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ABSTRACT

Different remote sensing technologies, including photogrammetry and 
LIDAR (light detection and ranging), allow collecting three-dimensional (3D) 
data sets that can be used to create 3D digital representations of outcrop sur-
faces, called digital outcrop models (DOM). The main advantages of photo-
grammetry over LIDAR are represented by the very simple and lightweight 
field equipment (a digital camera), and by the arbitrary spatial resolution, 
that can be increased simply getting closer to the outcrop or by using a dif-
ferent lens. The quality of photogrammetric data sets obtained with structure 
from motion (SFM) techniques has shown a tremendous improvement over 
the past few years, and this is becoming one of the more effective ways to 
collect DOM data sets. The Vajont Gorge (Belluno Dolomites, Italy) provides 
spectacular outcrops of jurassic limestones (Vajont Limestone Formation) 
in which mesozoic faults and fracture corridors are continuously exposed. 
Some of these faults acted as conduits for fluids, resulting in structurally con-
trolled dolomitization. A 3D DOM study, based on a photogrammetric SFM 
data set, was carried out, aimed at enabling interdisciplinary characterization 
and reconstruction of coupled brittle deformation and fluid flow processes. 
For this study we used a DOM (730 m × 360 m × 270 m) consisting of con-
tinuous triangulated surfaces representing the outcrop, textured with high-
reso lution images. Interpretation and modeling performed on this data set 
include (1) georeferencing of structural measurements and sampling stations; 
(2) tracing of stratigraphic boundaries, structural surfaces, and dolomitization 
fronts (ground-truthed); (3) correlation and extrapolation of realistic 3D sur-
faces from these traces; and (4) development of a 3D geological model at the 
scale of the Vajont Gorge, including stratigraphy, faults, dolomitization fronts, 
and volumetric meshes suitable for the statistical analysis of structural, dia-
genetic, and geochemical parameters. The DOM study highlighted the close 
relationship between faults and dolostone geobodies, demonstrating that 

dolomitization was guided by fluid infiltration along Mesozoic normal faults. 
In order to explore the uncertainty associated with the 3D model of irregu-
larly shaped dolostone bodies, three different 3D dolostone geobody realiza-
tions have been modeled, providing a minimum, intermediate, and maximum 
estimate of the dolostone/limestone volumetric facies ratio, while honoring 
the field constraints.

1. INTRODUCTION

Many geological characterization projects have included the reconstruction 
of quantitative three-dimensional (3D) representations of suitable outcrops, 
called digital outcrop models (DOMs; Bellian, 2005) or virtual outcrops (McCaf-
frey et al., 2005). This was allowed by the widespread availability of technolo-
gies like DGPS (with submeter precision; Maerten et al., 2001; Xu et al., 2001; 
Pearce et al., 2006; Smith et al., 2013), laser scanning (LIDAR—light detection and 
ranging, and TLS—terrestrial laser scanner; Bellian, 2005; White and Jones, 
2008; Buckley et al., 2008; Hodgetts, 2013), and close-range photogrammetry 
(Dueholm and Olsen, 1993; Lebel et al., 2001; Haneberg, 2008; Vasuki et al., 
2014; Tavani et al., 2014). DOMs allow significant advances in field data col-
lection and interpretation for four main reasons (e.g., Hodgetts, 2013): (1) they 
allow for a detailed quantitative description of the geometry and spatial rela-
tionships of geological objects; (2) they allow for collection of large volumes 
of data, homogeneously distributed on outcrops, providing a sound statistical 
base for modeling; (3) they allow for unified analysis of very large outcrops, 
sometimes at reservoir scale; and (4) they allow for 3D exploration of outcrops, 
with suitable software, under various points of views, with the possibility to 
navigate around the model, sometimes resulting in different interpretations 
than the more limited and static view that a geologist can have by studying 
only the accessible parts of outcrops.
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A DOM workflow can be subdivided into three main phases: (1) collection 
of topography and images of the outcrop, (2) processing and output of a DOM 
in suitable formats, and (3) geological interpretation and modeling. Each of 
these phases can be completed with alternative techniques and software, as 
described in the following.

DGPS was possibly the first technology used to collect precisely georefer-
enced geological data, particularly in structural geology. For example, it has 
been applied to fluvio-deltaic sediments (Xu et al., 2001), folds (Pearce et al., 
2006), fault networks (Maerten et al., 2001), ductile shear zones (Pennacchioni 
and Mancktelow, 2007) and, more recently, to the collection of scanlines across 
large fault zones, allowing quantitative characterization of fault zone architec-
ture (Smith et al., 2013) and hydraulic properties (Bistacchi et al., 2013). This 
technique is very well suited to obtain the precise location of structural mea-
surements or sampling stations (Smith et al., 2013), but is very time consuming 
if the goal is to map continuous structures, for example bedding or fault traces. 
Moreover, it is limited by the accessibility of outcrops (e.g., it is not possible 
to perform this kind of survey on vertical walls). For this reason, most proj-
ects at present are based on a remote sensing approach, with the collection 
of 3D image data with LIDAR or photogrammetry. In this case, the geological 
interpretation is carried out a posteriori on a workstation using suitable soft-
ware (similar to seismic data interpretation), but it can be also combined and 
 quality-checked with data collected in the field using traditional techniques 
(e.g., qualitative sketches, structural measurements, samples).

Laser scanning data sets consist of 3D point clouds collected by a laser 
device capable of measuring the X, Y, and Z coordinates of objects (outcrop 
surfaces) hit by the laser beam. TLS used in the field generally have a range 
of <1 km and a spatial resolution of 1–5 cm (Vosselman and Maas, 2010). In a 
typical LIDAR workflow, the 3D point cloud could be colorized by collecting 
photos with a calibrated camera attached to the scanner, thus associating an 
RGB (red-green-blue) value from a photo to each point in the point cloud. This 
provides photorealistic point clouds (White and Jones, 2008; Kurz et al., 2012), 
but it must be noted that the spatial resolution of such photorealistic point 
clouds is limited by the resolution of the coarser data set (either the photos 
or point cloud depending on survey conditions; see discussion herein). LIDAR 
surveys have been successfully applied to numerous projects dealing with a 
large number of different geological structures (e.g., Trinks et al., 2005; Can-
dela et al., 2009; Lovely et al., 2010; Bistacchi et al., 2011; Kurz et al., 2012).

Close-range photogrammetry techniques allow for obtaining the same kind 
of data sets collected from LIDAR, with the advantage of overcoming some of 
their limitations, as well as providing the benefit of requiring only a simple digital 
camera. The advantages associated with this approach are summarized here and 
discussed in more detail in the following. The main advantage is an arbi trary 
spatial resolution, which can be increased simply by moving closer to the outcrop 
or by using longer focal length lenses (e.g., Bistacchi et al., 2011). A second ad-
vantage is the perfect alignment between the point cloud and the  images, since 
the point cloud is actually obtained from the images. In this way, the point cloud 
is natively colorized, and it allows for the generation of high-quality triangulated 

surfaces textured with image data (with the techniques discussed in the follow-
ing). The required equipment is very light and can be easily used even in difficult 
field conditions. This approach allowed the acquisition of 3D images of individ-
ual millimeter-thick fault traces with a 0.5 mm spatial resolution (Bis tacchi et al., 
2011). Possible problems and disadvantages of photogrammetry with respect 
to LIDAR include accuracy control (which can be solved using highly redundant 
data sets, addressed in the following), and time-consuming processing (which 
can be solved with increasingly powerful workstations and optimized software).

