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A B S T R A C T

A digital outcrop example and associated structural analysis of highly deformed sedimentary strata from the Za-
gros Belt of Iran is presented. By providing this site in open-access, downloadable format, we aim to make this ex-
cellent outcrop exposure accessible to a wide range of geoscientists. Digital data extraction techniques are used
to constrain structural interpretations and cross section orientation, as well as kinematic restorations of inter-
preted structures. Structural analysis protocols provided here are well-suited to learning outcomes associated
with digital cross section construction, interpretation and restoration. Complex deformation at the study locality
and associated uncertainties in horizon and fault mapping yield interpretation and structural restoration results
that are likely non-unique. Interpretation uncertainties are discussed in the context of geoscience education, with
specific reference to the need for considering and assessing data quality and underlying geological assumptions.
Our workflow and results can be used to bridge the gap between field-based training at undergraduate level and
the proficiency in 3D digital environments required of professional geoscientists. By using digital outcrops to
achieve learning outcomes, knowledge of underlying geological processes and practical skills in digital data han-
dling and treatment can be effectively communicated to future geoscientists within the virtual environment.

1. Introduction

The last decade has seen a rapid increase in the use of digital pho-
togrammetry as a tool for reconstructing the natural world in 3D. Im-
proved reconstruction algorithms (e.g., Brown and Lowe, 2005;
Furukawa and Ponce, 2009; Wu, 2011), the use of control data (e.g.,
James and Robson, 2012) and improvements in acquisition workflows
(e.g. Bemis et al., 2014; Corradetti et al., 2021) allow highly accurate
photogrammetric reconstructions to be generated and used for quanti-
tative structural analysis (e.g., Cawood et al., 2017). Photogrammetric
reconstruction of outcrops is now possible with relatively inexpensive
consumer-grade equipment and digital photogrammetry software that
requires little user expertise. As a result, structural geologists are now
able to routinely build digital outcrops and extract a variety of struc-
tural data from them. Structural data that can be extracted from digital
outcrops include strike and dip measurements (e.g., Tavani et al.,
2016), 3D geometric properties of bedding and fault surfaces (Pearce et
al., 2011), fault displacement data (e.g., Martinelli et al., 2020), and

highly detailed fracture maps (e.g., Bisdom et al., 2014). The ability to
collect digital measurements from outcrop has led to a revolution in the
way that field-based structural characterization is carried out, and al-
lows for more efficient, safer data collection and the ability for im-
proved sampling of structural data in the field (Biber et al., 2018).

In addition to the potential for digital photogrammetry to provide
quantitative structural data, digital outcrops can be important tools for
geoscience education (e.g. Pringle, 2014; De Paor, 2016; Houghton et
al., 2016; Carbonell Carrera and Bermejo Asensio, 2017; de Paz-Álvarez
et al., 2021). Digital outcrops have the potential to improve geological
3D thinking and can provide a mechanism to improve equality, inclu-
sion and diversity in geoscience education and training (Bond and
Cawood, 2021). Photogrammetric reconstruction is often cited as being
important for providing geological data in difficult-to-reach locations
(Vasuki et al., 2014; Franceschi et al., 2015); in the context of geo-
science education, digital outcrops can allow students to virtually visit
geological outcrops that would otherwise be inaccessible to them
(McCaffrey et al., 2010; Whitmeyer et al., 2020). This is important not
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only because of the safety concerns and financial implications associ-
ated with field-based training, but because digital access can improve
learning outcomes (e.g., Bond and Cawood, 2021). The issues around
physical access to field locations have been magnified by the COVID-19
pandemic, which has limited or prohibited field-based training to all
geoscience students, and not only those disadvantaged by traditional
barriers to access.

Irrespective of pandemic-related travel restrictions or barriers to
field-based training, there are many outcrops around the world which
are simply not accessible to most geoscience students. In this study we
present a world-class outcrop from the Lurestan region of Iran. By shar-
ing this roadside outcrop example of extensional structures, and making
the 3D data freely accessible, we aim to provide a unique open-source
dataset that can be used for teaching and learning. Our detailed descrip-
tions and structural analysis of extensional structures are used to (i)
highlight the potential of our methodology and (ii) provide insights into
structural development that can be used as a companion training
dataset with the open-source digital outcrop.

