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ABSTRACT

In this paper, we present a case study to demonstrate the potential of photogram-
metry in cyclostratigraphic applications. To this end, we considered an ~300-m-thick
section exposing the Lower Jurassic Calcare Massiccio Formation in the Marche
Apennines of central Italy. The Calcare Massiccio comprises a thick succession
of peritidal shallow-water carbonates displaying a prominent sedimentary cyclic-
ity, where supratidal and subtidal facies alternate. The section investigated in this
study is exposed on the wall of an active quarry and is almost completely inacces-
sible because it is vertical and because of safety and liability regulations. This set-
ting prevents the application of standard sampling and facies analysis techniques
on the whole series. An accurate three-dimensional model of the quarry wall was
therefore produced by processing ~360 digital images through photogrammetry
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and generating a high-resolution (centimeter-scale) point cloud of the outcrop with
red-green-blue (RGB) values associated with each point. An ~150-m-long log repre-
senting color variations on a continuous portion of the exposed succession was then
extracted from the point cloud by converting the original RGB values to grayscale
values. The main facies were directly investigated in an ~10-m-long accessible sec-
tion that was logged and sampled, and it was established that supratidal facies with
planar stromatolites and teepee structures are darker in color, while subtidal facies,
made of bioturbated mudstones to floatstones with gastropods and oncoids, display
lighter color. This provided ground-truth data with which to interpret the grayscale
variations in terms of facies alternations. Time-series analysis was then carried out
on the grayscale series, and this revealed prominent cyclicities. Because the biochro-
nostratigraphic framework of the Calcare Massiccio is poor, the potential orbital
origin of these frequencies was tested with the average spectral misfit technique.
Preliminary results suggest that the observed spectral features are compatible with
Milankovitch periods and that astronomical forcing might have been a major driver
in the deposition of the Calcare Massiccio Formation. Furthermore, they testify to
the great potential of photogrammetry in cyclostratigraphic applications, especially

when large-scale, inaccessible outcrops have to be investigated.

INTRODUCTION

Remote sensing has been used to provide lithological infor-
mation by imaging outcrops of sedimentary rocks (e.g., Burton
et al., 2011; Franceschi et al., 2009; Kern et al., 2013; Kurz et
al., 2012; Penasa et al., 2014). The application of this method
to the study of outcrops (McCaffrey et al., 2005; Trinks et al.,
2005; Buckley et al., 2013; Hodgetts, 2013; Buckley et al., 2008)
has two principal strengths: (1) It makes it possible to retrieve
information from exposures that are too large and/or too difficult
to access for hand-logging or sampling; and (2) it provides large
amounts of data in a short time.

Furthermore, remote-sensing techniques have the potential
to quantify the high-resolution lithological variability through-
out long stratigraphic series, and this makes them of interest for
cyclostratigraphy. Examples of the applications of visible cam-
eras for retrieving cyclostratigraphic data from outcrops can be
found in Schwarzacher (1993), Zeeden et al. (2015, 2016), and
Cozzi et al. (2005). One of the main issues when working with
cameras, however, is finding suitable points of view to minimize
the need of perspective correction of the photos and avoid distor-
tions that may hamper cyclostratigraphic interpretation.

Three-dimensional (3-D) imaging of outcrops with terres-
trial laser scanners (TLSs) can overcome these issues (Franceschi
et al., 2009), and it has been successfully applied to cyclostratig-
raphy (Franceschi et al., 2011, 2015). Although TLS devices
provide long-range, high-resolution acquisition and do not have
the problem of perspective distortion, they have the disadvantage
of being sometimes difficult to transport, especially in operative
conditions that require long walks or positioning of the instru-
ment on difficult terrain.

In photogrammetry, a 3-D reconstruction of objects is per-
formed starting from 2-D images taken with cameras, provided

that these images are taken from properly located points of view
(Westoby et al., 2012). Photogrammetry couples the portability
and flexibility of camera systems, which far exceeds that of laser
scanners, and their capability of retrieving quantitative litho-
logical information, and so it represents a potentially interesting
data-acquisition option for cyclostratigraphy in some operational
contexts. In this chapter, we present a case history where photo-
grammetric imaging was applied to the cyclostratigraphic inves-
tigation of a peritidal carbonate platform unit in the Lower Juras-
sic Calcare Massiccio Formation, central Italy.

The Calcare Massiccio Formation encompasses a thick
succession (in this area, typically 700-800 m) of shallow-water
carbonates that display a prominent sedimentary cyclicity (Petti
et al., 2007). However, the thickness of the formation and the
conditions of the outcrops, often exposed on vertical and thus
inaccessible walls, have so far made cyclostratigraphic investiga-
tions difficult.