Regardless of the selected 3D outcrop reconstruction technique, either  LIDAR 
or photogrammetry, the output is a point cloud data set. This can be used as 
it is in the geological interpretation (e.g., White and Jones, 2008), or a triangu-
lated surface representing the outcrop surface can be generated from the point 
cloud. In order to obtain a photorealistic surface, this must be textured with 
image data (basically, a small portion of an image is assigned to each triangle 
in the surface, and passed to the graphic card for visualization). This kind of 
visualization is very common in computer graphics (e.g., in architectural appli-
cations or videogames), but not in geology. With only a few exceptions (e.g., 
Tavani et al., 2014), geological digital elevation models are textured with aerial 
orthophotos, which do not allow representation of details on almost vertical, 
or even overhanging, rock walls. In any case, texturing is generally performed 
with images that have a significantly reduced resolution (e.g., Tavani et al., 
2014). However, in this contribution we present an innovative workflow that 
allows outcrop surfaces to be textured with the original images collected in the 
field, without any loss of resolution and/or resampling.

The interpretation of DOMs can be performed either using generic  laser 
scanning or photogrammetry surveying software (e.g., RIEGL RiSCAN, 
www .riegl .com; CloudCompare, www .cloudcompare .net), which generally 
do not provide specific geological tools, or using more specialized geological 
packages. Some of these (e.g., Coltop3D, www .coltop3d .ch) focus on the inter-
pretation of point clouds in terms of fracture surfaces. However, to perform a 
more general geological interpretation (i.e., including stratigraphy, structure, 
and other elements), a good option would be a geomodeling package like 
Skua-Gocad (www .pdgm .com /products /skua -gocad), Move (www .mve .com 
/software /move), or Petrel (www .software .slb .com). There are no direct stan-
dard ways to import DOMs in these packages. In the following, we present our 
solution to import the DOM in Skua-Gocad and then perform the interpretation 
and modeling in this environment.

The project discussed here was carried out in the Vajont Gorge (Veneto 
and Friuli Venezia Giulia, Italian Southern Alps), which provides spectacular 
outcrops of carbonate-dominated sequences where fault zones and/or fracture 
corridors are well exposed on vertical walls. Some of these fault zones provided 
fluid pathways, resulting in structurally controlled dolomitization of the Vajont 
Limestone, associated with a very high porosity increase (e.g., Zempo lich 
and Hardie, 1997; Ronchi et al., 2012). Although previous studies (Zempolich 
and Hardie, 1997) have shown that dolomitization is controlled by faulting, no 
detailed structural data were provided to associate dolomitization with a partic-
ular fault kinematic setting or tectonic event and, hence, to a particular stage in 
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the complex tectonic evolution of this part of the Alps, which includes a rifting 
and a passive margin stage, overprinted by the Dinaric and Alpine orogenies.

We present here the workflow that allowed us to build the DOM of the 
 Vajont Gorge with photogrammetry, and show how the stratigraphic and 
structural interpretation was carried out, and how dolostone was mapped on 
the walls of the gorge. We then present a methodology allowing us to model 
the complex geometries of dolostone geobodies, affected by relevant uncer-
tainty, and discuss how this workflow allowed the highlighting of the relation-
ships between faulting and dolomitization.

2. GEOLOGICAL OUTLINE OF THE VAJONT GORGE AREA

The Vajont Gorge was carved by the Vajont River in the Jurassic–Creta-
ceous carbonate-dominated sequence of the Belluno Dolomites (Fig. 1) in the 
eastern Southern Alps, which represent the retrowedge of the Alpine belt, 
where contractional deformation driven by continental collision developed 
from the Neogene to the Present (Dal Piaz et al., 2003). The Vajont Limestone 
(late Bajocian–Bathonian) forms a large part of the walls of the Vajont Gorge 
and is the target of this study. This formation is 350–400 m thick and is com-
posed of whitish to grayish reworked oolitic limestones in thick beds that are 
locally dolomitized (Zempolich and Hardie, 1997). These reworked platform 
sediments are interpreted to be derived from the Friuli Platform, at the north-
ern edge of the Adriatic Platform, in Jurassic and Cretaceous time (Masetti 
et al., 2012), and resedimented by gravity-flow processes on the slope con-
necting the Friuli Platform with the Belluno Basin (Bosellini and Masetti, 1972).

The Vajont Valley coincides with the core of a composite fold resulting from 
the interference between the east-west–trending Erto syncline (Ferasin, 1956; 
Riva et al., 1990) and the north-south–trending Massalezza syncline (Massironi 
et al., 2013). These folds are kinematically related to north-south– and east-
west–trending Oligocene to Miocene contractional to transcurrent fault sys-
tems (e.g., Riva et al., 1990; Doglioni, 1992b; Castellarin and Cantelli, 2000; 
Massironi et al., 2013; Chistolini et al., 2014), which define a fault block corre-
sponding to the project area (Fig. 1).

Extensional Pre-Alpine Mesozoic faults are present in the study area ( Doglioni, 
1990). At the regional scale, the traces of these structures are discontinuous 
due to the fragmentation caused by the Tertiary tectonics. For this reason it is 
difficult to map the real extent of the Mesozoic fault systems and to define their 
age, which is generally assumed to be Middle Jurassic (e.g., Doglioni, 1992a).

Dolomitization of the Vajont Limestone is associated with a very high 
poros ity, as high as 25%; this contrasts with the very low porosity of the origi-
nal limestone (<2%; Zempolich and Hardie, 1997). Previous studies (Zempolich 
and Hardie, 1997) showed that the dolomitization here is controlled by faults; 
however, no detailed structural data were provided relating dolomitization to a 
particular fault kinematic or tectonic phase, and therefore to a particular stage 
in the complex evolution of this part of the Alps, an evolution that includes a 
rifting stage, a passive margin stage, and two orogenic stages. This is one of 
the reasons why the DOM study has been undertaken.

2.1. Structural Framework of the Vajont Gorge

The large-scale 3D structural analysis developed with the DOM workflow 
described in the following was based on preliminary results of mesoscale 
structural analyses. These analyses were carried out on outcrops on both sides 
of the Vajont Gorge, and in some tunnels in its north side, excavated for the 
construction and maintenance of the Vajont dam. While an exhaustive descrip-
tion of the structural analysis results is not possible here, we note some key 
observations to help in understanding some choices in the DOM project.
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Figure 1. Tectonic sketch map and location of the study area in the Belluno Dolomites (modified 
after Riva et al., 1990; Massironi et al., 2013). MB—Monte Borgà thrust; Bu—Canalone Buscada 
fault; CB—Croda Bianca fault; CTr—Col Tramontin fault; CTo—Col delle Tosatte fault (note that 
Massironi et al., 2013, in contrast with others, showed that this is an east-dipping thrust fault). 
Landslide deposit is the 1963 Vajont rockslide accumulation. Insets show location of the study 
area (gray box) in the Southern Alps.
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Bedding orientation in the Vajont Limestone is fairly constant, with aver-
age of 082/19 (dip azimuth/dip convention) with a very limited scatter (Fig. 
2A). Multiple fault sets are present in the gorge, mostly extensional fault 
zones (Fig. 2B) and minor contractional (Fig. 2C) and strike-slip (Fig. 2D) 
defor ma tion structures. Extensional structures are interpreted as Mesozoic, 
while contractional and strike-slip ones are interpreted as Tertiary (Massironi 
et al., 2013).

