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ABSTRACT

Image-based 3D modeling has recently opened the way to the use of virtual outcrop models in geology.
An intriguing application of this method involves the production of orthorectified images of outcrops
using almost any user-defined point of view, so that photorealistic cross-sections suitable for numerous
geological purposes and measurements can be easily generated. These purposes include the accurate
quantitative analysis of fault-fold relationships starting from imperfectly oriented and partly inaccessible
real outcrops. We applied the method of image-based 3D modeling and orthorectification to a case study
from the northern Apennines, Italy, where an incipient extensional fault affecting well-layered lime-
stones is exposed on a 10-m-high barely accessible cliff. Through a few simple steps, we constructed a
high-quality image-based 3D model of the outcrop. In the model, we made a series of measurements
including fault and bedding attitudes, which allowed us to derive the bedding-fault intersection direc-
tion. We then used this direction as viewpoint to obtain a distortion-free photorealistic cross-section, on
which we measured bed dips and thicknesses as well as fault stratigraphic separations. These mea-
surements allowed us to identify a slight difference (i.e. only 0.5°) between the hangingwall and footwall
cutoff angles. We show that the hangingwall strain required to compensate the upward-decreasing
displacement of the fault was accommodated by this 0.5° rotation (i.e. folding) and coeval 0.8% thick-
ening of strata in the hangingwall relatively to footwall strata. This evidence is consistent with trishear
fault-propagation folding. Our results emphasize the viewpoint importance in structural geology and
therefore the potential of using orthorectified virtual outcrops.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

undistorted photo-realistic cross-sections. Such an innovation is
particularly important to geologists dealing with outcrop-scale

Among several applications that digital representations of
outcrops hold for structural geology and geosciences, perhaps one
of the most important is the possibility of looking at the photo-
realistic virtual outcrop, of almost any dimension, in ortho-
graphic projection mode. This capability would allow geologists
to virtually orthorectify the outcrop with respect to any direction
of interest (Fig. 1; e.g. fold axis, fault slip-normal direction,
fracture-bedding intersection) to obtain, directly on the computer
monitor, true measurements of geological features such as bed
thickness and fault displacement for optimally oriented and
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geometries.

In natural outcrops, measurements of geological features such
as fold interlimb angle, fault displacement, unconformity angle, bed
thickness, and many others, can be affected by errors of various
origins. They can be particularly large where a strong obliquity
between the exposure and the proper direction of measurement
exists, and where it is necessary to project structures from different
portions of outcrops with complex 3D geometries. In particular, this
measurement problem may affect outcrop-scale geological struc-
tures for which direct observations and measurements along
proper directions may be impractical. For example, the measure-
ments accuracy of fault stratigraphic separation or thickness of
individual beds of stratigraphic sections for 10 to 100-m-sized
structures can be greatly affected by the orientation of the structure
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Fig. 1. Orthorectification of a Virtual Outcrop Model (VOM) along a direction of interest. This procedure essentially consists of two steps. (A) Geological features are digitized in the
model, to compute the viewing direction of interest, which in this image the intersection between bedding (blue) and the fault (red). (B) Desired viewpoint shown as orthographic
projection. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

with respect to the exposure and/or issues of accessibility limita-
tions. Yet, improving these types of measurements is important,
and sometimes essential, for effectively characterizing and inter-
preting many geological systems for attributes, such as with the
geometry, kinematic history and operative deformation mecha-
nisms for accommodation of displacement changes by the hang-
ingwall rocks of dip-slip faults, particularly embryonic ones, which
are commonly conducted at natural outcrops (e.g. Ferrill et al,
2012). The alternative of using seismic-reflection data that are
three-dimensional and digital, so that photo-realistic profiles
would not be needed, is not a viable option for these types of an-
alyses because the technique lacks the resolution and accuracy for
yielding the needed information to successfully characterize and
interpret these structural systems (e.g. Torvela and Bond, 2011).
Consequently, resolution at the finer scale using undistorted photo-
realistic cross sections is needed to ascertain attributes, such as the
subtleties of thickness variations of layers within one or more
structures.

