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Terrestrial laser scanner imaging is applied, together with calcimetry and lithofacies logging, for the

cyclostratigraphic characterization of the Ypresian–Lutetian pelagites exposed in the Smirra section

(Umbria–Marche Basin, Italy). The necessary chronostratigraphic framework is provided by detailed bio- and

magnetostratigraphic analyses, which allow locating the Ypresian–Lutetian boundary in this section. Terrestrial

laser scanner intensity is compared to carbonate content values obtained through calcimetric analyses carried out

on samples taken from the same section, and is found to represent a good proxy for lithology in these pelagic

homogenites. Time-series analysis highlights Milankovitch frequencies, particularly evident in the high-resolution

terrestrial laser scanner intensity series. The recognition of distinctive low-frequency (N1 Myr) features in the am-

plitude oscillations of short eccentricity as well as its ~400 kyr modulation (long eccentricity), promote a tuning of

the Smirra series using themost recent astronomic solution (La2010 nominal), which provides insights on the ages

of the Y–L boundary and of themain biostratigraphic andmagnetostratigraphic events in theUmbria–MarcheBasin.

Results confirm the value of high-resolution (mm-scale) terrestrial laser scanning for scrutinizing pelagite succes-

sions in search of low-frequency cycles that may help in the refinement of the astrochronological time scale.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Cyclostratigraphy studies sedimentary cycles in the attempt to link

them to periodic oscillations of Earth's orbital parameters, and relies

on thewidely accepted relationship between these oscillations, climate,

and, consequently, sedimentation. This relationship has led to the suc-

cessful recognition of orbital cycles in sediments (e.g. Herbert and

Fischer, 1986) and has permitted the reconstruction of an astronomically

calibrated time scale for the geological past (e.g., Hinnov, 2000; Hinnov

and Ogg, 2007).

The reliability of cyclostratigraphic studies strongly depends on the

length and resolution of the analyzed datasets (e.g. Hinnov, 2000,

2013). The longer and the more continuous a cyclic succession is, the

better the cyclostratigraphy can be assessed. This poses a significant

challenge because the retrieval of long and high-resolution time-series

can be time consuming and expensive. Moreover, it often occurs that

the best sections are exposed on outcrops that are hardly or even

not at all accessible for direct measurements (e.g. vertical cliffs, active

quarry walls). To overcome this issue remote sensing approaches

have been proposed. For instance, Schwarzacher (2005) used high-

resolution photography, associating gray-scale values in photos to facies

and producing gray-scale series for cyclostratigraphic analysis. More

recently, Terrestrial Laser Scanner (TLS) imaging has emerged as a prom-

ising tool to rapidly obtain extremely high-resolution cyclostratigraphic

data (i.e. proxy sampling at mm-scale), and proved particularly effective

when dealing with long pelagic successions of limestone–marl alterna-

tions (Franceschi et al., 2011).

A Terrestrial Laser Scanner (TLS) produces a three dimensional rep-

resentation of a target object in the form of a point-set, often referred to

as a point cloud. The use of TLS intensity as a proxy for lithology was

discussed in previous studies (e.g. Bellian et al., 2005; Franceschi et al.,

2009, 2011; Burton et al., 2011). In particular, Franceschi et al. (2009)
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showed that the intensity can be linked to the clay content in strati-

graphic series composed of limestone–marl alternations and can be

used to quantify lithologic variations along a stratigraphic section. The

long range and high geometric accuracy of TLSmake it particularly useful

for cyclostratigraphy, because they allow a fast and precise imaging of

sections even when exposed on vertical ciffs that may be not accessible

otherwise. TLS acquisitions can be easily transformed into intensity series

that are a convenient way to represent the variation of intensity and,

hence, of the lithology, through a section. Then, these data are suitable

for cyclostratigraphic spectral (FFT) analysis (Franceschi et al., 2011).

TLS provides a very accurate 3D representation of an outcrop. As

consequence, the accuracy of stratigraphic thicknesses measured

between intensity value in the intensity series is high and exceeds the

one that is normally achieved with hand logging. This is an important

feature with respect to cyclostratigraphy because a precise assessment

of the sedimentary cycles in the space is the base for the correct inter-

pretation of their temporal significance.