Extensional (Ext) preorogenic fault zones can be subdivided into three 
sets: Ext1 (average attitude 212/65), Ext2 (332/61), and Ext3 (265/70). Set Ext3 
is under sampled in the stereoplot shown in Figure 2B, obtained by traditional 
measurements on accessible outcrops (roads and tunnels). However, we show 
that this set is important on the Vajont Gorge walls, particularly in the higher 
part of the north wall. Detecting this fault set in nonaccessible parts of the out-
crops was an important result of the photogrammetric study.

Where fault zones belonging to the extensional sets affect dolostone bod-
ies, they are characterized by cataclasites and fault breccias cemented by 
dolo mite (Fig. 2) or by slickensides decorated by dolomite fibers; therefore, 

the fault zones are coeval and kinematically compatible with dolomite veins 
(aver age attitude 261/88; Fig. 2). Dolomite veins are also present in limestones, 
at distances of as much as 10–20 m from dolostone bodies. In limestones at 
larger distances from the dolostone bodies, cataclasites, slickensides and 
veins are cemented with calcite.

Tertiary orogenic strike-slip and thrust fault zones can be classified as 
thrust set 1 (Thr1, 115/22), thrust set 2 (Thr2, 183/76), right-lateral strike-slip 
fault zones (RL, 200/79), and left-lateral strike-slip fault zones (LL, 261/84) (Figs. 
2C, 2D). Given the similar orientation, RL and LL probably represent fault zones 
and/or fractures belonging to the extensional preorogenic sets Ext1 and Ext3, 
reactivated under tertiary contractional stress fields. However, this kind of 
reactivation is not common in the Vajont Gorge, and most extensional fault 
zones show well-preserved extensional kinematic indicators. It is significant 
that all the contractional and strike-slip deformation structures are associated 
with calcite cement, fibers, and veins, both in limestones and in dolostone, 
pointing to fluids with a different composition with respect to those (Mg-rich) 
associated with the extensional deformation structures.
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in dolomite cement
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Figure 2. (A) Lower hemisphere stereoplot (great circles and contours of pole density) of 
 Vajont Limestone bedding in the Vajont Gorge; average attitude is highlighted with heavy line. 
(B) Lower hemisphere stereoplot of fault planes (great circles with slip vectors and contours 
of pole density) of Mesozoic normal faults; average attitudes of extensional fault sets Ext1, 
Ext2, and Ext3 are highlighted with heavy lines. (C) Lower hemisphere stereoplot of fault planes 
(great circles with slip vectors and contours of pole density) of Tertiary reverse faults; average 
attitudes of thrust fault sets Thr1 and Thr2 fault is highlighted with heavy lines. (D) Lower hemi-
sphere stereoplot of fault planes (great circles with slip vectors and contours of pole density) of 
Tertiary strike-slip faults; average attitudes of LL (left lateral) and RL (right lateral) fault sets are 
highlighted with heavy lines. (E) Cataclasite composed of dolostone clasts cemented by dolo-
mite, sampled along an Ext2 fault in a tunnel on the north side of the Vajont Gorge. (F) Dolomite 
fibers decorate a localized slip surface on the same cataclasite sample.
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3. BUILDING THE VAJONT GORGE DIGITAL OUTCROP MODEL

We summarize here the main principles behind close-range photogram-
metry, particularly in the structure from motion (SFM) implementation. We ex-
plain how the data set was collected and processed in the Vajont Gorge project 
and show how this data set was used to generate a DOM of the gorge based 
on triangulated surfaces textured with the same images collected in the field, 
with no loss of resolution.

3.1. Principles of Photogrammetry and SFM

Photogrammetry may be defined as the sum of techniques allowing quanti-
tative measurements and reconstruction of the geometry of solid objects to be 
carried out from photos and other image data. It is a branch of remote sensing 
that was traditionally developed as a fundamental tool in geodesy and topog-
raphy, but has broad application beyond these fields (Lillesand et al., 2008).

The basic principle in photogrammetry is that of stereoscopic viewing, 
which is used to obtain 3D coordinates of points identified in a pair of images 
(stereocouple). If some parameters are known about the internal geometry 
and optics of the cameras, and about the position of the cameras in 3D space, 
the 3D position of an object seen in both images can be calculated by means 
of triangulation on the epipolar plane (Fig. 3A). These parameters define the 
image orientation and are subdivided into exterior orientation parameters 
(posi tion of camera in 3D space) and interior orientation parameters (geom-
etry and optics of the camera). Image orientation parameters define, for each 
image, the projection transformation between the real world 3D space and the 
2D image plane, allowing the transformation of the coordinates of an object 
in 3D space to coordinates of its image in the 2D image plane and vice versa. 
The simplest possible projection transformation is based on the idealized pin-
hole camera model (Fig. 3B), which can be applied to cameras with no lenses 
or with completely distortion-free lenses. This projection can be also used if 
images are corrected for lens distortion (Tsai, 1987).

Traditional photogrammetric workflows are based on pairs of photos 
(stereo couples), and in this case all the interior and exterior orientation param-
eters must be known a priori. However, a novel approach has been developed 
that allows the use of large redundant collections (bundles) of images (Fig. 3), 
taken from different positions and even with different cameras, to obtain the 
interior and exterior orientation parameters from the images. This approach, 
SFM, was originally developed in the framework of robotic vision (Hartley 
and Zisserman, 2004), and was further developed for phototourism projects 
( Snavely et al., 2006).

The idea behind the SFM approach is simple. Given a set of several im-
ages shot from different positions, if in every image several points can be rec-
ognized (expressed in image coordinates) representing the same real world 
features (the same X, Y, Z positions), then we can build a large system of equa-
tions from the projection equations associated with the images and invert the 
system to obtain both the interior and exterior orientation matrices of each 
image and the X, Y, Z coordinates of the features. The oriented photos are 
processed almost as in the stereocouple workflow to get the final point cloud 
(e.g., Lillesand et al., 2008). This approach, although computationally inten-
sive, has been found to be very effective in building large photogrammetric 
models in architectural and archaeological applications (Wu, 2013). Our study 
of the Vajont Gorge is one of the first applications of the SFM approach in 
structural geology. An important advantage of this method, compared with 
the traditional stereocouple workflow, is that each feature is defined from a 
redundant number of photos (Snavely et al., 2006) and error estimates are just 
another output from model inversion. This ensures a high quality of the results 

A

B

C

Figure 3. (A) Triangulation of a point XW = [X Y Z 1]T on the Earth’s surface from a pair of oriented photos shot with a camera 
with focal length f ; m1 and m2 are the images of the object XW on images 1 and 2, respectively. (B) The pin-hole projection 
defined as m1 = P·XW. The three-dimensional (3D) point XW is projected to the image point m1 = [u1 v1 1]T along a line origi-
nating from the optical center of the camera. The position and orientation of the camera reference frame are defined by 
the external orientation matrix Π = [R t]. Position vectors in the image plane are expressed in image coordinates [u v] and 
depend from the interior orientation parameters matrix K, in turn depending from the focal length f, principal point [u0 v0] γ, 
and number of pixels per unit distance in image coordinates [ku kv]. Additional parameters, omitted here, may be added 
to the interior orientation parameters matrix K to account for lens distortion (Tsai, 1987). (C) Redundant triangulation in a 
structure from motion bundle of images.
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because points with precision lower than a given threshold are automatically 
rejected by the inversion algorithm.

An SFM workflow involves the following steps: (1) automatic recognition 
of distinctive features in each image; (2) automatic recognition of common 
features within all images; (3) solution of the projection equation system and 
output of X, Y, Z coordinates of features (called sparse point cloud) and cam-
era interior and/or exterior orientation; (4) processing of the oriented photos 
to obtain a colorized dense point cloud. The last step generally includes the 
removal of spherical distortion from the images, which are saved as undis-
torted photos.

