 
to analyze geological bodies and faults, to quantify and parameterize their behavior, to assess resources, 
supporting decision-makers, and facilitating the public acceptance of subsurface uses.

The Po Plain, with its active and seismogenic blind thrusts and related folds, has been identified as a 
case study to implement and test a comprehensive workflow based on 3D modeling, restoration and 
characterization of geological structures, including basin analysis.

Workflow & Tools
The SGI has, as its main institutional commitment, the collection, harmonization, analysis, storage, and 
dissemination of geoscience data and observations (ISPRA, http://sgi.isprambiente.it/geoportal/catalog/
main/home.page). 

Since 2000, it has expanded its institutional activities by using 3D modeling techniques to interpret and 
display surface and subsurface data available in the national geological databases. Starting from these 
data, 3D models at crustal to subcrustal-scale and from local to nation-wide coverage (D’Ambrogi et 
al., 2010), have been built to describe various geological domains, from fold-and-thrust mountain belts 
(De Donatis et al., 2002) to plain areas (GeoMol Team, 2015). 

These experiences led to design and implement a workflow (Fig. 1) that can be widely applied in all 
the various Italian geological contexts, which integrates data characterized by different domains of the 
vertical axis: time (e.g. seismic lines, velocity data, time-depth or time velocity curves of wells) or depth 
(e.g. field data, published geological maps, cross sections, isobath and isopach maps). 

The workflow was tested and refined in the framework of the EU-funded GeoMol Project (www.geomol.
eu), applied for the 3D model construction of the central portion of the Po Plain, a 5,700 km2 wide area, 
that extends from the Southern Alps piedmont, to the north, to the Northern Apennines buried thrust front, 
to the south; the latter including the blind thrusts which generated the May-June 2012 seismic sequence.
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The model was based on the integration of a dense and consistent dataset (130 well logs, 12,000 km of 
seismic lines), with the support of a high-pass filtered Bouguer anomaly map; it was realized following 
a complex workflow of interpretation, harmonization, 3D velocity model elaboration, time-depth 
conversion, conditioning and refinement of geological surfaces (Fig. 1A).

The result is a 3D model that includes 15 horizons, from the top of Permian-Triassic to Pleistocene, 
and more than 150 faults. This complete 3D imagery of the central Po Plain has become the core for a 
multiplicity of further applications.

Parallel to the workflow for 3D model production, the SGI tested methods for: 

• analysis of sedimentary basins (Maesano & D’Ambrogi, 2015; Chiarini et al., 2014), 
• fault restoration and sediment decompaction for calculating long term slip rates and characterize 

active faults (Maesano et al., 2015), 
• estimation and representation of the uncertainties to support the model validation (Maesano & 

D’Ambrogi, 2015).

Basin Analysis
A basin-wide detailed 3D model, derived from the interpretation of a very dense network of seismic 
lines (12,000 km, provided confidentially by ENI S.p.A.), correlated with 130 well stratigraphies and 
with the existing literature data that provided stratigraphic and magnetostratigraphic constraints, is the 
core of a workflow of decompaction and sequential restoration in 3D aimed to quantify the Quaternary 
sedimentation and uplift rates in the central part of the Po Plain (northern Italy). 

The interactions of these processes and the analysis of the resulting effects (syn-tectonic deposits and 
growth strata) are strategic to describe the basin evolution and tectonic control, especially in subsiding 
basins where the signals of active tectonics can be disguised by the sedimentary processes. As a matter 
of fact, where the sedimentation rate is higher than the tectonic-related uplift rate, a generally flat 
topographic surface can result, without clear evidence of deformation, despite the presence of active, and 
possibly seismogenic, faults in the subsurface. 

Figure 1. A) Workflow for 3D model construction; B) restoration workflows for basin analysis 
(Maesano & D’Ambrogi, 2015) and C) characterization of folds and faults (Maesano et al., 2015).
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The Pleistocene portion of a detailed 3D model was the starting point of a sequential 3D restoration 
workflow that included the unfolding and decompaction of six, chronologically constrained, sedimentary 
units ranging from 1.5 to 0.45 Myr. The aim of this methodology was to obtain a 3D picture of each 
horizon unaffected by sediment compaction and the local and regional tectonic deformation recorded in 
the uppermost horizons and to assess the residual vertical separation that can be attributed to the folding 
process only.

The restoration workflow (Maesano & D’Ambrogi, 2015) (Fig. 1B) consisted of the following steps of 
unfolding and decompaction of the unconformity-bounded units: 

• unfolding; 
• decompaction and unload;
• removal of regional monocline dip and measure of the residual vertical separation along antiformal 

structures.