In this paper, TLS imaging is applied to the cyclostratigraphic analy-

sis of the Eocene pelagic succession exposed in the Smirra section, in the

Umbria–Marche Basin (northeastern Apennines of Italy). The section

displays a continuous succession of well-bedded pelagic carbonates,

which include layers of nodular radiolarian chert in its lower part. The

chronostratigraphic placement of the section is obtained through

magneto- and biostratigraphic (planktonic foraminifera and calcareous

nannofossils) analyses that indicate the position of the Ypresian–

Lutetian boundary according to its definition in the GSSP, which is

established in the Spanish section of Gorrondatxe (Molina et al., 2011).

Results of calcimetric analyses (CaCO3 wt.%) and lithologic logging

carried out in the accessible portion of the section are compared with

the intensity information provided by the TLS to evaluate similarities

and differences of the cyclostratigraphic application of the three proxies.

Time series on the basis of lithologic logging prove to have serious limita-

tions when applied to homogenous calcareous sequences characterized

by pseudo-bedding, and yield noisy cyclostratigraphic signals. Calcimetric

analyses provide meaningful results, but could not be carried out on the

entire section because of its exposure conditions. A strong positive corre-

lation between chemical analyses and TLS shows that intensity values

can be used as a proxy for lithologic variations. Compared to discrete

calcimetric analyses, TLS allows higher resolution, better spatialization

of the data, and coverage of the inaccessible parts of the outcrop.

The cyclostratigraphic analysis of the three proxies shows clear

Milankovitch frequencies and is completed with astronomical tuning that

anchors the Smirra section to the astrochronological time-scale, providing

a cyclostratigraphic refinement of the timing of magnetic reversals and of

some of the main biostratigraphic events in the Umbria Marche Basin.

Results of this study extend the effectiveness of the TLS approach to

homogenous pelagic carbonate sequences widening the fan of possible

applications of the technique beyond the contexts explored so far

(Franceschi et al., 2009, 2011; Penasa et al., 2014). Embedding the

TLS technique into an integrated stratigraphic analysis based on con-

ventional methods enables a complete cyclostratigraphy across the

Ypresian–Lutetian boundary in the Umbria Marche Basin. This provides

useful insights for the refinement of the astrochronology of the period

directly following the Early Eocene Climatic Optimum (EECO), the

warmest period globally of the last 70 million years.

2. Geological setting

The section shown in Fig. 1A is exposed in a small abandoned

quarry near the village of Smirra, about 4 km NE of the town of Cagli

(coordinates: 43°35′09.40″N 12°40′37.30″E), in the Marche region of

Italy (Fig. 1B). The exposed thickness of the Smirra section is about

26m,wheremeter level 96.8 has been placed at the lowermost layer ex-

posed on the quarry floor, meter 101 at the base of the vertical quarry

front, andmeter 123 at the highest layer exposed on the rim of the quar-

ry (Fig. 1A). This is the best, most continuous and undisturbed exposure

known in the region of the stratigraphic interval comprising the contact

between the R4member of the Scaglia Rossa Formation and the overly-

ing Scaglia Variegata Formation. The same stratigraphic interval is ex-

posed in the Contessa Highway section near Gubbio (Lowrie et al.,

1982), but exposition conditionsmake it not suitable for the application

of TLS. In contrast to what was observed in the R2 member of the

Scaglia Rossa (Galeotti et al., 2010), no evidence of hyperthermals

(e.g. significant marly intervals) or other abrupt climate changes is

found at Smirra. Conventionally, this lithostratigraphic contact is placed

at the very last radiolarian chert horizon of the Umbria–Marche pelagic

succession (Chan et al., 1985), which spans from the Triassic to the Late

Miocene (e.g. Montanari et al., 1989, and references therein). This inter-

val also comprises the chronostratigraphic boundary between the

Ypresian and the Lutetian stages (i.e. the boundary between the Early

and the Middle Eocene), which is here identified at meter level 109.6

on the basis of nannofossils and planktonic foraminiferal biostratigra-

phy coupled with magnetostratigraphy (see below, Fig. 2).

The lithologic transition from a calcareous Scaglia Rossa to a more

marly Scaglia Variegata, apart from the presence–absence of chert, re-

flects the transition from a long lasting passive margin phase of the

so-called Adriatic Promontory or Adria (D'Argenio, 1970), to the onset

of the Alpine–Himalayan orogenesis in the Eocene. The Umbria–Marche

basin was one of the epeiric marine basins formed on the subsiding

Adria plate, originally located at a tropical latitude of 25°N in the

Triassic, and subsequently migrating northward, reaching a latitude of

38°N in the LateMiocene (Dercourt et al., 1993, and references therein).