Bundler (Snavely et al., 2006) and VSFM (Wu, 2013) are extensively tested 
open-source packages for steps 1–3. The output from both Bundler and VSFM 
can be processed with CMVS/PMVS2 (Furukawa and Ponce, 2010) in order to 
complete the workflow with step 4. Bundler is of more common use (e.g., in 
archaeology), while VSFM is highly optimized for running on specific  graphics 
processing units (GPU). Other open-source or freeware packages are avail-
able (e.g., MicMac, www .micmac .ign .fr), and the commercial software Agi-
soft Photo scan (www .agisoft .com; used by Tavani et al., 2014) provides a 
 user-friendly graphical user interface based on Bundler. However, due to lim-
itations in the output formats and in the size of the model, the latter packages 
do not allow for completion of the workflow described here. Another possibil-
ity for SFM processing is to use web services where photos are uploaded and 
remotely processed (e.g., Microsoft Photosynth, https:// photosynth .net/).

3.2. Data Collection and Processing in the Vajont Gorge

The Vajont Gorge data set is composed of 1753 photos shot with a Nikon 
D700 camera, with a full-frame, 36 × 23.9 mm, 12.1 megapixel, CMOS (com-
plementary metal-oxide semiconductor image sensor), characterized by a 
particularly good signal-to-noise ratio at ISO 200 (e.g., www .clarkvision .com 
/articles /digital .sensor .performance .summary /#SNR). The photos were ac-
quired as NEF (Nikon raw electronic format) 14-bit raw files. Multiple lenses 
were used in order to obtain a data set including both lower resolution pan-
oramic views and higher detail close-up images. The lenses that were used are 
a superwide-angle Nikkor AF-S 14–24 mm f/2.8G ED, a general-purpose Nikkor 
AF-S 24–120 mm f/3.5–5.6 G IF VR, and a telephoto Nikkor AF-S VR 70–300mm 
f/4.5–5.6G IF-ED.

The 1753 photos were shot from 63 stations, 714 images (from 34 stations) 
looking toward the north side of the Vajont Gorge and 1039 images (from 29 
stations) looking toward the south side. To ensure consistent light conditions 
and minimize shadows projected from the rim of the gorge, all photos of the 
north side were shot in the evening, almost at sunset, when no direct sunlight 
comes into the gorge. Under these conditions light is low and the high sensi-
tivity of our camera was very useful. A similar condition was achieved for the 
south side, shooting all photos in less than an hour in the early morning.

After all the photos were collected, distorted photomosaics were quickly 
generated and used to collect annotations in the field for reference during in-

terpretation (Fig. 4). This is very useful; in this way, results of the discussion 
carried out on the outcrops with all members of the project team can be trans-
ferred very easily into the 3D interpretation.

Georeferencing of the Vajont Gorge DOM is based on targets distributed on 
both sides of the gorge. The X, Y, Z coordinates of each target were measured 
with a Topcon GTS-4B total station. This time-consuming topographic work-
flow was necessary because GPS measurements are not reliable in the deep 
and narrow Vajont Gorge. The connection to the external reference frame, 
represented by the national Gauss-Boaga grid, was achieved by measuring 
a landmark on the top of the Vajont Dam and another landmark on the tower 
of a church in Longarone. The baseline provided by these 2 points is ~2.2 km 
long, providing a very good alignment. The X and Y coordinates used in the 
project were obtained by removing the first three digits from Gauss-Boaga 
coordinates. This transformation was applied in order to reduce the number 
of significant digits in the DOM and 3D models, allowing (1) a better precision 
in single-precision calculations and (2) a reduction of file size for all objects, 
allowing, for example, a more fluid visualization on the workstation screen.

Before running the SFM software, it is necessary to select the photos to 
be included in the processing (some low-quality photos were rejected for this 
study) and to convert these photos from NEF to JPG format. High-quality al-
most lossless JPG is preferred to, e.g., PNG for large projects in order to re-
duce the total file size. In this project the photos were then divided into four 
different sets, one for the north side of the gorge and three for the south side. 
Subdividing the south side in three sets was necessary because the overlap 
between the three subsets is limited due to the unfavorable distribution of 
shooting stations on the north side, and so it would have been not possible or 
very difficult for the SFM software to match photos across these subsets. The 
SFM processing was performed with Bundler (Snavely et al., 2006) and CMVS/
PMVS2 (Furukawa and Ponce, 2010). The output includes (1) a set of dense 
point clouds, which were eventually merged into a single final point cloud; 
(2) undistorted photos, i.e., images corrected for camera lens distortion, that 
conform to the simplified pin-hole camera model; and (3) interior and exterior 
orientation matrices for each photo.

Each point cloud was georeferenced using CloudCompare (www .danielgm 
.net /cc/), which allows for georeferencing the point clouds and also provides 
the rotation-translation-scaling matrix associated with this transformation. 
To apply the same transformation to the camera orientation matrices, a cus-
tom Matlab (www .mathworks .com) application was used. The accuracy of 
this transformation is critical when texturing the triangulated surfaces with 
the original images. The output point cloud covers a volume of ~730 m × 
360 m × 270 m.

3.3. Implementation of a DOM Based on Textured Triangulated Surfaces

The main difference between the traditional DOM workflow and the one 
adopted in this project is that outcrops here are represented by triangulated 
surfaces textured with the original images using a pin-hole projection. Tra-
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ditional DOM workflows are based on point clouds, or on triangulated sur-
faces textured with low-resolution images, resulting in a degradation of image 
quality. In order to obtain this kind of representation, we first generated the 
triangulated outcrop surface from the photogrammetric point cloud, and then 
performed the projection from each image plane to the DOM surface. This is 
possible using a LIDAR point cloud; however, when texturing with the origi-
nal high-resolution images a perfect alignment of images is required, which is 
more easily obtained in a photogrammetry workflow.

Meshing of the point cloud to obtain the outcrop surface was performed with 
a Poisson surface reconstruction algorithm (Kazhdan et al., 2006) implemented 
in Meshlab (meshlab.sourceforge.net). This method allows for easy meshing 
of very dense point clouds, controlling the output mesh resolution with various 
parameters, provided that a surface normal vector (pointing toward the camera 
or laser scanner) is defined for each point. This allows for variable resolution 
meshes with increased detail where the outcrop surface shows more variability 
and larger triangles where outcrops are smoother. The output surface was then 
translated into the Gocad ASCII format by means of a custom Matlab toolbox.

In order to apply the original high-resolution photos as textures to the 
DOM surface, image coordinates (u and v coordinates measured in each 

image plane) must be projected on each vertex of the outcrop triangulated 
surface (Fig. 5). This has been performed using the pin-hole projection trans-
formation (Fig. 3B) implemented in the custom Matlab toolbox. Using this 
projection is possible because the images are undistorted (spherical aber-
ration corrected) in the photogrammetric workflow, at the step where the 
dense point cloud is generated. One of the strengths of our approach is the 
use of the same transformation to generate the 3D geometry of the outcrops 
and project the images, which guarantees the internal consistency of the re-
sulting DOM.