These types of data are essential for distinguishing kinematic
behaviors such as the occurrence of trishear (Erslev, 1991; Hardy
and McClay, 1999; Zehnder and Allmendinger, 2000) vs. flexural-
slip (Donath and Parker, 1964; Tanner, 1989) for fault-related
folds (Fig. 2). In particular, the mechanism of trishear fault propa-
gation (e.g., Erslev, 1991; Hardy and Ford, 1997; Allmendinger, 1998;
Zehnder and Allmendinger, 2000), requires that: (1) the rock has no
major anisotropies; and (2) a triangular zone (named trishear) of
strain-compatible and layering-insensitive shear is pinned to the
fault tip (Fig. 2a). During fault propagation and displacement, while
the hangingwall and footwall rock volumes are rigidly translated,
the layers in the trishear zone preserve their cross-sectional area by
modifying dip, length and thickness, and progressively developing
a folded panel dipping in the same sense as the fault (named a
synthetic monocline). The strain magnitude within the trishear
zone as well as the thickness variation, and the dip and width of the
synthetic monocline, is influenced by parameters such as the fault
propagation to slip ratio (e.g. Allmendinger, 1998). The greater this
ratio, the less strain within the trishear zone, the dip of the
monocline, and the thickness variation between the hangingwall
and the footwall. Conversely, extensional fault-propagation folding
developed by constant bed-thickness flexural-slip folding, assumes
that layering is a major anisotropy that is sheared during folding.
This kind of extensional folding behavior also forms a synthetic

monocline (Fig. 2b), which grows by kink-band migration, where
the active axial surface is pinned to the fault tip (Tavani et al., 2006).
Thickness of layers is preserved by definition but the area is not,
due to layer-parallel stretching (Tavani et al.,, 2006). As normal
displacement and coeval upward propagation of the fault con-
tinues, the width of the synthetic monocline increases, while its dip
remains constant. Similarly to trishear fault-propagation, the dip of
the monocline depends on the slip to propagation ratio. However,
in this case, the relationship between the propagation to slip ratio
(P/S) and the hangingwall cutoff angle is univocally defined for a
given fault dip (Tavani et al., 2006).

Although these kinematic behaviors differ, the geometries for
trishear and flexural-slip fault-propagation folds can converge for
large propagation to slip ratios (Fig. 2c). Nonetheless, differences
between thickness of strata in the hangingwall and in the footwall
remain a diagnostic feature of trishear fault propagation, provided
that it is possible to demonstrate that they are sufficiently sensitive
to support the interpretation, rather than lying within overlapping
values for the two scenarios. Accordingly, recognizing trishear
fault-propagation folds with a large fault propagation to slip ratio
can be a difficult task at the outcrop scale because uncertainties
about bed thickness measurements along the outcrop with com-
plex 3D surfaces may prevent structural geologists from dis-
tinguishing between trishear and flexural-slip. The use of digital
representations of outcrops can allow structural geologists to
overcome this data issue by providing the possibility of performing
accurate and precise measurements of bed thicknesses and fault
displacements.

In this paper, we present an example of a straightforward
technique for producing orthorectified sections of virtual outcrops.
Our main aim is to illustrate the workflow and the utility of this
technique for fault and fold analysis at the outcrop scale. We will
show that the use of high-resolution 3D orthorectified virtual
outcrops allows identification of very small differences (about 0.5°)
between the hangingwall and footwall cutoff angles and hanging-
wall layer thicknesses (0.8%). Thus, we are able discard flexural-slip
folding for trishear fault-propagation folding. Our results empha-
size the importance of viewpoint in geology and therefore, the
potential of orthorectified virtual outcrops for achieving preferred
viewpoints.
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Fig. 2. Schematic illustration for the evolution of extensional fault-propagation folds developing by (A) trishear and (B) constant-thickness flexural-slip, respectively. (C) Sheme
showing the overly of the two solutions for different values of the fault propagation to slip ratio. The trishear solution was drawn by using the FaultFold software by R. Allmendinger.