2. Geological background

The study site is located in the Lurestan Arc of the SE-verging Zagros
belt (Fig. 1). Formation of the Zagros belt initiated during the Late Cre-
taceous due to NE-directed subduction of the Neo-Tethys ocean and as-
sociated continental collision between the Arabian and Eurasian plates
(e.g., Berberian and King, 1981; Vergés et al., 2011; Allen, 2021). In the
Lurestan Arc, the Zagros belt deformed the Triassic-Early Jurassic Ara-
bian rifted margin (Tavani et al., 2021), which constituted the SW mar-
gin of the Neo-Tethys; the tectonic nappes of the Zagros belt essentially
trace the architecture of the rifted margin (Wrobel-Daveau et al., 2010).
The High Zagros Fault is one of the major thrusts of the collisional oro-
gen, along which the sedimentary cover of the distal portion of the Ara-
bian rifted margin overthrust the proximal domain. In detail, the tec-
tonic pile of the Zagros belt consists of a series of nappes that deform,
transport, and stack the different domains of the former Neo-Tethyan
rifted margin. These nappes include, from top to bottom (e.g., Tavani et
al., 2021): (i) a thin ophiolite nappe; (ii) the Bisotun-Avalon nappe,
composed of Mesozoic carbonates deposited onto the Bisotun-Avalon
continental ribbon; (iii) the Kermanshah-Qulqula nappe (where the
study outcrop is located), composed of Lower Jurassic to Upper Creta-
ceous limestones, radiolarites, marls, and shales deposited in the Ker-
manshah-Qulqula deep-water basin, developed between the Arabian
margin and the Bisotun-Avalon continental ribbon (Gharib and De

Wever, 2010); (iv) continental crust of the Arabian margin which corre-
sponds to the proximal and necking domains of the rifted margin.

The Zagros belt in the Lurestan Arc formed during two shortening
stages, which led to the development of two foredeep basins of Maas-
trichtian-Eocene and Miocene-present day age (Fig. 1; Homke et al.,
2009; Saura et al., 2015). The older foredeep is preserved in the foot-
wall of the High Zagros Fault, which is capped by the Paleocene to
Miocene continental deposits of the Paleogene Red Bed Series
(Koshnaw et al., 2017). This relationship suggests that displacement
along the High Zagros Fault occurred during the Late Cretaceous to Pa-
leocene interval (Karim et al., 2011; Vergés et al., 2011; Saura et al.,
2015).

3. Study locality

The studied exposure is located in the hanging wall of the High Za-
gros Fault, along the Javanroud-Salas road, 2 km to the west of the city
of Javanroud (Fig. 2). It consists of a N–S oriented 110 m wide outcrop
that exposes ribbon cherts that alternate with marls, shales, and thinly
bedded silicified limestones of latest Sinemurian-earliest Pliensbachian
age, of the Kermanshah-Qulqula basin syn-rift sequence (Tavani et al.,
2018). Extensional faults are present across the outcrop, and contrac-
tional structures interpreted to post-date extensional faulting include
inverted normal faults, buttressing structures, kink-folds, and reverse
faults.

An interpreted field photograph at the northern part of the study lo-
cality (Fig. 3A) shows a low-angle S-dipping basal extensional fault,
with cutoff angles from 20° to 60°, that accommodates >10 m of dis-
placement. N-dipping strata in the hanging wall to this fault are dis-
placed by synthetic S-dipping extension faults (with displacement up to
2 m), and a few small-scale N-dipping antithetic faults. A kink-fold with
E-W striking anticlinal and synclinal axial surfaces overlies one of these
N-dipping extensional faults.

A squeezed horst structure indicative of buttressing during contrac-
tion in the central part of the outcrop (Fig. 3B) is bounded by two N-
dipping faults to the north (cut and displaced by a N-verging thrust) and
one S-dipping fault to the south. The block to the north displays a much
thicker sequence with respect to the southern block, providing evidence
for syn-sedimentary displacement along extensional faults at either side
of the horst structure. Shaly strata in the horst are tightly folded to form
an anticline-syncline-anticline triplet containing steeply dipping strata
and E-W striking axial surfaces. Small-scale extensional faults within

Fig. 1. Geological map and stratigraphic successions of the Lurestan region of the Zagros Belt. Modified after Tavani et al. (2021).
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Fig. 2. Co-referenced digital outcrop and satellite imagery. Light blue points
denote control point locations. Pink dot shows the location of local reference
frame origin. See main text for details. Digital outcrop extents marked by the
stippled yellow line. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

the horst structure exhibit rotated and folded geometries and as a result
display a reverse sense of shear in their present-day configurations.