When modeling a complex 3D object, different portions of its surface are 
best represented in different images. For this reason, the DOM surface was 
divided into different portions, each one associated with a particular image 
(Fig. 5). Because the 1753 photos covering the Vajont Gorge outcrops are 
highly redundant, a selection was performed to find the minimum subset of 
photos that were useful. This selection was performed on two image subsets: 
images collected with the ultrawide-angle 14 mm lens, and images collected 
at higher magnification (generally between 24 and 50 mm focal length), thus 
providing a lighter (less dense) data set, suitable for most applications, and a 
heavier one with the highest resolution.

limestone

limestone

limestone

dolostone

W E

tunnel
tunnel

tunnel

tunnel

tunnel

tunneltunnel

Figure 4. Example of a distorted photo-
mosaic with annotations drawn directly in 
the field. The dolostone body boundaries 
have been classified as boundaries along 
bedding surfaces (blue), boundaries along 
faults (red), and replacement fronts not re-
lated to other structures (green). Windows 
of tunnels cited in text are highlighted. 
Scale varies a great deal in this distorted 
panoramic view.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/11/6/2031/3721628/2031.pdf
by guest
on 24 April 2024

http://geosphere.gsapubs.org


Research Paper

2038Bistacchi et al. | Digital outcrop model study of fault-related dolomitization in the Vajont LimestoneGEOSPHERE | Volume 11 | Number 6

(F)

~50 m~50 m

~50 m~50 m

~3 m

A B

C D

E F

Figure 5. (A) Triangulated digital outcrop 
model (DOM) surface obtained with Pois-
son interpolation from the structure from 
motion (SFM) point cloud. (B) The [u v] 
image coordinates are shown on a portion 
of the DOM corresponding to one photo 
captured in the field. (C) The photo is used, 
at the original resolution, to texture the 
DOM portion shown in B. (D) DOM surface 
textured with multiple images; each one is 
attributed to a different portion of the tri-
angulated surface (thin white lines). Whit-
ish rocks are limestones, brownish rocks 
are dolostones. (E) Overview of the Vajont 
Gorge: portions of DOM textured with 
individual images (lower resolution data 
set, 14 mm focal length) are highlighted 
with white lines. DOM is ~730 m × 360 m × 
270 m. A triangulated surface obtained 
from aerial LIDAR (light detection and rang-
ing) data, textured with an aerial ortho-
photo, is added out of the area covered 
by our high-resolution photogrammetric 
survey. To view the 3D interactive version 
of Figure 5E, please visit www .unimib 
.it /geo3d. (F) Detail of the DOM on the 
north side of the Vajont Gorge (location 
in E). Two images from the intermediate 
resolution data set (24 mm focal length) 
are shown. Note the very good match be-
tween adjoining images.

To view the 3D inter active 
version of Figure 5E, please 
visit www .unimib .it /geo3d.
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After the selection was done, each portion of the outcrop was associated 
with one of the selected images. Each portion was extracted from the overall 
outcrop surface and saved as an individual surface in Gocad ASCII format using 
the custom Matlab toolbox. This allows visualizing a DOM composed of several 
triangulated surfaces, each one associated with an undistorted image retaining 
the original resolution (Fig. 5). The resulting data set is suitable for visualization 
and interpretation in geomodeling packages, including the Skua-Gocad suite.

This workflow results in a much higher resolution data set with respect to 
any previous reported achievement. For example, in Tavani et al. (2014) the tri-
angulated surfaces were textured with single low-resolution 4096 × 4096 pixel 
images (16 megapixels), while in this study the digital outcrop model is tex-
tured with >100 4256 × 2832 pixel images (12 megapixel × 100 = 1.2 gigapixel), 
retaining the resolution of original images. The resolution in the Vajont Gorge 
case is as great as a 2 cm/pixel, much higher than in most LIDAR projects cov-
ering a similar area.

Another relevant difference with previous projects is that the interpreta-
tion is performed directly in Skua-Gocad, while others perform it in external 
software (e.g., OpenPlot; Tavani et al., 2014) and then import the results in geo-
modeling packages.

4. WORKFLOW FOR INTERPRETATION AND MODELING OF 
STRATIGRAPHY, FAULTS, AND DOLOSTONE GEOBODIES

Here we outline the workflow used in the interpretation of the Vajont Gorge 
DOM performed directly in Skua-Gocad. The first step of the interpretation 
consisted of transferring to the DOM the interpretation recorded in the field on 
printed distorted photo mosaics (Fig. 4). By digitizing in 3D on high-reso lution 
images, being able to zoom in and fully exploit the centimeter-scale resolu-
tion, we were able to improve the precision of the interpretation carried out in 
the field. In addition to fault traces, we digitized the traces of dolostone body 
boundaries (Fig. 6). These can be easily recognized in the field and in photos, 
because dolostone and limestone show different weathering color, morphol-
ogy, and fracturing style; the dolostone is brownish, rounded, and affected 
by less systematic fractures, while limestone is whitish-grayish, shows well- 
defined bedding, and is more fractured. We have classified the dolostone body 
boundaries as boundaries along bedding surfaces, boundaries along fault 
zones, and replacement fronts not related to other deformation or sedimentary 
structures (Figs. 4 and 6). After having classified the walls of the Vajont Gorge 
as limestone versus dolostone, a facies proportion analysis was performed: 

facies map for the north side of the Vajont Gorge (seen from south)

facies map for the south side of the Vajont Gorge (seen from north)

dolostone

dolostone

dolostone
dolostone

limestone

limestone

A B

dolostone
limestone

c. 100 m

~100 m

~50 m

Figure 6. (A) Traces of dolostone bodies digitized onto the digital outcrop model (DOM) and the locations of samples collected on the south side of the gorge. (B) DOM surfaces classified as limestone 
versus dolostone (and dolomitized limestone): the dolostone and dolomitized limestones cover 11% and 10% of the outcrops on the north and south walls, respectively (Table 1). To view the 3D 
interactive version of Figure 6, please visit www .unimib .it /geo3d.

To view the 3D interactive 
version of Figure 6, please 
visit www .unimib .it /geo3d.
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the dolostones and dolomitized limestones (transition facies) cover 11% and 
10% of the outcrops on the north and south walls, respectively (Fig. 6; Table 1). 
At this stage, other information collected in the field, such as sampling loca-
tions, was transferred to the 3D model (Fig. 6) and allowed to quality check the 
interpretation. We were also able to digitize the traces of two tunnels in the 
subsurface of the north side of the Vajont Gorge (Fig. 7), where detailed struc-
tural analyses were carried out. This was possible because windows along 
these tunnels are visible on the DOM (Fig. 4). Tunnels were particularly useful 
in the modeling because the boundaries of some dolostone bodies are well 
exposed along them, allowing for better definition of their 3D geometry.

A second step in the interpretation consisted of reconstructing the local 
stratigraphy by correlating and digitizing 12 bedding surfaces that are partic-
ularly prominent and distinctive on both sides of the gorge (Fig. 8) and thus 
provide fundamental markers for calculating fault displacement values. This 
task was complicated by the fact that bedding is obliterated by the dolomiti-
zation process.

Given these difficulties, this task was completed using a closed loop cor-
relation strategy on the two walls of the Vajont Gorge, supported by virtual 
wells defined on selected sections (Fig. 8). At least one virtual well was defined 
for each nondolomitized portion, allowing detailed measurement of bed thick-
nesses, and highlighting of features like smaller beds arranged in particularly 
distinctive patterns. Comparing the logs in virtual wells allowed for correlation 
across dolomitized sections. Because the Vajont Gorge is extremely narrow 
and its upper and lower ends are not dolomitized, the consistency of this kind 
of correlation can be checked by demonstrating that it can be consistently 
followed along a closed loop, e.g., along the north face from east to west, 
crossing the west end of the gorge to the south face, along the south face from 
west to east, and back to the north face crossing the east end (Fig. 8). Bedding 
traces and virtual well markers have been interpolated with an implicit surface 
approach (Frank et al., 2007), then slightly smoothed with DSI (discrete smooth 
interpolator, implemented in Skua-Gocad; Mallet, 2002).