The realization of a photogrammetric model of the wall of
a large active quarry in the Calcare Massiccio permitted us to
quantify color variations in the form of grayscale series covering
a long stretch of the exposed stratigraphic interval. Changes in
color were linked to facies variations through direct observation
on an accessible portion of the series, and then grayscale series
were analyzed through signal processing methods to highlight
possible orbital cyclicities.

To the best of our knowledge, this represents the first attempt
to provide a cyclostratigraphic characterization of the Calcare
Massiccio by means of remote sensing and the first time that pho-
togrammetry has been applied to cyclostratigraphy. The outcome
of this contribution is therefore twofold. On the one hand, the
potential of a relatively fast and low-cost technique in retriev-
ing cyclostratigraphic data from large outcrops is demonstrated,
and on the other hand, results of the cyclostratigraphic analysis
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provide insights on the possible orbital control on the cyclical
organization of the Calcare Massiccio.

GEOLOGIC SETTING

The Gola Della Rossa quarry is located near the town of
Serra San Quirico, 45 km west of the port city of Ancona in the
Marche region of central Italy, and it offers a spectacular expo-
sure of the Calcare Massiccio (Fig. 1). The Calcare Massiccio is a
stratigraphic unit of the Umbria-Marche sedimentary succession
that was deposited on the passive margin of the Adria microplate
beginning at the end of the Triassic, and it is now exposed on the
fold-and-thrust mountain belt of the northeastern Apennines. The
Umbria-Marche stratigraphic succession starts with an Upper

Monte Murano (43.438 N,13.003 E)
A
%1882'm

k-

by
¥
-

L

GDR
quarry.

Esino. River
160 m asl

r

89

Triassic transgression on top of Hercynian crust (Santantonio et
al., 1996), followed by deposition of the evaporitic deposits of the
Burano Formation (Lugli, 2001; Martinis and Pieri, 1964). The
Calcare Massiccio was then deposited during a time span ranging
from the Hettangian to the Sinemurian, and it represents the onset
of a tropical shallow-water carbonate platform characterized by
peritidal cyclicity mainly organized in shallowing-upward cycles
(Brandano et al., 2015; Colacicchi et al., 1975). The thickness of
the Calcare Massiccio increases from some hundreds of meters in
the Latium-Abruzzi platform to a typical thickness of 500-700 m
in the Umbria-Marche region (Carminati et al., 2013). However,
at Monte Murano, where the Gola Della Rossa quarry is located,
the Calcare Massiccio exhibits a thickness exceeding 700 m
(Fig. 2). The Calcare Massiccio carbonate platform underwent

=

Ancona

Figure 1. Google Earth map of the Gola Della Rossa quarry (GDR), located in central Italy, near the town of Serra San Quirico, Ancona Prov-

ince, Italy (asl—above sea level).



90 Penasa et al.

" loggedands
sampled section =

Figure 2. (A-B) Photos of Calcare Massiccio continuously exposed at Monte Murano as seen from (A) the west and (B) the east. Elevations were
taken from a detailed topographic map (asl—above sea level). In the panoramic view of the eastern side of the mountain, the benches on the main
Gola Della Rossa quarry (GDR) face are shown and numbered. (C) Wide-angle view of the quarry front, ~300 m high and 500 m wide. Circle

indicates a caterpillar bulldozer working on the fifth bench.

tectonic fragmentation and subsequent localized and progres-
sive drowning during the Sinemurian (Marino and Santantonio,
2010; Bice and Stewart, 1985, and references therein), creating
an architecture of scattered structural highs surrounded by deep-
water pelagic basins (Coltorti and Bosellini, 1980). The Calcare
Massiccio displays a prominent cyclicity that was interpreted

as potentially related to Milankovitch cycles by Brandano et
al. (2015), who performed time-series analysis of a 26-m-long
facies-thickness rank series retrieved in a section outcropping
in the Cornicolani Mountains (some 100 km SSW from Gola
Della Rossa), encompassing a relatively short stratigraphic inter-
val just below the drowning of the platform. The outcrop under
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TABLE 1. DESCRIPTION OF FACIES IDENTIFIED IN THE 10-M-LONG SECTION FROM GOLA DELLA ROSSA QUARRY,
AND INTERPRETATION OF THE SEDIMENTARY ENVIRONMENTS