The Umbria–Marche pelagic succession up to the Ypresian R4 member

of the Scaglia Rossa, is mostly represented by biomicritic limestones

which are made up of ~93 ± 5% biogenic calcite (i.e. calcareous

plankton), and an small siliciclastic component interpreted as wind-

blown clay and silt particles (e.g. Arthur and Fischer, 1977; Johnsson

and Reynolds, 1986). It is with the inception of the Alpine–Himalayan

orogenesis that theUmbria–Marche basin started to receive terrigenous

material, via runoff, from the surrounding uplifted continental areas of

the southern European margin (i.e. the uplifting and emerging Alps;

see Fig. 1C). Thus, the pelagic formations of the successions deposited

during this orogenic phase show a general increase in the siliciclastic

component, from an average of ~20–30% in the late Eocene Scaglia

Variegata and the overlying Oligocene Scaglia Cinerea Formation, to

~40–50% in the mid Miocene Schlier Formation. This sedimentologic

transition is also reflected by a change in bedding style. The carbonates

of the pre-orogenic part of the Umbria–Marche succession, such as the

Scaglia Rossa Formation, are to be considered pseudobedded

homogenites, i.e. pelagic carbonate oozes homogenized by continuous

syn-sedimentary bioturbation, which, during late diagenesis, assumed

a layered structure, called pseudobedding, resulting from pressure-

solution stylolitization along horizontal planes within the otherwise

homogeneous carbonate sediment (Alvarez et al., 1985). On the other

hand, the syn-orogenic formations such as themid Eocene to Oligocene

Scaglia Variegata and Scaglia Cinerea (e.g. Coccioni et al., 2008; Brown

et al., 2009; Hyland et al., 2009), and the mid-upper Miocene Schlier

Formation (e.g. Montanari et al., 1997; Cleaveland et al., 2002; Hüsing

et al., 2010), have a rhythmite character, which is manifested by an

alternation of distinct recessive marl and prominent limestone layers. In

these formations, a marl–limestone couplet is interpreted to represent a

precession cycle (e.g. Cleaveland et al., 2002; Hüsing et al., 2010). In the

Smirra section the transition from a pseudobedded homogenite to a

marl–limestone rhythmite occurs at meter level 120 (Fig. 1A).

3. Bio- and magneto-stratigraphy of the Smirra section

3.1. Biostratigraphy

3.1.1. Planktonic foraminifera

The analysis of planktonic foraminifera was carried out on a total

of 27 samples spanning from meter level 97 to meter level 122.8.
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Foraminifera from the N 63 μm size fraction were successfully extracted

from indurated marly limestones and limestones using the cold-

acetolyse technique of Lirer (2000) (Fig. 3), thus confirming its great

potential for studies on indurated rocks, which otherwise, can only be

analyzed in thin sections (e.g., Coccioni et al.; 2004; 2006; 2007;

2012a,b; 2013; Jovane et al., 2007; Giusberti et al., 2009; Coccioni and

Bancalà, 2012; Gardin et al., 2012). Planktonic foraminiferal assem-

blages are rich, diverse, and well preserved throughout the studied sec-

tion. The taxonomic criteria here adopted mainly follow Pearson et al.

(2006) and Payros et al. (2009), and the biostratigraphic zonal scheme

of Wade et al. (2011) amended by Luciani and Giusberti (2014) is ap-

plied here.

The base of the Smirra section yields planktonic foraminiferal assem-

blages attributable to Zone E7a. The only planktonic foraminiferal zonal

marker of the middle Eocene recognized in the Smirra section is

Turborotalia frontosa. The lowest occurrence (LO) of this species marks

the base of Subzone E7b and is a critical event for the Ypresian/Lutetian

(Y/L) boundary placement, being estimated to be ~550 kyr older than

the Blackites inflatus datum (Payros et al., 2009, 2010), which is the cal-

careous nannofossil horizon selected as the primary approximation

marker in the Gorrondatxe GSSP section where, unfortunately, a fault

removes part of the boundary record (Molina et al., 2011).