2. General method and error estimate

Remote sensing techniques for the acquisition of 3D terrain in-
formation have evolved rapidly in the last twenty years, leading to
the ability to produce detailed 3D virtual outcrop models (VOM) for
several different applications (e.g. Xu et al., 2000; Pringle et al,,
2001; Bellian et al., 2005; Clegg et al., 2005; Trinks et al., 2006;
McCaffrey et al., 2008; Abellan et al., 2014). Light detection and
ranging technique (LiDAR) provides high-resolution point-clouds of
complex target surfaces, and is currently the most popular tech-
nique for producing accurate virtual outcrop models (Hodgetts,
2013). However, logistic and cost limitations due to LiDAR equip-
ment being expensive, bulky, and heavy, presently prevent its
widespread use in the geological community. An alternative low-
cost and versatile technique for producing VOMs is stereo-
photogrammetry, which also ensures fast and uncomplicated
draping of photographs onto the virtual model (Remondino and El-
Hakim, 2006). This technique reconstructs a 3D scene from corre-
lation of points in partly overlapping photographs taken from
different positions, which is analogous to human vision that in-
tegrates information from two eyes. Recent advances both in
computational speed and resolution of digital-imaging devices
position the photogrammetric technique to easily and rapidly
produce VOMs from photographs taken with conventional digital
cameras (Pringle et al., 2001; Lebel et al., 2001; James and Robson,
2012; Favalli et al., 2012; Tavani et al., 2014; Reitman et al., 2015;
Bistacchi et al., 2015).

Given a set of partly overlapping photographs pointing at the
same scene, structure from motion algorithms (SFM; Ullman, 1979)
can detect common suites of points or point clusters in the different
photographs. The knowledge of these common points and their

coordinates in the different photographs enables computation of the
parameters that relate the X, Y, and Z coordinates of a point in a
combined common space for the population of photographs to its X,
and Yy position in the nth photograph as a function of camera po-
sition, orientation, and focal length. This procedure ensures the
representation of an object surface seen in overlapping photographs
as a point-cloud (Szeliski, 2010). Modern SFM algorithms are
implemented in many software products facilitating the easy crea-
tion of 3D models for target objects, including geological outcrops.
Many software products also support the transformation of point
clouds into suites of meshes composed of irregular triangles that can
be automatically draped with images producing 3D photorealistic
textured meshes. Among the available software products, we used
Agisoft Photoscan (e.g. Verhoeven, 2011) (www.agisoft.ru).

Recent studies have certified that the accuracy of the image-
based models from photogrammetric assembly of a set of over-
lapping photographs equals or are comparable to the accuracy of
models produced by LIDAR-based construction (e.g. Adams and
Chandler, 2002; Harwin and Lucieer, 2012). However, a major
issue for image-based VOM is that errors and distortions cannot be
assessed a priori. The evaluation of the 3D distribution of the X, Y,
and Z components of the error in the image-based model requires
the knowledge of the position of a large number of points. Creating
the spatial information for a large number of points in the model
can require the use of LiDAR or totalstation equipment, which
would potentially defeat the point of using photogrammetric im-
agery. Fortunately, a slightly less accurate estimate of the error and
distortion can be obtained with cheap and portable tools: a
compact laser distance meter, a compass, a laser level mounted on a
tripod with a graduated dial, and some coded targets to be posi-
tioned on an outcrop (Fig. 3a). In the field (Fig. 3b), using the
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compass, the graduated dial on the tripod is oriented with respect
to North, and represents the origin of our local reference system.
The laser level is used to record the positions of a suite of coded
targets (here called “coordinate targets”) at altitude zero, which is
defined as the same elevation of the level, with the graduated dial
and the laser distance meter providing the angular coordinate
(azimuth angle) and the distance from the origin (i.e. the laser
level), respectively.

For our study, we used these tools and this procedure to assess
model errors and distortions. In particular, for the coded targets, we
provided the spherical coordinates with the precision of 1° for the
azimuth, 0.29° for the zenith, and 1.5 mm for the radius (errors
provided by the equipments manufacturers). We placed additional
targets (hereafter named “random targets”) at arbitrary positions
on the outcrop and measured their distance from the origin of the
local reference system using the laser distance meter (Fig. 3b) As
targets (both coordinate and random ones) are used to evaluate the
occurrence of distortions in the model, they require a good distri-
bution around the outcrop surface. In fact, where accessibility
limitations prevent the positioning of coded targets, they were
replaced by points lit with a green laser pointer, as explained below.
It is worth remarking that coordinate and random targets are
identical (coordinate targets appear in red in Fig. 3b to facilitate
their recognition in the figure). The only difference between them
is that for the coordinate targets, we measured the three polar
coordinates, while for the random ones we measured only the
radius but neither the azimuth nor the zenith angles. For the 3D
digital model, we used the position of the coordinate targets to re-
scale and re-orient the model itself. We then computed the position
of all targets in the scaled 3D digital model and compared the
distances between the targets and the origin (i.e. the radius of the
spherical coordinates) as measured in the real world and in the
digital environment. We used the average value of this difference as
a proxy of the model error. We then plotted this difference vs. the X,
Y, and Z coordinates of each target to demonstrate that the error is
not dependent on these components and thus that the model is not
affected by significant distortions.