After the first two steps, the resulting 3D surfaces (Fig. 2) represent the basin configuration and the 
changes and migration of regional depocenters, controlled by thrust activity until the Pleistocene. The 
workflow enabled the analysis of the interaction between the basin infill and the evolution of weak 
elusive syn-sedimentary anticlines in the central portion of the basin, considered less affected by the main 
structures (e.g. Emilia and Ferrara-Romagna arcs). In the analysis of these anticlines the subtraction of the 
foreland tilting from the topography, resulting after unfolding and decompaction, was crucial to obtain the 
residual signal related to the growing anticlines, and the uplift rate of the structures during Pleistocene.

Active Faults
The identification and characterization of potentially active tectonic structures, are two of the goals 
achieved from the 3D model of the Po Plain; the model provided a display of fault planes that is more 
accurate and geometrically consistent than those classically obtained through regional 2D cross sections. 
Particularly, the evidence of folding and growth strata that are often elusive (e.g. mild folding with low 
amplitude and long wavelength) can be more easily identified in a 3D model rather than in a single 
seismic profile.

A great deal of accuracy is needed during data acquisition and interpretation in order to obtain the best 
constraints for the subsequent structural analysis. The position of the fault tips and the evidence of 
dislocation or folding of horizons younger than 1.6 Myr have to be carefully highlighted.

Figure 2. 3D surfaces describing the evolution of the basin topography, step by step, and the 
evolution of the basin infilling (thickness analysis) (Maesano & D’Ambrogi, 2015).
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From the 3D model of the Po Plain, the following characteristics were attributed to the faults (or folds): 
i) orientation compatible/not compatible for being reactivated in the present-day stress field; ii) age of the 
younger faulted/folded horizon; iii) position in relation to the stratigraphic succession (e.g. position of the 
detachment level and mechanical properties of the intersected units). 

The faults with an orientation compatible for a reactivation in the present-day stress field that can be also 
associated with deformation (dislocation or folding) in horizons younger than 1.6 Myr were defined as 
active faults. These faults were further analyzed following the designed restoration and analysis workflow 
(Fig. 1B and C) that can be summarized in the following steps:

• decompaction on the target horizons;
• restoration with appropriate algorithm (trishear, fault-parallel flow, simple shear) based on the type of 

observed deformation;
• slip rates calculation and uncertainty estimation.

The characterization of active faults, the slip rate values and their lateral variability are key parameters for 
a better definition of the fault kinematics, and support the identification of seismogenic sources which, in 
turn, provide a fundamental input to build more detailed models for seismic hazard assessment.

Characterization Of Uncertainties
The 3D modeling techniques, as opposed to the classic 2D modeling, allow one to consider the full spatial 
variability of input parameters both in the reconstruction and restoration of geological structures (e.g. 
strike and dip of faults, fold geometry) and in the geomechanical characterization of the geological bodies 
(e.g. velocity in the depth conversion, porosity in the decompaction). At the same time they need the 
quantitative evaluation of uncertainties, which are strongly requested in many aspects of the geological 
investigations and by the stakeholders of geological products.

Considering the velocity model used for the time-depth conversion, one of the most important factor 
controlling the accuracy of the final 3D geological model, the SGI tested a method to estimate and 
represent the uncertainty related to the geo-statistical interpolation of velocity data in the 3D model of the 
Po Plain, in order to obtain an independent control of the final results.

In the available datasets, often there are only few well logs provided with time-depth or velocity curves. 
This lack of information is particularly problematic when the 3D model covers a wide and heterogeneous 
area.

The depth conversion of the 3D model was performed by testing different strategies for the use and the 
interpolation of velocity data, such as i) well logs; and ii) pseudo-wells from stack velocities. Firstly, the 
final depth model was obtained using a 4-layer cake 3D instantaneous velocity model that considers both 
the initial velocity (v0) in every reference horizon and the gradient of velocity variation with depth (k), 
derived from the well logs. Secondly, a set of pseudo-wells obtained from the stack velocities available 
inside the area, geostatistically interpolated, was used to obtain a depth conversion for the same 4 
reference layers of the final model. Thirdly, the surfaces obtained from the two methods were compared 
using as control points the marker constraints derived from the well logs not included in the velocity 
model (Fig. 3).
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Conclusions
The 3D modeling techniques are commonly recognized as the best synthesis to understand, characterize, 
and describe the geological structures, thanks to the integration of various types of data. Collectively, this 
information provides the foundation in analyzing and monitoring the geological structures, both for their 
possible geopotential usage and for the hazards they can generate.

The SGI tested a complete workflow for 3D model construction and analysis, able to support the 
increasing demand of consistent geological and seismotectonic knowledge, from the Italian public, 
national and local, authorities with responsibilities on authorization procedures for exploiting subsurface 
resources (e. g. geothermal, oil and gas, gas storage, CCS).

The SGI makes the 3D-model-derived thematic maps discoverable and accessible through standard 
metadata and web services (WMS) in compliance with the INSPIRE Directive from its web portal (http://
sgi.isprambiente.it/geoportal/catalog/main/home.page).
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