The oldest specimens attributed to T. frontosa are quite rare and

occur in our section at meter level 108.9, where we place the lowest

rare occurrence (LRO) of this species. They have been classified here

following the broad taxonomical concept of Payros et al. (2009) in

which primitive specimens of T. frontosa show a slightly reduced size,

a lower apertural arc, and a less inflated last chamber with respect to

the typical morphotypes. At Smirra, the LRO of T. frontosa is recorded

in the middle part of Chron C21r, thus in excellent agreement with the

recent finding from the Possagno section in the Venetian southern

Alps of northeastern Italy (Luciani and Giusberti, 2014). Above meter

level 108.9, T. frontosa becomes more and more frequent with typical

and common morphotypes occurring at 114 m (Fig. 3). At Smirra, the

lowest common occurrence (LCO) of this species lies at the top of

Chron C21r, with a slight diachronism in respect to the Possagno section

where evolute forms of T. frontosa are recorded by Luciani and Giusberti

(2014) in the lowermost part of Chron C21n. Assemblages from the up-

permost part of our section do not include common specimens of

Guembelitrioides nuttalli, whichmarks the base of Zone E8 and therefore

are still attributable to Zone 7b (Fig. 2).

3.1.2. Calcareous nannofossils

The analysis of calcareous nannofossils was carried out on the same

collection of samples studied for planktonic foraminifera, prepared

as standard smear slides (Bown, 1998). The taxa identification was

done with a Leica DMLP 100 polarized-light microscope at 1250x mag-

nification (Fig. 4). The abundance of each species was determined by

counting 150–300 specimens and is expressed as percentage (see

Table 1S in the Supplementary Material). Index species of Discoaster

have been evaluated within 30–50 specimens of the genus. Moreover,

at least two additional traverses, each 3 mm long, corresponding to

187 fields of view (FOV), were examined to recognize the presence of

very rare index species. Microphotographs of significant taxa are

shown in Fig. 4. The taxonomy of Perch-Nielsen (1985), Aubry (1999),

and Bown (1998) was adopted, whereas the biozonations were those

of Martini (1971, NP-Zones) and Okada and Bukry (1980, CP-Zones

and Subzones).

Calcareous nannofossils at Smirra are generally rare, with an average

of 2 specimens per FOV. Nannofossil specimens aremoderately to poor-

ly preserved with secondary overgrowth, and not all the specimens

can be identified at the species level. Reworked Cretaceous and

Paleocene species are generally very rare. The assemblages consist

mostly of Cyclicargolithus floridanus, Sphenolithus spp., and Ericsonia for-

mosa. Discoaster spp. and Coccolithus pelagicus are also consistently

present. Coccolithus crassus, Psuedotriquetrorhabdulus inversus, Girgisia

gammation, Dictyococcites scrippse, Reticulofenestra sp., B. inflatus,

Helicosphaera spp. and Toweius spp. are rare to very rare. On the base
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of the nannofossil assemblages, the Smirra section can be assigned to

the SubZones CP12a and CP12b (Zone NP14), thus encompassing the

Y/L boundary (Fig. 2; Table 1S). The LO of B. inflatus, which is considered

a suitable marker for the approximation of the Y/L boundary

(Larrasoaña et al., 2008), and correlated with Chron C22r, is the only

marker event detected here. Nevertheless, several additional events

were recorded, which show a ranking comparable with that of the

Agost section (Spain), one of the candidate sections for the Lutetian

Global Stratotype Section and Point (GSSP) (Tori and Monechi, 2013).

Further detailed taxonomic and biostratigraphic information about the

calcareous nannofossil genera identified in the Smirra section are

contained in the online Supplementary Material.

3.2. Magnetostratigraphy

Oriented hand samples were obtained with a magnetic compass

from 27 levels in the studied section (Fig. 2) with a sampling interval

of one meter. They were drilled and cut in the laboratory to obtain

two standard cylindrical paleomagnetic samples (25 mm diameter,

22 mm height) for each level. Natural remnant magnetizaiton (NRM)

was measured using a SQUID magnetometer (model 755R from 2G

Enterprises) with a noise level of 10−11 Am2. Samples were

demagnetized using alternating field (AF) or thermal demagnetization,

or a combination of both. Demagnetization data were evaluated using

principal component analyses (Kirschvink, 1980). All paleomagnetic

data were processed using PaleoMac software (Cogné, 2003).