3. Case study

The study outcrop consists of a barely accessible steep cliff
located close to the town of San Severino Marche (the origin of the
model is Lat: 43°13/28,70”"N; Long:13°07'01.81”E), along the
external (eastern) front of the northern Apennines fold-thrust belt,
Italy. In particular, the outcrop is located in the crest of the Sibillini
anticline (Fig. 4). This fold is a N—S-striking and E-verging thrust-
related anticline that constitutes the mountain front of the North-
ern Apennines, and deformed the exposed Mesozoic and Cenozoic
limestones and marls, and the overlying thick (up to many km)
siliciclastic sequence (Pierantoni et al, 2013). The anticline is
affected by a pervasive extensional deformation pattern, which
includes sub-seismic joints and normal faults striking mostly par-
allel but also perpendicular to the anticlinal trend. Only one of the
normal faults reaches a length exceeding a few tens of meters, so
that it is observable at map-scale, and it is exposed in the southern
portion of the map (Fig. 4). The N—S striking extensional structures
are principally located in the anticlinal crest and represent late-
folding structures, which are interpreted as forming in response
to the rapid and abrupt uplift of this mountain front anticline
(Tavani et al., 2012).

The study outcrop exposes shallow-dipping Mesozoic carbon-
ates of the Maiolica Formation, consisting of about 20-cm thick,
well bedded micritic limestone with silica beds and thin clay in-
terlayers, affected by a few embryonic extensional faults belonging
to the late-folding set (Fig. 5a). We positioned the laser level at
about 10 m from the outcrop and following our procedure, we used
the level with the laser pointer to place three coordinate targets on
the outcrop (Fig. 5b), where all these targets were at the same
elevation as the laser level that is the origin of our reference system.
The maximum expected vertical error on the positioning for these
targets is about 5 cm, because the error on the horizontal deter-
mination of the level is +0.29° and the average distance between
the targets and the origin of the reference system is about 10 m.
Two additional random targets were positioned in the lower part of
the outcrop. Moreover, as we could not position coded targets in

E COORDINATE TARGET

Target positioned at the same
elevation of the level, for which polar \
coordinates (a and R) are measured. / @

=

RANDOM TARGET |

Target positioned at a random S /
position, for which only R is S
measured. l /

Fig. 3. (A) Field devices used in this work: (1) Canon EOS 450D camera. Photograph resolution is set to 4272 x 2848 pixel. (2) Leica DISTO D2 laser distance meter (0.05—60 m
measuring range, accuracy = + 1.5 mm). (3) Silverline equipment including (3.1) a 40 cm long level (error on the horizontal determination is +0.29°) with a laser pointer and (3.2) a
tripod with a graduated rotating base (accuracy = 1°). (4) Silva compass. (5) Coded targets. (B) Scheme showing the field use of compass, laser distance meter, laser level, and
rotating base to place a first suite of targets in the outcrop and to get their polar coordinates (coordinate targets: red targets in the figure). Additional targets (random targets: white
targets in the figure) are arbitrarily placed and only their distance from the origin is measured. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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the upper portion of the cliff, we used an additional laser pointer
with a long-distance highly visible green light to position eight
other random points, that were contextually photographed
(Fig. 5¢). We used a Canon EOS 450D camera to take 156 photo-
graphs (4272 x 2848 pixel resolution) of the outcrop.

Only the lower part of the outcrop is accessible and the cliff can
be photographed only from ground level. Accordingly, to cover the
upper part of the outcrop with at least two sets of photographs, we
took photographs at different distances from the outcrop (5—15 m)
and with different focal lengths, which resulted in an approximate
photograph's resolution ranging from 1 to 0.2 pixel/mm?. As
detailed below, despite the different acquisition strategies, errors
for point positions in the upper and lower portions of the outcrop
have almost the same negligible value.