Facies code Facies Description Interpretation
1 Gastropod lime mudstone  Bioturbated lime mudstone with bivalves, gastropods, and rare Low-energy subtidal
foraminifera, in meter-scale beds. Irregular, centimeter-scale cavities
open in the lime mud matrix.
2 Fenestral lime mudstone Meter-scale beds of lime mudstone with clotted peloidal fabric Layered thrombolite,
and irregular and planar fenestrae, with Thaumatoporella sp., rare subtidal?
bivalves, and gastropods.
3 Oncoidal rudstone Centimeter- to decimeter-scale lenses of oncoid and intraclast High-energy subtidal
rudstone with irregular base, closing laterally in a few meters,
and intercalated with bioclastic wackestone to packstone. Worn
gastropods and Cayeuxia sp. are common. Intraclasts have clotted
peloidal fabric.
4 Grainstone-rudstone with Decimeter- to meter-scale beds of grainstone-rudstone with pisoids ~ Supratidal

pisoids

and oncoids, planar fenestrae, and tepee structures. Large cavities

within tepees have geopetal infillings with oncoids, pisoids, and
gastropods. All grains are bound by laminated microbialites with
clotted peloidal fabric with planar fenestrae.

investigation is the front of an active quarry on the eastern slope
of Monte Murano (43°26'13.54"N, 13°00'08.12"E; 886 m above
sea level), and it displays a series of seven staircased access
roads on benches reaching the quarrying front (~500 m wide and
>300 m high) separated by vertical walls (Fig. 2C). Due to safety
and liability issues, it is not possible to reach the wall, and access
for this study was granted for two days during a weekend for
producing a set of pictures used for the photogrammetric recon-
struction (Fig. 2C).

FACIES ANALYSIS

Although the studied outcrop was almost completely inacces-
sible, it was possible to reach a short, ~10-m-thick section at the
base of the quarry walls. This was logged in detail, and 16 samples
were collected and prepared as petrographic thin sections.

Four main facies were identified on the basis of field obser-
vations and microfacies analysis (Table 1), which represent
marine shallow-water depositional environments on a carbon-
ate platform with mostly high hydrodynamic energy levels (with
the sole possible exception of facies 1). Carbonate precipitation
is attributed mainly to microbial processes, in the form of bed-
shaped stromatolites and thrombolites, and minor calcimicrobes.

These four facies are organized in meter-scale, asymmet-
ric, shallowing-upward peritidal cycles. Two of these cycles are
encompassed by the measured section.

In the field, facies appear to have colors varying from white
to dark brownish gray. The reason for color variations was inves-
tigated by identifying the mineralogical components of the facies
on the 16 available thin sections (Table 2).

Petrographic observations indicate that all dark samples
contain pyrite, while light-gray to white samples do not. It is
thus inferred that the dark color of some layers results from the
presence of pyrite. Pyrite occurs either as large (>10 um) fram-
boids or, more commonly, crystals with a square section. In a few
samples, pyrite is concentrated near or within calcite-filled veins.

A less strict association exists between dark colors and
microbialitic fabrics, and specifically stromatolitic fabrics.
Supratidal facies are more likely to be dark. There might thus
be a genetic association between the precipitation of diagenetic
pyrite and microbialites. We hypothesize that pyrite precipitated
within microbial mats in the shallow subsurface, where oxygen
was consumed by the respiration of dead microbial organic mat-
ter by heterotrophic bacteria, as also commonly occurs in recent
marine microbial mats (Dupraz et al., 2009).

PHOTOGRAMMETRIC SURVEY

The photogrammetric reconstruction of the virtual outcrop
model (VOM) of the Gola della Rossa quarry was carried out
using the open-source software suite MicMac (Rupnik et al.,
2017). The MicMac' software package provides a complete suite
of tools for performing photogrammetric reconstruction based
on structure from motion (SfM) methods. Pictures of the quarry
walls were taken from different viewpoints and were processed
to produce a 3-D representation of the outcrop in the form of
a point cloud. Each point in the point cloud has 3-D coordi-
nates and an associated red-green-blue (RGB) value, which was
obtained from the pictures themselves.

Images were acquired in RAW format using a SONY A200
DLSR digital camera at 10.20 megapixel resolution (3872 x
2600). This camera was equipped with a 28 mm lens (equiva-
lent to ~42 mm on full frame sensors), corresponding to a field
of view of 30°. This choice made it possible to obtain pictures
including large portions of the quarry walls while having 10 cm
pixel size at an average distance of 200 m.