The southern portion of the outcrop exposes a slightly inverted ex-
tensional fault with a ramp-flat geometry (Fig. 3C), with the flat seg-
ment of the fault interpreted to have accommodated reverse offset that
post-dates extensional displacement. Layers in the footwall of the main
fault are highly folded, particularly at the southern edge of the photo,
and shales immediately above the main flat are folded too. S-dipping
faults with cutoff angles of 50°–60° are characterised by displacements
up to 2 m. Their syn-sedimentary nature is evidenced by a remarkable

change of thickness, with an overall southward thinning of layers
within fault blocks (Fig. 3c).

4. Methods and data

4.1. Field acquisition, data processing and georeferencing

Digital images of the site were acquired using a Nikon D5300, a
Canon EOS 450D, and a Canon EOS 1100D. Average ground resolution
for acquired imagery was approximately 5.5mm/pixel. Following the
procedures described in Tavani et al. (2016), we positioned five targets
at a constant elevation using a laser level mounted on a tripod. The po-
sition of these targets in a local reference frame was measured in polar
coordinates using a compact laser distance meter and a graduated dial
whose orientation was registered with a Silva compass. The dial consti-
tutes the origin of this local reference frame and the sixth ground con-
trol point (Fig. 2). In addition to digital imagery and ground control
data, structural data (i.e., fault and bedding orientations) were also col-
lected manually using compass clinometers. Initial structural interpre-
tations, field sketches and observations were also made as part of the
data acquisition campaign.

Photogrammetric processing of outcrop imagery was performed us-
ing Agisoft Metashape 1.7.1. Initial processing yielded a 3D point-cloud
containing approximately 30 million points over a surveyed area of
3095 m2 (approximate point-cloud density = 1 point/cm2). The point-
cloud was registered through the aforementioned registration scheme
using the six ground control points. To improve the registration of the
model, we generated in Metashape an orthophoto that was later up-
loaded in QGIS to optimize the overlap of features by rotating the or-
thophoto about a vertical axis. The same amount of rotation was then
imposed on the model. Later, a textured mesh of the model was ex-
ported from Metashape as a Wavefront OBJ (.obj) file prior to data ex-
traction.

4.2. Data extraction, image projection, cross section construction and
restoration

The textured outcrop mesh was loaded in Openplot (e.g., Tavani et
al., 2016) where portions of exposed bedding and fault traces were used
to derive the 3D orientation of these surfaces. The extraction procedure
consists in the digitization of polylines from which the software calcu-
lates best-fit planes in real-time, allowing the user to evaluate in 3D
whether to retain or reject each calculated plane. In essence, this visual
evaluation allows the user to discard those planes derived from highly
collinear points along digitized polylines. High collinearity of points
typically results in best-fit planes that follow outcrop topography rather

Fig. 3. Interpreted field photographs showing some of the main structural features at the study site. Dotted white horizon markers illustrate structural geometries
but are not necessarily used as restoration horizons … See text for detailed structural interpretations.
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than the penetrating geometry of the geological features (e.g.
Fernández et al., 2009; Jones et al., 2016; Seers and Hodgetts, 2016). A
total of 136 planes were extracted from the model (Fig. 4). Bedding
data digitized and extracted from the digital outcrop model record a
similar best fit plane orientation to that derived from field data (Fig. 4).
Note, digitized data display higher orientation dispersion than equiva-
lent field data. We attribute this increase in dispersion to collinearity of
points along segments of digitized polylines, and the resultant orienta-
tion bias introduced by this collinearity.

Poles to bedding and fault orientation data collected in the field and
from the model are plotted in the stereonet in Fig. 4 Through a tensor
analysis of the distribution of those poles, in Openplot we calculated the
smallest eigenvalue, which corresponds to the direction of minimum
concentration of poles. Albeit slightly improperly, we use the term β-
axis for this direction, as it averages the direction of the fold axes (i.e.,
the β-axis) and of intersection with faults structures, being the poles to
bedding aligned along their distribution (the so called π;-plane; Ramsay
and Huber, 1987).