Photographs were imported into the Agisoft Photoscan soft-
ware, where we selected a sub-area of the outcrop with a surface of
approximately 250 m?. A point-cloud of 3.5 x 10° points with a
resolution of about 1.4 points/cm? was generated (Fig. 5d). The
subsequent 3D triangulation of points allowed us to obtain a
triangular mesh made of 5 x 10° irregular triangles that had an
average area of about 0.5 cm? each. After identifying all targets in
the model (Fig. 5d), we used the coordinate targets alone to re-scale
and re-orient the model. Finally, we used all targets in the scaled
model to estimate the model's error, which is the difference be-
tween the distance of target from the origin measured in the field
and in the corresponding digital environment. This difference
ranges between about —4 and 6 cm (Fig. 6a). Only one target was
affected by a large location error (i.e. 20 cm; this target is identified
with a red circle in Fig. 5d), and so we discarded it from the model
due to possible measurement error. By removing this anomalous
value, we obtained an average value for the absolute error of 2.8 cm.
As previously explained, we also plotted the error versus the X, Y,
and Z coordinates of the corresponding target (Fig. 6b). This dia-
gram shows that the error neither increases nor decreases with the
X, Y, and Z coordinates. In essence, Fig. 6b demonstrates that the
error is insensitive to the position of the target, thus indicating that
the error is random, and not a function of position or direction.

Subsequently, we imported the textured mesh into the OpenPlot
software (Tavani et al., 2011, 2014), where we obtained the orien-
tation of geological surfaces directly from their digital geometry in
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the model (Hodgetts et al., 2004; Trinks et al., 2006). This procedure
involved point picking along the intersection between the partic-
ular geological surface and the outcrop's surface. The same proce-
dure involved also the subsequent extraction of the maximum
component of the moment of inertia of these points (i.e. the vector
orthogonal to the best-fit plane; Fernandez, 2005, Fig. 7a and b),
provided that picked points are highly coplanar and poorly co-
linear. Using this procedure, we digitally measured a total of 248
meso-structures: 58 bedding surfaces, 140 joints, and 50 segments
of the studied fault (Fig. 7c) (raw attitude data, including values of
azimuth, dip, and data type, are available as text file in the
Supplementary material). In the plot (Fig. 7c), bedding surfaces
identify a single maximum corresponding to a N302°-striking and
NE3°-dipping plane, with a very slight difference between the
footwall (strike is 321° and dip is 4°) and the hangingwall (strike is
294° and dip is 3°). Joints have two orientation maxima consisting
of high-angle-to-bedding surfaces striking ESE-WNW and NNE-
SSW, respectively. The digitalized segments of the extensional
fault are clustered around a single maximum corresponding to a
N191°-striking and NW74°-dipping plane. From these data, we
derived two mutually orthogonal directions: the bedding-fault
intersection direction and the bedding-normal direction based on
average bedding value. We used these directions together with the
one orthogonal to both to reorient the VOM in Photoscan so as to
obtain, in orthographic projection view, an undistorted frontal view
of the plane perpendicularly to bedding and the fault (Fig. 1). We
exported a 4-pixels/cm orthorectified view of the outcrop obtained
from this observation point (Fig. 8). Successively, we imported this
orthorectified image in the Inkscape open-source software for
vector graphic drawing (www.inkscape.org), where we traced beds
and fault segments (Fig. 9a), as it is usually done when picking
horizons in a seismic profile. On this line drawing (Fig. 9a), we
digitally measured true dips and stratigraphic displacements. In
addition, we correlated cutoff points of the hangingwall and foot-
wall strata and constructed a stratigraphic separation diagram
(Fig. 9b).

The fault includes two strands (named i and ii in Fig 9b) sepa-
rated by an area where layers are folded and unfaulted (Fig. 9a and
b). The fold is particularly evident for a chert layer between the two
non-coplanar strands of the fault (Fig. 9c). In this folded area, we
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L'aser; level,