Images were acquired from multiple, scattered positions
(more than 10) at a distance from the outcrop ranging from 100
to 250 m. For each position, we collected enough images to

'https://micmac.ensg.eu/
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TABLE 2. CORRESPONDENCE OF SAMPLE COLOR WITH THE OCCURRENCE OF
PYRITE AND STROMATOLITIC FABRIC IN THE 16 ANALYZED THIN SECTIONS

Sample Color Facies code Stromatolitic fabric Oxidized pyrite
GDR 01 Light 1

GDR 02 Light 1

GDR 03 Dark 3 Yes Yes
GDR 04 Light 1

GDR 05 Light 3

GDR 06 Dark 3 Yes
GDR 07 Dark 4 Yes Yes
GDR 08 Light 2 Yes (irregular)

GDR 09 Light 1

GDR 10 Light 2 Yes

GDR 10 Dark 3 Yes Yes
GDR 11 Light 1

GDR 12 Dark 4 Yes Yes (scarce)
GDR 13 Light 4

GDR 14 Light 4 Yes

GDR 15 Dark 4 Yes Yes
GDR 15 Light 4 Yes

GDR 16 Light 3 Yes (scarce)

Note: Some samples were collected at the boundary between two facies or colors, and are

thus here described as separate items.

cover the visible outcrop surface. The whole set of pictures was
acquired in 1 day of fieldwork, and it was composed of ~360
images, which were then employed for photogrammetric recon-
struction using MicMac.

MicMac enables the user to obtain detailed control of the
various phases of the reconstruction. This aspect was of primary
importance to exclude artifacts in the color information that was
associated with each point of the point cloud, which may not be
controlled by using commercial software. The photogrammetric
reconstruction can be summarized in two steps:

(1) Camera calibration and bundle adjustment. In this step, all
the internal parameters of the camera are determined (including the
lens focal length and other optical parameters), together with the
external parameters for each image (camera location at shoot time
and its orientation in space with respect to the other frames). This
is accomplished by using the Tapioca and Tapas tools of MicMac.
The Tapioca tool extracts a set of key points from each picture,
while Tapas uses the key points to determine the parameters and
generate a low-resolution sparse point cloud. Camera positions are
obtained by choosing one of the images in the data set and assigning
to it a fixed position and orientation in space. All the other pictures
are then added in an iterative error-minimization process until the
position and orientation of all the cameras are finally known. We
obtained an average pixel reprojection error lower than one pixel
for all the images, and >98% of key points were retained, for a total
number of >1 million key points, confirming that the poses of all
>300 camera locations were faithfully estimated.

(2) Dense point cloud generation. From the whole set of
images, 12 were selected to be used as master images during the
dense point cloud reconstruction. MicMac requires the user to
select specific images that will undergo a dense-matching pro-
cess: for each pixel of the master image, a point in the 3-D space
is computed. Thanks to this one-to-one correspondence between
the pixels and points of the cloud, the color information embed-
ded in the image is transferred directly to the point cloud without
the need of additional processing (e.g., interpolations).

Although ~360 images were acquired, these were used
only in step 1, for providing accurate and reliable camera
intrinsic and extrinsic parameter determination. When step 2
was performed, MicMac automatically selected a smaller sub-
set (typically 3-5 images) useful for reconstructing the specific
master image. At the end of this process, we obtained 12 point
clouds, each containing the color information derived from the
corresponding master image, each of which had between 5 x
10% and 10 x 10° points.

The 12 master images, from which the point clouds were
computed, were selected to be part of a set of pictures that were
taken closely in time while still representing different portions of
the quarry, possibly taken from a frontal position with respect to
the outcrop. This selection was made to ensure that all the pic-
tures would have been taken under similar illumination condi-
tions, ensuring consistent color representation. Note that the 3-D
reconstruction algorithm can account for changes in the illumi-
nation conditions or color rendition without limiting the dense
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matching process; however, it is necessary to have the same
lighting conditions in the master images if a reliable analysis of
color changes is to be undertaken.

For scaling purposes, two partially overlapping point clouds
obtained with an Optech ILRIS 3-D TLS were also acquired. Due
to the small field-of-view of the device (40° with square-shaped
footprint), only a small portion of ~150 x 170 m was covered by
each scan.

The two TLS-derived point clouds, which provide a real
metric framework, were coregistered using the software Cloud-
Compare (Girardeau-Montaut, 2014): several homologous
points were identified on each cloud and used to merge them
into an unique point cloud through a rigid transformation and
then used as a scale reference (Fig. 3A). The final scale fac-

tor for the photogrammetric point clouds was determined by
performing a “fine-registration” of the TLS cloud with the
corresponding portion of the photogrammetric model, using a
modified iterative closest point (ICP) algorithm, as described
by ZinBer et al. (2005). The final registration root mean square
error (RMS) was below 25 cm.