The study of pilot samples showed that AF demagnetization was ef-

ficient in revealing the characteristic remnant magnetization (ChRM)

after removal of a soft overprint up to 10mT (Fig. 5). All remaining sam-

ples were demagnetized using AF. Eight samples out of 27 required a

mild thermal demagnetization, up to 150 °C, to remove a magnetic

overprint of probable viscous origin. Eventually, a well-defined ChRM

could be defined for all sampled levels, and after tectonic-tilt correction

we obtained 15 with normal polarity, 11 with reverse polarity, and one

with transitional direction (Fig. 6). The polarity is normal from 97 to

0
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102.95 m, reverse from 104 to 114 m, and normal again from 115 to

123 m with the exception of the transitional direction at 121 m. The

virtual geomagnetic pole (VGP) of this transitional direction makes a

97° (resp. 75°) angle with the mean of the normal- (resp. reverse-)

polarity VGPs. The normal and reverse direction populations yield a pos-

itive reversal test (McFadden and McElhiny, 1990), strongly suggesting

that the ChRM is a primary magnetization. The average normal paleo-

magnetic direction is D = 54.8°, I = 49.4°, n = 15, A95 = 5.5°, k = 49

(n = number of samples, 95 = semi-angle of the 95% confidence cone

around the mean, k = Fisher precision parameter). The average reverse

direction is D = 228.6°, I =−40.0°, n = 11, A95 = 14.4°, k = 11.4.

The overall paleomagnetic mean direction (in normal polarity) is

D = 52.0°, I = 45.6°, n = 21, A95 = 6.5°, k = 19.9. The paleomagnetic

pole, computed as the mean of the VGPs from the 26 paleomagnetic

directions, has longitude 105.0°, latitude 45.6° (n = 26, k = 18.0,

A95 = 6.9°). When compared to the African apparent polar wander

path (Besse and Courtillot, 2002) this pole indicates a post-50Ma coun-

terclockwise rotation of 53.5 ± 5° with respect to Africa, whereas the

shallowing is null (0.8 ± 3.2°) indicating no significant latitudinal

movement with respect to Africa. This rotation is in broad agreement

with the observed rotations in the study area (e.g., Muttoni et al.,

1998). The litho-biostratigraphic constraints of the Smirra section as

compared to the reference Contessa Highway section at Gubbio of

Lowrie et al. (1982) allows the confident identification of the lower

normal polarity interval from levels 97 to 102.95 m as magnetochron

C22n, the reverse interval from 104 to 114m as C21r, and upper normal

interval from 115 to 123 m as magnetochron C21n (see Fig. 2).

3.3. The Ypresian–Lutetian boundary at Smirra

The Ypresian–Lutetian chronostratigraphic boundary is established,

with a golden spike, at meter level 167.85 in the GSSP of the

Gorrondatxe section, Spain (Molina et al., 2011), in correspondence to

the lowest occurrence (LO) of B. inflatus, which defines the calcareous

nannofossil biozonal boundary CP12a-CP12b of Okada and Bukry

(1980). The golden spike is located within magnetochron C21r. C21r is

only partially represented at the GSSP, because its base is at a fault con-

tact at meter level 100, and the sediments at the footwall of the fault

bear a normal magnetic polarity representing C22n (Molina et al.,

2011). Unfortunately, B. inflatus seems to be absent or elusive in thor-

oughly studied pelagic sections in the Northern Apennines, such as

the classic section of Contessa Highway at Gubbio (Lowrie et al.,
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E. Sphenolitus radians Deflandre in Grassé, 1952, meter level 112; F) Discoaster wemmelensis Achuthan and Stradner, 1969, meter level 108; G) Dyctiococcites bisectus (Hay, Mohler and

Wade, 1966) Bukry and Percival, 1971, morphotype b 10 μm, meter level 112; H) Discoaster scrippsae Bukry and Percival, 1971, meter level 119; I) Reticulophenestra sp., meter level

118; J) Pseudoitriquetrorhabdulus inversus (Bukry and Bramlette, 1969) and Wise inWise and Constans, 1976, meter level 118. Scale bar = 2 μm.
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1982), or in the southern Alpine section of Possagno (e.g. Luciani and