Fig. 5. (A) Photograph of the San Severino outcrop showing the near vertical cliff and the embryonic normal fault along with the laser level, plus the target point for (B) and (C). (B)
Example of a target point made with a coded target, as seen in the real world and in the digital environment. The two red lights seen in the target correspond to the pointers of the
level and distance meter, respectively. (C) Example of a target point made with a green laser light, as seen in the real world and in the digital environment. (D) RGB colored point
cloud of the outcrop, with position of targets indicated by blue flags. The red circle indicates a target with a high positioning error (i.e. 20 cm). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

computed the stratigraphic separation that would have been pre-
dicted if a fault strand rather than a fold was present, based on
projecting separation magnitudes from along the fault strands into
the unfolded fault domains (Fig. 9b). We also measured the dip of
digitized bedding traces in the hangingwall and footwall by
computing the slope of the best-fit linear regression of the nodes of

the digitized bedding traces (we used the function “slope” of the
LibreOffice Calc software). In agreement with the slight difference
between the strikes of bedding in the two walls of the fault, layers
in the footwall and in the hangingwall have apparent dips of 0.8°
and 0.3°, respectively (Fig. 9d). The 0.5° difference between hang-
ingwall and footwall dips is almost constant along the entire pair of
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Fig. 6. Difference between measured (Rf) and digitally computed (Rv) distances of targets from the origin in the San Severino outcrop. (A) Frequency distribution of Rf-Rv. (B)
Scatterplot with Rf-Rv values along the Y-axis and X, Y, and Z coordinates of the target along the X-axis of the plot.
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Fig. 7. (A) Close-up view of the model in OpenPlot, with example of a digitalized bedding trace (white points) and derived best-fit plane (medium gray planar polygon). (B) View of
the San Severino VOM in OpenPlot, with digitized bedding surfaces (green polygons with orange border), fault segments (red polygons with green border), and joints (blue polygons
with yellow border). (C) Frequency contour in stereographic equal-area projection of poles to digitalized bedding surfaces (green with orange border), joints (blue with yellow
border), and fault (red with green border) segments. DN and CI refer to data number and contouring interval, respectively. In the stereoplots, the colored squares correspond to
structures measured in the field with a clino-compass. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

fault strands.

4. Trishear vs. flexural-slip extensional fault propagation

Since trishear fault-propagation folding is based on forward
modeling (Allmendinger, 1998), equations relating fault and fold
shapes do not exist. Accordingly, to access the consistency of an
observed fold with respect to the two possible kinematic behaviors,
equations of flexural-slip fault-propagation folding are derived,
illustrated and used for this analysis.

Let us consider a fault with a negligible displacement (Fig. 10a)
with its tip lying in the layer Lo. After a certain amount of
displacement, the tip of the fault has propagated upward, reaching
layer L;, and a synthetic monocline with a constant dip has devel-
oped, according to the constant bed-thickness flexural-slip con-
struction illustrated in Fig. 2b. Equations (1) and (2) of Fig. 10a
relate the fault slip, the fault propagation, and the distance between
the initial and the final position of the tip measured in the

hangingwall (DistanceH), to the footwall cutoff angle (a), the
hangingwall cutoff angle (B), and the Lp-L; thickness (H).
Combining Equations (1) and (2), allows the derivation of Equations
(3) and (4), which relate the hangingwall and footwall cutoff angles
to the fault slip (displacement), the propagation of the fault tip, and
the fault displacement to distance ratio. To evaluate how much a
natural extensional fold diverges from this model, we introduce a
strata thinning/thickening coefficient (Fig. 10b). Thickness varia-
tions between hangingwall and footwall in faulted strata are
allowed in this second model, using K the thinning/thickening co-
efficient. As a consequence of allowing variations in the thickness of
strata, the amount of propagation of the fault is no longer
measurable. Having introduced K, Equations (1) and (2) of Fig. 10a
transform into Equations (5) And (6) of Fig. 10b, respectively. Since
the propagation has been removed from the system of equations,
we can relate cutoff angles only to the displacement to distance
ratio (Equation (7)) and to the K coefficient (Equation (8)). These
equations will be used to determine the applicability of the two
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Fig. 8. Orthorectified photo for the study outcrop.

kinematic behaviors to accommodate propagation and displace-
ment for this fault.