GRAYSCALE SERIES GENERATION

The point clouds were processed in order to obtain three
time series, representing grayscale variations along the strati-
graphic sequence. For this, the RGB information associated
with each point was converted into a grayscale value by averag-
ing the values of the three channels. The data reduction, which
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Figure 3. Phases of time-series generation starting from point clouds obtained from the photogrammetric reconstruction. (A) Point clouds were
generated using the MicMac suite of software tools. (B) Linear features (layers and faults) were traced on the three-dimensional (3-D) model us-
ing CloudCompare software and helped to identify areas most suitable for further analysis. (C) Smaller regions or regions of interest (ROIs) were
identified on the point clouds to be used for the time-series reconstruction. (D) Vombat plugin was used to compute evenly spaced time series of
the average red-green-blue (RGB) colors perpendicular to bedding, producing grayscale logs of the sequence.
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Figure 4. Three time series obtained from the right (R), center (C), and left (L) regions of interest (ROIs). Missing por-
tions due to occluded views in the images were filled with singular spectrum analysis (SSA) gap-filling technique.
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produces a one-dimensional (1-D) continuous stratigraphic log
from 3-D information, was performed using the Vombat plugin?
for CloudCompare.

The following steps were employed to produce three gray-
scale stratigraphic logs:

(1) All major bedding planes and faults were mapped
directly on the 3-D model as polylines, to provide a basic
interpretative framework (Fig. 3B).

(2) Three undisturbed regions of interest (ROIs) were iden-
tified (R, C, and L in Fig. 3C) that could be represen-
tative of overlapping stratigraphic intervals. The three
regions were selected in order to maximize the total
stratigraphic thickness.

(3) The average bedding attitude for each of the selected
ROIs was estimated. Vombat computes the best-fitting
attitude by considering multiple linear traces of the bed-
ding planes (Fig. 3B).

(4) For each ROL a unique attitude was used to identify a
3-D “stratigraphic reference frame,” which is basically
a virtual ruler perpendicular to the bedding and oriented
with the positive “time” direction of the sedimentary
sequence (Fig. 3D).

(5) To create a common reference frame for all three ROIs
and the respective stratigraphic reference frames, we
identified the same stratigraphic horizon in each ROI, on
which we placed the stratigraphic zero. The alignment of
the stratigraphic reference frames was then made auto-
matically by the software on the basis of an error minimi-
zation procedure, by “sliding” the three virtual rulers in
order to accommodate the imposed constraints.

A time series representative of the grayscale variations
along the stratigraphic sections was generated for each ROI
as a weighted running average of the grayscale values associ-
ated with the points, using Vombat. The running average for
the three ROIs was performed with a 2 cm sampling step and
a Gaussian kernel bandwidth (window dimension) of the same
size. The sampling step controlled the final number of samples,
while the bandwidth determined the “smoothness” of the gener-
ated time series.

The grayscale values in the series do not strictly correspond
to the colorimetric properties of the rock, which could be mea-
sured only under controlled conditions and would require color
calibration (Kirillova and Sileva, 2017). For this reason, the three
grayscale logs were normalized and detrended with a third-order
polynomial (Fig. 4), making them more comparable.

The three final time series are between 100 m and 150 m
long with a 2 cm resolution, but they also display gaps (rang-
ing in thickness from 5 to 10 m) corresponding to missing
portions of the 3-D models, which were caused by occluded
views. Gaps were filled with the SSA (singular spectrum anal-

“Source code can be found at https://github.com/luca-penasa/vombat.

ysis) gap-filling technique (Kondrashov and Ghil, 2006). This
method first decomposes the available signal into its principal
components (i.e., by performing singular spectrum analysis)
and then uses those components that account for the majority
of the variance to complete the missing portions with a signal
that exhibits the same spatial variability present in the original
data set.

In order to provide a single time series spanning the largest
possible stratigraphic interval, portions of the L and C logs were
used to produce a composite time series (Figs. 3 and 4) by merg-
ing uninterrupted intervals into an single log.