Both stereonets (from field and digital data) show a distribution of
poles along a N–S direction, with a plunging of the β-axis toward the
East (94° trend and 36° plunge for the field data and 97° trend and 37.5°
plunge for the digitized data). In essence, this statistical direction is the
direction toward which we can look at the outcrop with distortions in
the geometry of the structures reduced as much as possible (Fig. 5). For
this reason, we generated an orthophoto of the model using the calcu-
lated β-axis as view direction in Metashape, producing a photorealistic
cross section of the outcrop with minimum geometrical distortions (Fig.
6A). Unfortunately we were not able to identify any direct kinematic in-
dicators (e.g., slickenlines on fault planes) at the study site to constrain
appropriate cross section orientation. Our cross section strike of 184°
(orthogonal to 94° trend of field data), however, is in general agree-
ment with previously published transport directions of NE-SW for both
extension and subsequent contraction in the Lurestan region of the Za-
gros (Vergés et al., 2011; Tavani et al., 2021).

Initial interpretations of structural geometries at the study site were
produced from field observations and sketches during fieldwork in
2016, as shown in section 3. Subsequent structural interpretations were
derived by interpretation of structural geometries on the photorealistic,
orthorectified cross section (Fig. 5A). While each dataset was important
for generating structural interpretations, the photorealistic, orthorecti-
fied cross section was used to generate final interpretations and to qual-
ity check results from 3D digital interpretation. The orthorectified cross
section was chosen as the most representative image of the site as it pro-
vides a medium for structural interpretation with reduced potential for
viewpoint bias and associated geometric inaccuracies (e.g., Tavani et
al., 2016). After structural interpretation of the orthorectified cross sec-

Fig. 4. Structural data collected in the field and digitized on the digital outcrop,
with best fit π-plane and β axis extracted with Openplot software (e.g., Tavani et
al., 2016) to derive the view direction for orthorectification.

Fig. 5. Procedure for the orthorectification of the digital outcrop along the β-
axis. The procedure involves recognition of geological features in the model
and computation of the viewing direction of interest, which in the image cor-
responds to the intersection between bedding (blue) and faults (red), to pro-
duce an orthorectified image. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

tion, digitized bed boundaries and faults were imported into MOVE
2019.1 for kinematic restoration. Faults and folds were sequentially re-
stored along the cross section using available algorithms in MOVE
2019.1, with both bed length and bed thickness variations allowed
through the sequential restoration.

5. Structural interpretation and restoration

The study outcrop is characterised by widespread extensional faults
and a few contractional structures. Extensional faults include: (i) almost
linear fault strands with limited (<2 m) displacement, which are gen-
erally confined within the more competent beds, and (ii) larger exten-
sional faults with >2 m displacement characterised by ramp-flat
geometries and with associated hanging wall synclines and rollover an-
ticlines. Limited contractional deformation postdating extensional
faulting is evidenced by buttressing structures, kink-folds, and scarce
reverse faults with displacement in the order of a few cm. Bedding sur-
faces measured in the field strike approximately E-W (Fig. 4) and, co-
herently, faults are E-W striking too.

Field observations and interpretation of unreferenced imagery (Fig.
3) were used to guide structural interpretation of the orthorectified out-
crop image (Fig. 6A). In detail, many layers and faults can be traced
with confidence (Fig. 6B) where correlation between layers across dif-
ferent blocks is evident. In other cases, the correlation is driven by the
coarse preservation of horizon lengths and stratal thicknesses. As such,
the interpretations shown in Fig. 6C represent a hybrid of directly ob-
served geometries and interpolations where poor exposure hampered
direct interpretation. Five key layers have been traced and correlated
across the three main fault systems affecting the study outcrop (Fig.
6B). These layers identify different sedimentary packages which area
generally represented by shale intervals, with the exceptions of the
H3–H4 and H4–H5 packages, which are interpreted as radiolarites and
silicified limestones, respectively. The northern fault system includes a
main gently SSW-dipping extensional fault, which has in its hanging
wall a rollover anticline bounded to the south by the previously men-
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Fig. 6. (A) Orthorectified image of the study locality. Orientation values at bottom right denote trend and plunge of image axes. (B) Intermediate interpretation
with only directly observed fault segments and horizons shown. No interpretations of fault offset or correlations between exposed horizons are made. (C) Struc-
tural interpretation of the orthorectified image, with horizons and faults interpolated across zones of poor exposure. Interpretations in (C) used for the structural
restoration (Fig. 7).