The final products of the bedding interpretation exercise are continuous 
triangulated surfaces representing 12 bedding surfaces that were interpolated 
in the Vajont Gorge area; these surfaces extend from one side of the gorge to 
the other, and extend in the subsurface to the north and to the south (Fig. 8).

The interpretation of faults was performed directly in 3D using a custom 
Gocad wizard that allows the user to interactively create planar rectangular 
surfaces with specified length, height, and attitude, centered at a single point 
picked on the DOM (Fig. 9). In this way it is very easy to adjust the geometry of 
these objects to fault and fracture traces observed on the Vajont Gorge walls. 
In cases of ambiguous attitude (e.g., when the geometry of a fault trace allows 
different interpretations), this part of the analysis was cross-checked with re-
sults from the mesoscale structural analysis (summarized herein). Moreover, 
where mutual crosscutting or termination of one fault on another one has been 
detected in the DOM, these relationships have been replicated in the 3D fault 
surfaces (Fig. 9).

Modeling of 3D dolostone bodies was not as straightforward as for stra-
tigraphy or faults, because these bodies show very complex, irregular, and 
convolute shapes (Fig. 6). For this part of the modeling, which is associated 
with a varying degree of uncertainty (see discussion following), we tested two 
different methodologies (workflows A and B). The input objects for the two 
workflows are the same, i.e., traces of dolostone body boundaries digitized 
on the DOM, and interpreted dolostone body boundary lines that have been 
digitized on the 12 interpolated bedding surfaces. Constraints for this inter-
pretation are the relationships with faults and with traces of dolostone body 
boundaries digi tized on the DOM and in tunnels. These constraints are quite 
stringent in some cases, but in other cases the uncertainty is high. For this 
reason three scenarios have been generated that result in a minimum, inter-
mediate, and maximum predicted volume of dolomitized limestone.

TABLE 1. FACIES PROPORTIONS ON THE NORTH 
AND SOUTH WALLS OF THE VAJONT GORGE

Digital outcrop 
model surface Facies

Three-dimensional 
area
(m2)

Proportion
(%)

North wall
total 239333 100.00
dolostone 26335 11.00
limestone 212998 89.00

South wall
total 257673 100.00
dolostone 24952 9.68
limestone 232721 90.32

North-south 
average

total 497006 100.00
dolostone 51287 10.32
limestone 445719 89.68

N

N

Figure 7. Two perspective views of the tunnels in the subsurface of the north side of the Vajont 
Gorge. The digital outcrop model is sliced and rotated in order to see the tunnels in the sub-
surface.
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Workflow A is based on a traditional explicit reconstruction of complex sur-
faces as a sum of simpler surface parts, and is based on the following steps.

1. Traces of dolostone body boundaries digitized on the DOM were cut in 
distinct sections at intersections with bedding surfaces.

2. Interpreted dolostone body boundary lines that were digitized on the 
bedding surfaces were cut in distinct sections at intersections with the DOM 
surfaces.

3. Using the traces of dolostone body boundaries digitized on the DOM 
and those digitized on the bedding surfaces, closed pseudorectangular frames 
were established, and within each frame a triangulated surface was generated.

4. All these individual surfaces, which are perfectly connected at common 
edges, were collected and merged in a single surface representing a first ap-
proximation of the dolostone body boundary.

5. The single surface representing each dolostone body boundary was 
smoothed and interpolated with DSI (Mallet, 2002), using the traces of dolo-
stone body boundaries digitized on the DOM as constraints, to obtain the final 
geometries shown in Figure 10.

6. The surfaces representing the dolostone body boundaries can be used 
to generate other representations, e.g., regular voxets suitable for exporting to 
different geomodeling packages.

Workflow B is based on the extraction of implicit surfaces as isosurfaces 
of a scalar lithology property interpolated on a volumetric tetrahedral mesh 
(Frank et al., 2007), and is based on the following steps.

1. Using the dolostone body boundary lines digitized on outcrops, a lithol-
ogy property was generated on outcrop surfaces, with values of 1 = limestone, 
2 = transition, and 3 = dolostone.

2. Using dolostone body boundary lines digitized on bedding surfaces, a 
lithology property was generated on each bedding surface, with values of 1 = 
limestone, 2 = transition, and 3 = dolostone. Given the uncertainty in dolo-
stone distribution on bedding surfaces, particularly at increasing distance from 
the outcrops, three different properties (called lithology_min, lithology_med, 
lithology_max), representing three different scenarios, were generated.

3. The lithology property for each scenario (lithology_min, lithology_med, 
lithology_max) was interpolated on a tetrahedral volume comprising all the 
model volume, using the bedding and outcrop surfaces as constraints.

4. The boundaries of dolostone bodies for each scenario were extracted 
from the tetrahedral volume as lithology = 2 isosurfaces.

5. The isosurfaces were remeshed and slightly smoothed to obtain the final 
dolostone body boundaries shown in Figure 11.

A

B

C

Figure 8. (A) Traces of selected bedding surfaces digitized onto the digital outcrop model (DOM). 
Markers corresponding to these surfaces have been added to virtual wells to facilitate correla-
tion between different parts of the Vajont Gorge. (B) Graphical representation of the closed 
loop correlation strategy applied to the north and south walls and across dolostone bodies. 
(C) Interpo lated bedding surfaces. Scale varies in these three-dimensional views. To view the 3D 
interactive version of Figure 8, please visit www .unimib .it /geo3d.

To view the 3D  interactive 
version of Figure 8, please 
visit www .unimib .it /geo3d.
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6. The lithology properties for the minimum, intermediate, and maximum 
scenarios were transferred directly from the unstructured tetrahedral mesh 
volume to a regular hexahedral grid (voxet) suitable for exporting dolostone 
geobodies to different geomodeling packages (Fig. 12).

When applied to the same input data and assumptions, the two methodol-
ogies tested in this project resulted in similar geometries and almost identical 
volumes for the dolostone bodies. However, the second methodology is much 
faster and allows for an easier generation of different scenarios, e.g., changing 
the dolostone volume just in particular regions of the 3D model. Moreover, in 

~ 100m

~100m

A

B

C

Figure 9. Fault surfaces directly digitized as three-dimensional (3D) rectangular surfaces, based 
on their traces on the gorge walls. Scale varies in these 3D views. To view the 3D interactive 
version of Figure 9, please visit www .unimib .it /geo3d.

Figure 10. Three-dimensional visualization of model dolostone bodies obtained with workflow A 
in the Vajont Gorge. (A) Overview from top. (B) North side. (C) South side. The complex geometry 
and anisotropy of these bodies are assumed to be controlled by faults and bedding. Scale varies in 
these 3D views. To view the 3D interactive version of Figure 10, please visit www .unimib .it /geo3d.

To view the 3D  interactive ver-
sions of Figures 9 and 10, please 
visit www .unimib .it /geo3d.
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Figure 11. Three-dimensional (3D) visualization of model dolostone bodies obtained with workflow B in the Vajont Gorge. (A) Minimum volume model. (B) Intermediate volume model. (C) Maximum 
volume model. (D) This workflow allows for detailed modeling of bed-scale heterogeneous dolomitization. Scale varies in these 3D views. To view the 3D interactive version of Figure 11, please 
visit www .unimib .it /geo3d.