RESULTS
Spectral Analysis

Figure 5 shows an extract of the left ROI time series from
45 to 74 m. The series is characterized by the presence of a set
of prominent dark levels (i.e., lower grayscale value; see arrows
in Fig. 5) describing a cyclic pattern with a period of ~5-6 m.
The darker levels are followed by an abrupt increase in grayscale
value that then progressively decreases until it reaches the next
minimum, sometimes passing through a series of minor oscil-
lations of the order of 1 m in a period. This pattern occurs com-
monly in the extracted time series, and it could be interpreted as
reflecting the typical asymmetric nature of peritidal depositional
cycles (e.g., Fischer, 1964), in which supratidal facies (darker in
color and therefore corresponding to the narrow minima in the
grayscale time series) alternate with subtidal facies, which can be
associated to lighter colors.

The three grayscale series were investigated by means of
time-series analysis, to assess the presence of significant nar-
row-band periodic components. Thomson’s multitaper method
(MTM; Thomson, 1982) was used to identify the main spectral
components, and spectra were tested against a robust red noise
model (Mann and Lees, 1996) to constrain the significance of
the interpreted features (Fig. 6). Each time series, being obtained
from different locations, can be considered as an independent
replication and can be used to assess the stability of significant
spectral peaks across the three series.

Some spectral peaks rising above the 99% confidence
interval (CI) are common in all three series (Fig. 6). A peak
around 1 cycle/m is significant in all three series (L, C, and
R) and is one of the more stable spectral features found in the
three signals. A narrow frequency component with a period
of ~1.94 m (1.9 in L, 1.98 in C, 1.93 in R) is also consis-
tently present in all time series. A higher-frequency couplet at
~1.2 cycle/m (0.8 m in a period) is common in both the C
and R series, although slightly shifted in frequency. Finally,
a component with periods of 1.22 m in L, 1.33 m in C, and
1.18 m in R is also significant. Cycles longer than ~5 m are
less consistent among the three series, although a component
with a period around 7-8 m (well above the CI) is present
in C, and it just reaches the 90% CI in L and is absent in R.
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Figure 5. Extract of grayscale log illustrating the ex-
pression of the asymmetric pattern due to the shallow-
ing-upward peritidal cycle of the Calcare Massiccio.
ROI—region of interest.
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Cycles with periods shorter than 0.6 m (1.5 cycle/m) were not
considered because they could not be easily linked to real fea-
tures (e.g., bundles of layers) in the succession.

Figure 7A shows just the confidence levels reached by the
spectral power at varying frequencies. Peaks that are close to
100% CI are those that more likely identify a real periodic com-
ponent. Averaging the CI between the three series, the frequen-
cies of the spectral peaks that appear to be consistently present in
all three time series can be highlighted and correspond to periods
of 3.74, 1.94, 1.36, 1.23, and 1.01 m (Fig. 7B).

Preliminary Cyclostratigraphy for the Calcare Massiccio
at Gola della Rossa

Because no radiometric ages for Calcare Massiccio are
available, and biostratigraphic constraints are poor, we applied
average spectral misfit (ASM; Meyers and Sageman, 2007)
to assess the likelihood of orbital forcing on the deposition of
the Calcare Massiccio. ASM is provided in the Astrochron R
package (Meyers, 2014) and enables iterative testing for the
presence of orbital cycles in sedimentation within a plausible
range of sedimentation rates. It includes a formal statistical test
for rejecting the null hypothesis of no orbital signal based on
Monte Carlo simulations.

The spectral components to be tested (in the space domain)
are selected from the signal’s MTM spectrum using the fol-
lowing criteria: they are above a defined “robust” confidence
level, and they pass an F-test (Thomson, 1982). These spatial
frequencies, expressed in cycle/m, can be transformed into true
time periodicities by assuming a sedimentation rate (SR) for the
series under investigation:

f;ime =‘f;pace x SR (1)

The ASM method makes it possible to test a large number of
possible sedimentation rates: for each sedimentation rate, the fre-
quencies in the space domain are transformed to the time domain
and then compared to a series of “target” frequencies expressed
in the time domain. This comparison is quantified by the ASM
scalar, which is computed for each tested sedimentation rate.
Lower ASM values correspond to better fit, while larger values
correspond to poor fit with the target frequencies. To quantify
the likelihood of obtaining spectral components in a specific
arrangement by pure chance, the ASM method performs a Monte
Carlo simulation, which enables the user to compute a CI for the
observed ASM values.