tioned buttressed horst structure. The central fault system is composed
of three main segments: the northern one affects the previously illus-
trated rollover anticline, and at its northern termination the fault splays
off in a set of S-dipping extensional faults displacing the horizon H2,
whereas to the south this fault segment is folded by a footwall anticline;
the southern segments are almost straight and affect the entire multi-
layer, with an overstep area located between the horizons H2 and H3.

The third and southernmost fault system is made by three major S-
dipping faults affecting horizons H2 to H5, the southernmost fault of
this system has an associated antithetic fault system and the northern
tips of all of the three faults is overlain by a few subsidiary synthetic
faults affecting horizons H1 and H2. The traced horizons show remark-
able thickness variations. Part of these variations are attributable to lo-
cal folds associated with contraction and possibly to uncertainties in the
correlation of layers. However, the overall N-ward wedging of the pack-
age delimited by horizons H1 and H2, the thickness variation of the H2-
to-H4 package across the southern fault system, and the thickness varia-
tion of the H3-to-H5 package across the central fault system and across
the squeezed horst, point to a syn-sedimentary nature for the three
main fault system and of the extensional faults in general.

Kinematic restoration of structural interpretations was carried out
using a two-stage restoration approach. Contractional deformation was
restored in the first stage by (i) removing reverse displacement along in-
terpreted thrust faults, and (ii) unfolding the deformed sequence to an
interpreted pre-contraction structural configuration (Fig. 7B). The first
restoration step is interpreted to be of limited precision because of (i)
uncertainties in the amount of contractional reactivation along exten-

sional faults, and (ii) difficulties in distinguishing between contrac-
tional and extensional fault-related folding. In spite of these uncertain-
ties, approximate restoration from the present-day to pre-contractional
time step provides a general overview and potential scenario for struc-
tural configurations at the study site between Triassic-Early Jurassic
and Late Cretaceous that is consistent with regional structural interpre-
tations (e.g., Vergés et al., 2011; Saura et al., 2015; Tavani et al., 2018).
Clockwise rotation of strata as part of the restoration (Fig. 7B), for ex-
ample, restores interpreted strata to approximately horizontal at the
pre-contractional restoration step and removes the tilting of strata due
to folding in the hanging-wall of the High Zagros Fault (e.g., Tavani et
al., 2021).

Structural restoration allowed us to observe and interpret the main
features of the studied outcrop in the Zagros belt. An initial clockwise
rotation of the beds and faults using as datum the youngest horizon (or-
ange marker bed H1; Fig. 7) highlights the occurrence of a south-
dipping fault system arranged in ramp - flat strands. Most of the bed off-
sets across faults are extensional; no significant faults (slip >2 m) with
a reverse offset have been found. The restoration of marker horizons to
horizontal highlights stratigraphic wedging across normal faults (Fig.
7B), which indicates a syn-sedimentary origin for the fault array. A cer-
tain amount of structural decoupling is also observed along the layers
between horizons H2 and H3; this is evident for both the extensional
faults with several small extensional faults soled at this level. Kink-style
folds involving layers above marker horizon H2 also provide evidence
for the same decoupling within shaly layers between marker beds H2
and H3 being active during subsequent contractional deformation. But-
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Fig. 7. Kinematic restoration of structural interpretations. (A) Structural in-
terpretation of study locality in 2D, present-day. (B) Partially restored struc-
tural interpretation with contractional structures restored and regional tilt re-
moved. (C–E) Progressive restoration of extension in marker horizons.

tressing (and internal deformation) are evident in the multilayered se-
quences between marker beds H4 and H5 at either ends of the orthorec-
tified cross section (Fig. 5) as well as within the less competent layers
(Fig. 6B).