To view the 3D  interactive 
version of Figure 11, please 
visit www .unimib .it /geo3d.
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the second workflow the output as regular grids (voxets) is more direct. For 
these reasons the second methodology is preferred and was applied to the 
final modeling of different scenarios with different facies proportions.

5. DISCUSSION

5.1. Model of Dolomitization in the Vajont Gorge

The approach undertaken in this DOM project, based on photogrammet-
ric data collection and visualization of triangulated surfaces textured with the 
original full-resolution images, allowed for 3D reconstruction of stratigraphy 
and structure, and for modeling of the complex geometries of dolostone bod-
ies. This, together with structural observations summarized herein, allowed 
for construction of an evolutionary model of dolomitization in the Vajont 
Limestone. The shape of the dolostone bodies, particularly those on the north 
side of the gorge, suggests that they are controlled by fault zones or fracture 
corridors since the bodies are generally thin and steeply dipping parallel to 
fault sets; only in their upper part do the dolostone geobodies seem to extend 
further from fault zones along bedding, particularly in the fault hanging walls, 
resulting in asymmetrical mushroom-shaped geometries (Figs. 10 and 11). 
This is quite different from geometries considered in previous studies, where 
dome-shaped bodies with a circular shape in map view were postulated (Zem-
polich and Hardie, 1997).

The dolomitization process, involving a complete replacement of the origi-
nal limestone, masks most preexisting stratigraphic and structural features. 
For this reason, it is not possible to directly map the original structures along 
which fluid flow took place and it is difficult to infer the kinematics of these 
fault zones. Looking for a strategy to solve this problem, we noted that the 
dolostone bodies are associated with small, but consistent, changes in attitude 
of the bedding surfaces. These changes in attitude consistently define a stair-
case structure with an overall extensional offset along west-northwest- and 
north-northwest-dipping ghost fault zones aligned with the dolostone bodies, 
having approximately the same attitude as either the Ext1 or Ext2 extensional 
fault set. This suggests the inflow of Mg-rich fluids along these fault sets. The 
offsets associated with these ghost fault zones are revealed by cutting cross 
sections in the 3D model and are in the 5–10 m range (Fig. 13). Moreover, a high 
density of extensional fault zones and fractures can be detected in the DOM 
in limestones cropping out on top of the dolostone bodies. This is particularly 
evident on the north side of the Vajont Gorge (Fig. 14). Part of these extensional 
fault zones and fractures predate (at least slightly) dolomiti za tion (Fig. 14). How-
ever, other extensional fault zones with cataclastic cores cemented by dolomite 
(Fig. 2) are present within the dolostone bodies. These cata clasites are com-
posed of dolostone clasts cemented by dolomite and are associated with the 
extensional deformation, also defined by dolomite veins. Given these mutual 
crosscutting relationships, dolomitization and the development of extensional 
fault zones can be considered contemporaneous. Therefore, we propose the 
following scenario for fault-controlled dolomitization in the Vajont Limestone.

1. After marine phreatic cementation and compaction of the limestones 
(Zempolich and Hardie, 1997) but before contractional deformations, probably 
in the Late Jurassic or Cretaceous, extensional tectonics resulted in nucleation 
and propagation of extensional fault sets (Ext1, Ext2, Ext3), with associated 
jointing.

2. Extensional damage zones allowed the circulation of Mg-rich fluids, 
which resulted in dolomitization of the Vajont Limestone, particularly in highly 
fractured fault tip regions. This might also explain why the observed offsets 
are very small. The dolomitization of fault-tip zones was not complete, pre-
serving highly fractured limestone sectors on top of the dolostone bodies (Fig. 
14). At this stage the dolomitization developed preferentially along layers in 
the upper hanging-wall section of fault zones (higher fracture density and/or 
fluid pressure?), resulting in characteristic mushroom-shaped dolostone bod-
ies (Figs. 10 and 11).

3. After the main stage of dolomitization, extensional tectonics continued, 
leading to the development of late-stage extensional fault zones also within 
the dolostone bodies, with cataclasites cemented by dolomite and dolomite 
veins (Fig. 2).

4. During the Tertiary orogenic phases, other fault zones developed (and 
some of the preexisting fault zones were reactivated), resulting in fault sets 
RL, LL, Thr1, and Thr2, characterized by calcite cement in both limestones 
and dolostones. With respect to nearby areas, reactivation was limited in the 
Vajont Gorge.

~100 m

Figure 12. Voxet representation (regular hexahedral grid) of dolostone geobodies suitable for 
exporting to different geomodeling packages. Scale varies in this three-dimensional view.
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5.2. DOM Methodology

Reconstruction of a high-quality DOM was possible despite the logistic and 
technical difficulties that were encountered in the Vajont Gorge, highlighting 
the novelty and utility of the workflows described in this contribution. In the 

Vajont Gorge, the geological problem, i.e., the reconstruction of relationships 
between faulting and dolomitization in originally tight limestones, required the 
collection of a DOM on almost vertical walls almost 300 m high, along a sinu-
ous gorge more than 700 m long (Fig. 5). The gorge is narrow and sinuous and 
there is no single point from which a complete view of the walls is possible, so 
the data set had to necessarily result from a mosaic of data collected from dif-
ferent viewpoints (Fig. 5). The equipment had to be as simple and light as pos-
sible to be able to reach some difficult viewpoints. For these reasons, a close-
range photogrammetry approach was adopted. Our DOM data set allowed for 
definition of bedding, lithology (limestone versus dolostone), and fractures and 
faults, with a spatial resolution at the centimeter scale. Our results contradict 
Hodgetts (2013, p. 351), who stated “Though cost effective close range photo-
grammetry works best on scales of up to a few 10’s meters, and at the moment 
is not necessarily a viable alternative for reservoir scale studies.” This results 
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Figure 13. Two-dimensional profile across the dolostone body that crops out in the western sec-
tor of the north side of the Vajont Gorge, showing the bend in bedding in the region of the dolo-
stone body, interpreted as separation due to faulting coeval with dolomitization. The profile was 
extracted using Skua-Gocad tools (see text) from the stratigraphic 3D model, and it is oriented 
parallel to fault dip and perpendicular to strike in order to evidence dip-slip separations that are 
more difficult to detect on the oblique outcrop face (white line). Colors represent stratigraphy 
as in Figure 8C. Red dashed lines highlight the projected separation, which decreases upsection 
approaching the inferred fault tipline. Orange and yellow represent the dolostone body and the 
dolostone-limestone transition facies (a.s.l.—above sea level).

~30 m

Figure 14. Ext1 and Ext3 faults and fractures occurring just above the dolostone bodies 
on the northeast side of the Vajont Gorge. Faults A to E predate dolomitization (they are cut 
by the dolomiti za tion front), while faults F to K postdate dolomitization (they develop both in 
limestone and dolostone, where they are characterized by cataclasites with dolostone clasts 
and dolomite cement). Scale varies in this three-dimensional view. To view the 3D interactive 
version of Figure 14, please visit www .unimib .it /geo3d.

To view the 3D  interactive 
version of Figure 14, please 
visit www .unimib .it /geo3d.
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from recent important improvements in algorithms, software, and hardware, 
and particularly by the possibility offered by SFM photogrammetry to process 
large and highly redundant collection of photos, where errors are very much 
reduced because each point in the model is viewed from several photos, and 
not from just two photos (stereocouple) as in traditional photogrammetry.