5. Discussion
5.1. Geometry of the fault and related fold

The fault studied in this paper cuts through the fractured
limestone exposed near San Severino Marche in the Apennines.
Our remotely sensed data (fault and joint attitude) show sub-
stantial strike-parallelism between the fault and one set of joints
(Fig. 7b). Locally, the fault also has cutoff angles of about 90°
(Fig. 9c). Therefore, we infer that fault growth included progres-
sive linkage of pre-existing bedding-perpendicular joints with
displacement variation on these incorporated joints as a function
of the timing of linkage versus the displacement history. This
postulated fault-propagation history has been observed in many
faults with small displacements that offset sedimentary layers
with bed-normal joints (Graham et al., 2003; Crider and Peacock,
2004; Healy et al., 2006; Petracchini et al., 2012, 2015) and often
manifests a steep fault attitude (e.g., average dip is > 70°) that
would be mechanically unfavorable in a typical (Andersonian)
dynamic setting with no pre-existing weaknesses (e.g. joints) in
the rocks.

The precise measurements of stratigraphic separations in the
inaccessible portion of the fault were made possible by image-
based modeling and orthorectification. These measurements have
an accuracy of 1 cm, which is the resolution of the Virtual Outcrop
Model, along the 7-m-long composite fault trace. Although we did
not identify kinematic indicators along the fault, structural studies
in this area indicate that N—S-striking faults are characterized by a
normal dip-slip kinematics (e.g. Tavani et al., 2012). The inference of
a dip-slip kinematics for our study fault in nearly sub-horizontal
strata, allows us to assume that the stratigraphic separation

diagram in Fig. 9b exactly corresponds to a displacement—distance
diagram (e.g. Muraoka and Kamata, 1983; Williams and Chapman,
1983). Using this assumption, fault displacement shows a quasi—-
linear relationship with position along the fault (Fig. 9b), as pre-
viously documented for small-scale low-displacement normal
faults (Dawers et al., 1993). Also, as the displacement decrease
upward along the fault trace, we infer that the fault propagated
upward (Ellis and Dunlap, 1988; Hughes and Shaw, 2014).

5.2. Testing trishear vs flexural-slip solutions

Upward propagating faults in extensional setting commonly
lead to the development of synthetically dipping monoclines (i.e.
panels dipping in the same sense as the underlying fault; Freund,
1979; Withjack et al., 1990; Schlische, 1995; Gawthorpe et al.,
1997; Ferrill et al., 2004; Tavani et al., 2015). In particular, the
synthetic monocline accommodates hangingwall downthrow in
the unfaulted strata ahead of the fault tip, and its geometry is linked
to the ratio between propagation and slip of the fault, as illustrated
in Figs. 2 and 10. In section 4, we derived equations linking cutoff
angles of hangingwall and footwall, and the displacement—-
distance ratio for flexural-slip extensional fault-propagation folds
(Equations (3) and (4) of Fig. 10a). We have also introduced a
thickness variation coefficient between hangingwall and footwall
strata (i.e. the K coefficient of Fig. 10b), to test the deviation of
natural folds from the bed thickness preservation, and so to eval-
uate if the fold approaches a trishear solution.

In the study outcrop, as previously discussed, we derived a
footwall cutoff angle (o angle of Fig. 10) of 70°, an hangingwall
cutoff angle of 70°—0.5° (i.e. the p angle of Fig. 10 is 69.5°). Dis-
placement—distance ratio is provided by the slope of the linear
regression in the graph of Fig. 9b, and it is 0.0121. Using these values
in Equation (8) of Fig. 10b, results in a K coefficient of 1.00876,
which means that either the hangingwall has thickened 0.88% or
the footwall has thinned 0.87%, or a combination of both. Notice
that such a thickening cannot be attributed to the occurrence of an
hangingwall dip component perpendicular to the section, because
this component is less than 1° and has a negligible effect on the
measured thickness (K would be about 1.0001).

To visually test the accuracy of the result, we removed the dif-
ferential rotation between hangingwall and footwall, using values
provided in Fig. 9d, and we restored the hangingwall to its original
thickness, assuming no thinning of the footwall. The result is
illustrated in Fig. 11, where gray layers in the background facilitate
the comparison of dip and thickness between strata in the footwall
and in the hangingwall. The graph shows an impressive match,
supporting the accuracy of the reconstruction and the lack of in-
ternal bends in the hangingwall strata.