The second stage of restoration, from a post-extension time step
(Fig. 7B) to a pre-deformed configuration (Fig. 7C), shows the effects of
removing displacement along extensional faults and unfolding marker
horizons to horizontal. Variations in line-length of fully restored marker
horizons (Fig. 7C) are attributed to (i) variable exposure of sedimentary
layers at outcrop and poor exposure of horizon H1 (see Fig. 5), (ii) a
structural decoupling level with low angle extensional detachments be-
tween horizons H2 and H3, and (iii) systematic increases in extensional
displacement downwards through horizons H3, H4 and H5, resulting in
progressively shorter line lengths as the H3 to H5 markers are restored.
As with the previous restoration step, restored geometries and line
lengths shown in the fully restored cross section (Fig. 7C) are approxi-
mate.

Interpreted and restored fault geometries (Fig. 7) are interpreted to
capture, to some degree, the mechanical properties of the deformed
multilayer at the study site. Fault segments exhibit relatively steep dips
in the H3–H4 interval, which consists of relatively competent radiolar-
ites, whereas in the relatively incompetent layers above and below,
fault segments are generally shallowly dipping or even sub-parallel to
bedding. Observed deformation patterns at the site represent a syn-
sedimentary extensional fault array whose hanging walls and footwalls
have both undergone compressional deformation, as expressed by the
buttressing of layers against rigid fault blocks, enhanced by lithological
contrasts. The northward tilting of the whole structural suite indicates
broad scale folding, most likely associated with the contractional reacti-
vation of an underlying fault system kinematically linked to the former
master extensional fault.

6. Discussion

The digital outcrop, structural interpretations and kinematic
restoration results shown here are the result of a single day of fieldwork
by two of the authors in 2016. Due to logistical constraints, we have
been unable to revisit the site since the initial field campaign and our
results, therefore, were predominantly derived through digital data ex-
traction and analysis. This scenario is not uncommon in field-based geo-
logical research, or industry exploration campaigns, where a field local-
ity is only accessed for a short period of time, and not revisited because
of practical or financial limitations. The workflow and results outlined
in this study provide a general protocol to (i) digitally capture and pre-
serve outcrop localities that may be difficult to access or revisit in the
future, (ii) digitally extract accurate and representative geometric prop-
erties from outcrop needed for detailed structural analysis, (iii) carry
out quantitative structural characterization of a site using digitally ex-
tracted measurements, without the need to revisit the site, and (iv) pro-
vide accurately scaled and oriented digital outcrops in an open-access,
downloadable format (https://bit.ly/3xVwPCP) as a resource for teach-
ing and learning in geoscience education.

Although upscaling of observations from outcrop scale to the scale
of the thrust belt should be always done with caution, structures illus-
trated in this work neatly summarize the evolution of this portion of the
Zagros Belt, from Mesozoic rifting to Cretaceous-Tertiary inversion tec-
tonics. The syn-sedimentary extensional faults documented here affect
the Sinemurian-Pliensbachian deep-water infill of the Kermanshah-
Qulqula radiolarite basin (forming part of the Arabian rifted margin)
(e.g. Tavani et al., 2018), evidencing that after syn-rift crustal thinning
and drowning of the substratum below the carbon compensation depth,
the basin was still actively extending. In agreement, hyper-extension in
this area eventually evolved to mantle exhumation (Wrobel-Daveau et
al., 2010). Convergence and incorporation of the Arabian rifted margin
into the Zagros Belt started during the Late Cretaceous (e.g. Vergés et
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al., 2011), leading to the positive inversion of inherited faults. Such an
inversion tectonics stage is here evidenced by limited reverse reactiva-
tion of extensional faults and, above all, by buttressing structures such
as those illustrated in our structural interpretations of the study locality
(Figs. 3 and 6).