For this analysis, we used a composite time series generated
by merging different parts extracted from the L and C time series.
Although it was a composite time series, it does represent the
best continuous stratigraphic log of the Calcare Massiccio at the
Gola della Rossa quarry that we could produce. The 16 frequen-
cies from the MTM spectrum of the composite series that were
above the 85% CI and passed the F-test were used for ASM (Fig.
8). As target frequencies, we used those corresponding to long
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Figure 7. (A) Statistical significance
(under the autoregressive noise model
of first order [AR1], i.e., red noise, hy-
pothesis) of the spectral features for the
three independent time series obtained
from the L, C, and R regions of interest
(ROIs). Highlighted are spectral peaks
that are more consistently shared by all
three time series. (B) Average signifi-
cance (average of plots of panel A) helps
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eccentricity, short eccentricity, obliquity, and precession pre-
dicted by the La2004 astronomical solution (Laskar et al., 2004).
Various sedimentation rates from 0 to 150 m/m.y. were tested
with ASM. Two sedimentation rates, at 50 m/m.y. and 90 m/m.y.,
were found to be statistically significant. For these rates, the
chance of obtaining the measured ASM value by randomly dis-
tributed frequencies was well below 1% (Fig. 9).

1.0

to illustrate the common frequencies that
are also statistically significant in the
three data sets. CI—confidence interval.

1.2 1.4

DISCUSSION

Photologs of cores proved to be a good source of cyclostrati-
graphic data (Grippo et al., 2004), while portable spectrophotom-
eters were also employed in the field for the same purpose (e.g.,
Batenburg et al., 2014). The rationale of these approaches is that
changes in color of the rocks can be related to changes in the
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Figure 9. Results of the average spectral misfit (ASM). (A) ASM values at varying sedimentation rates; lower values
mean a better fit to the expected Milankovitch frequencies, as computed by Laskar et al. (2004). (B) Significance
level (SL) for the null hypothesis (H, = not having orbital influence in the data) at varying sedimentation rates: Two
statistically significant minima are present at 50 m/m.y. and 90 m/m.y. (C) The number of astronomical terms in
the target signal that are correctly matched to input ones. (D) Significant frequencies in the input signal expressed
in the time domain given the sedimentation rate yielded by the ASM (dotted lines), plotted with the frequencies (in
cycle/k.y.) of the target orbital terms (solid lines). Note that input frequencies form three groups that coincide with
the main bands of the target orbital frequencies, i.e., the long to short eccentricity band (405-100 k.y.), the obliquity

band (~30 k.y.), and the precession band (~20 k.y.).

depositional environments. Although in the case of the Calcare
Massiccio, color variability is restricted to a palette ranging from
dark to light gray—brownish, analysis of hand samples from the
short accessible portion of the quarry indicated that supratidal
facies are characterized by dark-gray colors while subtidal facies
exhibit light-gray colors.

The grayscale series can be therefore used as a proxy of
the main facies, and even if absolute grayscale values cannot

be directly associated to specific facies, their relative variations
reflect facies variability. For instance, the main shallowing-
upward peritidal cycles that range in thickness between 4 and
5 m are nicely captured in the grayscale series (Fig. 5).
Obviously, imaging gives information about the surface of
the rocks, and therefore it is highly sensitive to, for instance,
weathering, humidity, and dust, which can influence the out-
crop color. Therefore, the portions of the point cloud used for
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generating the grayscale series were visually selected in the
cleaner regions of the quarry wall. Despite this, some large-scale
variations could still be due to changes in color due to weath-
ering or humidity, but also due to variations in the lighting of
the imaged surface. These changes are expected to affect large
portions of the quarry wall (e.g., if the base of the outcrop is in
shadow while the top is directly illuminated) and introduce low-
frequency oscillations in the grayscale values (longer than tens
of meters in period) along the series. A clear example is the R
time series, where long-period variations in the grayscale values
due to large-scale differences in the color of the outcrop are seen,
while they do not occur in the same stratigraphic interval of the
L and C series (Fig. 4).

The three logs were obtained from different portions of the
quarry and can thus be considered to be independent realizations
of the same stratigraphic log (although each has some missing
portions, and they differ in extent). Hence, it is possible to per-
form a comparison of the spectral features present in three inde-
pendently produced data sets: if a periodic signal is significant in
one of the series, then it would be expected to be significant also
in the others; otherwise, it might be the result of random fluc-
tuations in the series. From the comparison of the three spectra
(Figs. 6 and 7), we were indeed able to identify several narrow-
band features that appear to be persistent in all the series, sug-
gesting the presence of several common periodic components
that can be associated to observable stratigraphic features.

Brandano et al. (2015) carried out facies-rank spectral anal-
ysis in a section located some 100 km SSW of the Gola della
Rossa quarry and concluded that, although tectonics could not
be completely disregarded as a potential driver, orbitally induced
sea-level changes could be responsible for the formation of the
Calcare Massiccio peritidal cycles, and this yielded a sedimenta-
tion rate of ~33 m/m.y.