A check of this result is done by computing the theoretical
displacement—distance relationship, and hangingwall and footwall
cutoff angles for the fault in the absence of strata thinning/thick-
ening. This case corresponds to an extensional synthetic monocline
entirely developed by flexural-slip folding, where only layer-
parallel strain is allowed. Using measured hangingwall and foot-
wall cutoff angles, and imposing a K coefficient of 1 yields a dis-
placement—distance ratio of 0.0034, instead of the measured
0.0121. To attain such a ratio, the studied fault should have either
about 8 cm less of displacement in its lower portion or 8 cm more in
its upper portion, or a combination of both. These values exceed the
resolution limitations for the VOM, which is about 1 cm, and they
were not identified as existing in the VOM, supporting the idea that
strata thickness were modified during folding. Similarly, using the
measured displacement—distance ratio of 0,0121 as an input
parameter, in combination with the footwall cutoff angle of 70° (i.e.
the measured fault dip), returns the expected hangingwall cutoff
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Fig. 9. (A) Line-drawing of layers and fault segments. (B) Fault stratigraphic separation diagram constructed using cutoff points (white circles) and non-folded cutoff points derived
by projecting the layer outside the folded areas (black circles). (C) Detail of the overstep area between the two fault segments, illustrating the folded but unfaulted chert layer, and
many bedding perpendicular strands of the fault. (D) Dip of layers in the hangingwall and footwall (and their difference) versus their stratigraphic elevation (0 is the bottom of the

outcrop).

angle of 68.2°, instead of the measured 69.5°, which is a difference
of about 1.3°. The difference is almost twice the standard deviation
of the measured difference between hangingwall and footwall
strata dip (Fig. 9d), so it is not validated by data from the VOM.
Finally, using the measured displacement—distance ratio and the
measured dip of strata, a K coefficient of 1 would imposes a fault
dip of about 37°, which was definitely not observed.

In conclusion, to achieve the measured displacement—distance
ratio, a tilting of layers and internal deformation by strata thick-
ening (or thinning) is needed, contributing about 30% and 70%,
respectively, to the displacement of the fault. Consequently, we
infer that the hangingwall fold is not just the result of flexural-slip,
but rather the occurrence of stratal thickening in the down-
throwing hangingwall, consistent with the trishear extensional
fault propagation folding (e.g. Erslev, 1991; Allmendinger, 1998;
Hardy and McClay, 1999; Johnson and Johnson, 2001; Jin and
Groshong, 2006; Jackson et al., 2006; Mitra and Miller, 2013). For
this interpretation, the triangular shear zone pinned at the upward-
propagating fault tip created the synthetically dipping monocline
where strata thickness was not preserved.

6. Conclusions

We conclude that the growth model of a small-scale, low-
displacement normal fault exposed in a nearly inaccessible site can
be inferred in a few simple steps starting only from a set of field
photographs taken with entry-level reflex cameras. The advantages
of the proposed method are its ease of use, low-cost, minimal
amount of equipment, and suitability also for inaccessible outcrops,
whereas the weaknesses are only those ones connected with the
limits of the photographic technique and equipment. Hence, the
workflow constitutes an efficient and straightforward method for
field studies aimed at quantitatively analyzing geological features
at the outcrop scale. The proposed method can easily allow re-
searchers to create the desired, representative virtual profiles using
proper orthorectification and viewpoint rotation.

The methodology has been applied to study an embryonic
normal fault affecting shallow dipping limestones in the Apennines
fold and thrust belt. Accurate measurements of the stratigraphic
separations diagram and strata dip were made possible by the
adopted procedure of photograph orthorectification. Measured
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Fig. 10. Schematic profiles showing a synthetic monocline developing in the hang-
ingwall of an upward-propagating fault tip, with inset stating the relationships and
equations for displacement as a function of position along the fault of a layer, to the
footwall cutoff angle (), and to the hangingwall cutoff angle (). (A) Multilayer pre-
serving the bed thickness during folding. (B) Multilayer for which thickness variations
between footwall and hangingwall strata occur, with K the thickening coefficient.

Fig. 11. Line-drawing of layers in Fig. 8(a) after removing the hangingwall and footwall
layer dip across the fault (red traces). In the hangingwall, the black lines represent
strata after thickening removal, whereas dashed dark gray lines represent strata with
their present-day thickness. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

values of hangingwall and footwall dip, along with the displace-
ment distance ratio, were compared with those expected for an
idealized flexural-slip, extensional fault-propagation fold. Such
comparison evidenced that folding was accompanied by 0.8%
thickening of strata in the hangingwall relatively to footwall strata,
which matches our observation. This strata thickening is consistent
with trishear fault-propagation folding.
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