In order to exploit the original image data at the highest possible resolu-
tion directly in Skua-Gocad, our DOM is composed of multiple triangulated 
surfaces textured with the original images using a pin-hole projection. This 
allows for interpretation directly in Skua-Gocad, where the subsequent geo-
logical modeling is carried out, and eventually for cross-checking the results 
of modeling with the image data at high resolution, with obvious advantages 
both in terms of speed and ease of interpretation and modeling, and in terms 
of quality checks of the results. We believe that this is a significant advance in 
DOM-based workflows that traditionally involved two separate phases (e.g., 
Hodgetts, 2013): (1) interpretation in topography and surveying software, and 
(2) modeling in geomodeling packages. In fact, breaking the workflow into two 
steps, performed with different software, does not allow to perform an inter-
active quality check in the second step (geomodeling), because only the inter-
pretation performed on the DOM, but not the DOM itself, is usually imported 
in the geomodeling software.

Regarding the reconstruction of triangulated surfaces from the point cloud, 
we highlight that the Poisson surface reconstruction algorithm (Kazhdan et al., 
2006) used in our workflow proved very effective and allowed the problems 
with Delaunay approaches (evidenced, e.g., by Hodgetts, 2013) to be over-
come. In particular, this algorithm results in variable resolution meshes with 
increased detail where the outcrop surface shows more variability and larger 
triangles where outcrops are smooth.

Comparing our workflow to others where textured triangulated surfaces 
are used, we highlight that by using the original images for texturing we ob-
tained a 100-fold increase in resolution with respect to recent contributions. 
For example, Tavani et al. (2014) textured their outcrop surfaces with a single 
16 MB image, obtained by resampling the original photos, while we use 1.2 
GB of unresampled images to cover the Vajont Gorge, and if needed we could 
have increased the resolution in specific regions of the DOM, simply by using 
a longer focal length lens (Fig. 5).

Finally, we compare photogrammetry and LIDAR workflows. Photogram-
metry involves lighter weight and more economic hardware, but one might 
wonder about the quality of the data. Photogrammetry provides point clouds 
and perfectly aligned images (point clouds come from images) at an arbitrary 
resolution, which depends on the distance to the outcrop and the lenses, and 
can be increased simply using long-focal-length lenses (Fig. 5). Increasing the 
resolution means increasing the computation time, but this is counterbalanced 
by the availability of increasingly powerful workstations and efficient algo-
rithms. Powerful workstations and efficient SFM algorithms applied to large 
photo collections (several hundred to thousands of photos) also solved ac-
curacy problems, and particularly large-scale distortion, common with earlier 
photogrammetric approaches (e.g., Wu, 2014).

On the other hand, LIDAR provides a well-tested accuracy, which is quoted 
for each particular instrument (a few centimeters in typical applications). 
The data set consists of data acquired by the LIDAR instrument (point cloud 
and intensity of reflection; Hodgetts, 2013), and by a camera attached to the 
 laser scanner, used to obtain a photorealistic data set. In our opinion this is 
a weak point for two reasons: (1) possible misalignment between LIDAR and 
 camera, and (2) different resolution of the two devices. Alignment between 
the LIDAR point cloud and photos is generally achieved thanks to a calibra-
tion based on reflective targets that can be recognized in both data sets (see 
e.g., RIEGL RiSCAN manual, www .riegl .com). This calibration takes time and 
always involves small errors (e.g., Vosselman and Maas, 2010). If the camera 
is equipped with a wide-angle lens, each pixel covers a relatively large area 
on the outcrop and the image resolution is lower than the LIDAR resolution, 
and therefore more than one point in the point cloud shares the same RGB 
value. In this case the alignment of photos and LIDAR data is less critical, but 
the combined data set (point cloud plus RGB) shows a relevant decrease in 
quality. However, high-resolution photos collected with a long-focal-length 
lens are more difficult to align with the LIDAR point cloud. Generally long-
focal-length lenses are not used, and so the real combined (point cloud plus 
RGB) resolution of LIDAR data sets is generally lower than the nominal point 
cloud resolution.

5.3. Uncertainty and Alternative Scenarios for 3D Modeling of 
Irregularly Shaped Geobodies

Reaction fronts or intrusive bodies result in very complex geobodies, with 
irregular and convolute shapes (Fig. 6); therefore, their modeling is associated 
with a varying, and sometimes high, degree of uncertainty (Bistacchi et al., 
2008). In DOM studies the interpretation is reliable close to the outcrops, but it 
is progressively less reliable, and increasingly based on prior knowledge of the 
region, as the distance from outcrop increases. The only volumes where un-
certainty is low are those where some information is also available in the sub-
surface, from boreholes (e.g., Bistacchi et al., 2010), geophysics (e.g., Francese 
et al., 2009), or, as in the Vajont Gorge case, tunnels. Despite this uncertainty, 
this kind of reconstruction represents a significant improvement with respect 
to traditional qualitative field surveys (e.g., Zempolich and Hardie, 1997) for 
two reasons: (1) the 3D models can be used in further modeling and field stud-
ies, and (2) the uncertainty can be visualized and evaluated in 3D.

One possible approach to uncertainty is represented by exploring end- 
member and intermediate models, all compatible with input data, defined as 
alternative scenarios. In the Vajont Gorge case, we have generated three sce-
narios with variable volumes of the dolomitized bodies (minimum, intermedi-
ate, and maximum). The dolostone proportion in the volumetric models is 5%, 
8%, and 11% (minimum, intermediate, and maximum scenarios, respectively; 
Table 2). An attempt at generating a scenario with an even higher dolostone 
proportion was done, but was unsuccessful as it is not possible to model more 
dolostone in the gorge given the constraint of the outcrops.
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The areal facies proportion measured on the north and south walls of the 
Vajont Gorge are 11% and 10%, respectively (Table 1). Only in the maximum 
scenario is the volumetric facies proportion the same as the areal one, while 
in the other two scenarios the volumetric dolostone proportion is 2/3 and 1/2 
with respect to the areal proportion. We infer that the difference in 2D and 3D 
facies proportion is possibly a result of differential erosion of dolostone and 
limestone in the gorge. In other words, due to heterogeneous and anisotropic 
distribution of dolostone, and due to preferential erosion, the areal facies pro-
portion is not necessarily representative of the volumetric facies proportion. 
This is one of the reasons why this 3D study represents an improvement with 
respect to traditional 2D studies.

6. CONCLUSIONS

We presented the results of a photogrammetric study of the Vajont Gorge, 
in the eastern Dolomites, Southern Alps, Italy. The DOM approach in this work 
is innovative for three principal reasons: (1) data were generated with SFM 
photogrammetry (close range photogrammetry, never performed before in 
DOM studies at this scale), (2) visualization is based on triangulated surfaces 
textured with the original full-resolution images (never done before), and 
(3) DOM data were interpreted directly in a geomodeling package (Gocad), 
resulting in a seamless workflow from DOM interpretation to modeling (never 
implemented before).

This workflow results in a much higher resolution data set with respect to 
any previous achievement developed with photogrammetry (e.g., Tavani et al., 
2014) or LIDAR (e.g., Hodgetts, 2013) over a similar volume.

Another relevant difference with previous projects is that we are able to 
perform the interpretation directly in Skua-Gocad, while others performed it 
in external software and then imported the results in geomodeling packages 
(e.g., Tavani et al., 2014; Hodgetts, 2013).

The 3D geological model developed in this study points to a dolomitiza-
tion scenario in the Vajont Limestone, where Mg-rich fluid flow was controlled 
by Mesozoic extensional fault zones, in contrast with previous interpretations, 
based on field work carried out with only traditional techniques, suggesting a 
late fluid circulation along Tertiary thrust faults (Zempolich and Hardie, 1997).
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