Results of ASM applied on the Gola Della Rossa grayscale
series obtained through photogrammetry in this work (Fig. 9)
yielded 50 m/m.y. and 90 m/m.y. as the two sedimentation rates
that better match the most significant spatial cyclicities found in
the time series to the orbital periodicities predicted for the Early
Jurassic by the La2004 orbital solution (Laskar et al., 2004). If the
50 m/m.y. option is preferred, cycles with thickness between 1.5 m
and 2 m may be interpreted as corresponding to the obliquity
cycle (~36 k.y.), cycles between 3 m and 5 m should correspond to
the short eccentricity (~100 k.y.), while the 1 m component can be
assigned to precession (around 20 k.y.). Such periodicities would
imply that the main peritidal cycle (the one highlighted in Fig. 5)
of the Calcare Massiccio is related to the short eccentricity. It is
worth pointing out that high-precision calibration to short-period
astronomical frequencies of the La2004 solution (Laskar et al.,
2004) is limited by the instability of orbital dynamics for epochs
prior to 60-50 Ma. Hence, what we present here should be consid-
ered as a preliminary assessment of whether the major periodici-
ties recognizable in the Calcare Massiccio could display recipro-
cal ratios compatible with astronomical forcing. This is confirmed
by the fact that the significant periodicities in the Calcare Massic-
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cio of the Gola Della Rossa quarry, when the sedimentation rate
yielded by ASM (50 m/m.y.) is considered, appear to match the
main bands of the orbital frequencies (Fig. 9).

Variations in the sedimentation rates may have occurred dur-
ing the deposition of the Calcare Massiccio at Gola Della Rossa.
The Calcare Massiccio is referred to a time span of ~10 m.y.
(comprising Hettangian and Sinemurian ages) that for a thickness
of 700 m would suggest an average sedimentation rate around
70 m/m.y. (Petti et al., 2007). The results of ASM, with the two
main most-likely sedimentation rates, indeed may be inter-
preted as evidence that significant variations in sedimentation
rates might be present in the considered stratigraphic interval.
Nevertheless, sedimentation rates identified by ASM are in the
range of the average sedimentation rates of ~30 m/m.y. estimated
for Tethyan Early Jurassic carbonate platforms (Bosence et al.,
2009). Furthermore, a 50 m/m.y. sedimentation rate is roughly
in agreement with the findings of Brandano et al. (2015) for the
Calcare Massiccio in the Cornicolani Mountains (33 m/m.y.).

CONCLUSIONS

The results presented in this paper show the potential of
photogrammetry in retrieving data suitable for cyclostratigraphic
analysis of stratigraphic successions that would not be suitable
for direct analysis because of their inaccessibility.

A complete 3-D photogrammetric model was obtained at
the Gola della Rossa quarry, where the Early Jurassic carbon-
ates of the Calcare Massiccio are exposed. The outcrop would
have been otherwise inaccessible, but thanks to the 3-D model
and the recorded RGB information, information was obtainable
about the characteristics of the rocks. Direct facies analysis
on an accessible portion of the quarry revealed that grayscale
values obtained from the RGB colors can be used as a proxy
for the facies variations in the Gola Della Rossa quarry. Hence,
grayscale logs representing facies variations in the Calcare
Massiccio were generated, and time-series analysis revealed
the presence of statistically significant narrow-band periodic
components, among which the one corresponding to the main
peritidal cycle can be recognized. A composite grayscale series
representative of the entire imaged stratigraphic interval was
analyzed by means of the ASM method to test whether the
observed cyclicities could be referred to orbital forcing. ASM
yielded 50 m/m.y. as the sedimentation rate at which sedimentary
periodicities observed in the Calcare Massiccio at Gola Della
Rossa better fit orbital periods predicted for the Early Jurassic
by the La2004 astronomical solution. Our results demonstrate
that the periodicity of the Calcare Massiccio is indeed arranged
in narrow spectral features displaying reciprocal ratios compat-
ible with an astronomical forcing. A more detailed and robust
cyclostratigraphic characterization of the Calcare Massiccio
would require reference to age models based on independent
methods such as biostratigraphy or radiometric dating. How-
ever, these results, which are in good agreement with indepen-
dent cyclostratigraphic interpretations (Brandano et al., 2015),
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confirm that orbital forcing might have been a major driver in
the deposition of the shallow-water carbonates of the Calcare
Massiccio, thus reinforcing the evidence that the recording of
astronomical signals in carbonate platforms is, under favorable
conditions, indeed possible (Kemp et al., 2016).
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