Our workflow and associated data provide a general protocol for
digital outcrop-based structural analysis through building and restoring
a geological cross section. Cross section construction and restoration is
a commonly used approach for understanding the effects of deforma-
tion and the temporal evolution of structures (e.g, Ramsay and Huber,
1987). By downloading, interpreting and analyzing the digital outcrop
provided here, students can digitally generate and analyze their own
geological cross sections and gain practical experience in this com-
monly used approach to understanding deformation processes. In doing
so, they can learn first-hand the techniques for digitally manipulating
and analyzing structural data (e.g., geometric projection of structural
data, generating and assessing best fit planes to polyline traces), and
use these data to decipher the deformation processes that result in pre-
sent-day structural configurations at outcrop. Understanding the limita-
tions of different data types (e.g., digital vs. field-derived structural
measurements, Fig. 4) is another potentially important learning out-
come that can be communicated through digital outcrop-based exer-
cises. By comparing field data with digital measurements (e.g., Jones et
al., 2016), students can be encouraged to consider how reliable and rep-
resentative data may be, and to think more broadly about how to miti-
gate against error during data acquisition (e.g., Cawood et al., 2017)
and analysis (e.g., Bisdom et al., 2014).

Implicit in any structural interpretation and cross section restora-
tion are assumptions about mechanisms of deformation, mechanical
properties of rock layers, and pre-deformation geometries (e.g.,
Woodward et al., 1989). The interpretations and restoration steps pro-
vided here do not represent unique solutions to the structural evolution
of the study site. Rather, we suggest that our data and interpretations
can be used, through focused structural interpretation and discussion
exercises, as a tool for geoscience education. Additional insights into
the syn-sedimentary fault system and related depositional history could
be gained by time-stepped sequential restorations of the stratigraphic
packages, for instance.

Discussions and teaching exercises related to these factors and the
influence they have on deformation processes could be focused on the
3D examples shown in this study. Despite the high resolution of the gen-
erated orthomosaic (Fig. 6), identifying and interpolating faults and
horizons was not always straightforward; imperfect outcrop exposure
and complex structural configurations (not easily restored or modelled)
presented uncertainties in the structural interpretation. Uncertainties
related to the interpretation of faults or lithological contacts are com-
monplace in the geosciences, from undergraduate field-based mapping
exercises (e.g., Petcovic et al., 2009) to the interpretation of seismic
data for industrial applications (e.g, Alcalde et al., 2017). By using a
digital version of an outcrop example, these uncertainties can be high-
lighted in the virtual environment, and students can gain hands-on ex-
perience of digitally adjusting and refining their interpretations in 3D,
as is common when interpreting seismic data, or constructing and
restoring cross sections.

Digital outcrops can be used to transfer the knowledge gained from
field and classroom-based training at undergraduate level to the 3D dig-
ital environments that are commonplace in the applied geosciences.
Blended learning exercises based around digital outcrops have been
shown to improve 3D thinking in the geosciences (e.g., Bond and
Cawood, 2021). By designing and implementing digital outcrop-based
teaching approaches (e.g., Houghton et al., 2016; Carbonell Carrera
and Bermejo Asensio, 2017), improvements in 3D thinking can be fur-
ther leveraged to incorporate understanding of fundamental geological
principles with training in digital data handling and analysis
(McCaffrey et al., 2005). As noted by Dolphin et al. (2019), there should

be greater emphasis in geoscience education on how geology works
rather than simply what it is. The approach suggested here will allow
students to learn both established geological theory and the 3D digital
skills required in the applied geosciences. This will equip students with
an understanding of fundamental geological processes and the practi-
cal, digital skills required of modern-day researchers and applied geo-
scientists.

7. Conclusions

We present a digital outcrop example of highly deformed sedimen-
tary strata from the Zagros Belt of Iran. This site is not easily accessible
to most geoscientists and by providing the digital outcrop in open-
access, downloadable format, we aim to make this spectacular outcrop
accessible to the wider geoscience community.

Digital data extraction techniques are used to constrain the orienta-
tion of a geological cross section, associated structural interpretations,
and kinematic restoration of the interpreted structures. The digital out-
crop and structural analysis steps provided here are well-suited to
teaching cross section construction and interpretation using digital
datasets.

Complex deformation at the study site and associated difficulties in
horizon and fault interpretation yield results that are likely non-unique.
Interpretation uncertainties are discussed in the context of geoscience
education, and the need for assessment and consideration of data qual-
ity and underlying geological assumptions.

Our workflow and associated results can be used to bridge the gap
between field-based training and the 3D digital skills required of mod-
ern-day geoscientists. By utilizing digital outcrops for teaching and
training, both underlying geological knowledge and digital data han-
dling skills can be taught within the virtual environment.
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