Giusberti, 2014, and references therein). Moreover, in the Smirra sec-

tion, which is litho- and magnetostratigraphically identical to the near-

by Gubbio section (in both C21r has the same thickness of 11 ± 0.5 m;

see Fig. 2), the LO of B. inflatus is foundwell within C21n, and not some-

where in themiddle of C21r where, in the GSSP of Gorrondatxe, it iden-

tifies the Ypresian–Lutetian boundary. In respect to the planktonic

foraminiferal biostratigraphy, the GSSP's golden spike at Gorrondatxe

is found within the T. frontosa Zone, the LO of which marks the E7a–

E7b biozonal boundary of Wade et al. (2011). At Gorrondatxe the LO

of T. frontosa is found in the lower part of C21r, at meter level 110, just

10 m above the fault; at Smirra the same datum is found in the middle

of the complete C21r magnetozone at 108.9 m (see Fig. 2). Evidently,

biostratigraphic datums suggest a certain degree of diachronism

among distant sedimentary successions from different marine basins,

let alone different sedimentary facies (i.e. the Atlantic siliciclastic Flysch

Formation of Gorondatxe vs. the Tethyan pelagic limestone of the

Scaglia Rossa Formation of Gubbio). The problem of precisely locating

a chronostratigraphic boundarywith respect to the integrated stratigra-

phy of an established GSSP can be solved using magnetostratigraphy,

wheremagnetic polarity reversals can be considered synchronousworld-

wide within the analytical uncertainty of the method (i.e. sampling

spacing, quality of the magnetic polarity signal).

In Fig. 7, we propose the placement of the Ypresian–Lutetian bound-

ary at Smirra. The Gorrondatxe GSSP was correlated to the Contessa

Highway section of Gubbio by normalizing the thickness of the com-

plete C21nmagnetic polarity zone, as represented by pelagic sediments

in both sections. In order to do that, the 180 m thick C21n at

Gorrondatxe was resized by eliminating ~13% turbiditic material using

the sedimentological estimate of Payros et al. (2009) (e.g. see Fig. 3 in

Molina et al., 2011). In the 62 m thick Lutetian portion of the C21r at

Gorrondatxe, turbiditic material comprises a negligible ~2% of the bulk

sediment, and resizing was not necessary. Such a correlation allowed a

precise location of the Ypresian–Lutetian chronostratigraphic boundary

at 109.6 m in the Smirra section, thus just 70 cm above the LO of

T. frontosa (i.e. the E7a-E7b biozonal boundary of Wade et al., 2011).

4. Cyclostratigraphic proxies at Smirra: Tls imaging, chemostratigraphy

and lithologic logging

4.1. Lithologic logging

A detailed lithologic log of the Smirra section was constructed using

a foldable carpenter meter stick to measure the thickness of limestones,

chert layers and nodules, and recessive marl layers. Loggingwas carried

out along the quarry exposure up tometer level 113 (Fig. 1). The rest of

the section was measured by repelling with a rope down from the

quarry's rim. Meter levels were marked on the outcrop with red spray

paint and the outcrop photographedwith a high resolution digital cam-

era. The litholog was constructed considering three main lithologies:

carbonate layers, marly layers, and chert. The resulting lithologic series

is shown in Fig. 2.
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Fig. 5. Orthogonal projection plots of stepwise AF demagnetization data of representative normal- (level 100.15 m) and reverse- (level 105 m) polarity samples. Open and solid symbols
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0

90

180

270

level 121 m

Fig. 6. Stereographic projection of the ChRM directions of the 26 studied levels.

A transitional direction is indicated at meter level 121.

38 M. Franceschi et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 440 (2015) 33–46



4.2. Calcimetric analyses

Bulk rock samples (about 30 g each) were collected with hammer

and chisel through the lower part of the section at an average spacing

of 2.5 cmup tometer level 113 for a total of 668 samples. These samples

were powdered with mortar and pestle and ~300 mg aliquots of

b250 μm fraction were analyzed for total calcium carbonate content

(CaCO3wt.%) using a Dietrich-Furlingwater calcimeter with a precision

of ±2.5 wt.%. The resulting CaCO3 wt.% curve is shown in Fig. 2.

4.3. TLS intensity series

Franceschi et al. (2011) showed that a convenient approach to

the cyclostratigraphic study of Terrestrial Laser Scanner data is the

construction of intensity series. An intensity series is a curve that

represents the variation of the laser intensity along the considered

stratigraphic section. In this study we used an Optech Ilris 3D TLS

(see Table 2S in the online Supplementary Material for detailed technical

specifications). The Smirra section was scanned from a single station

at a distance between 30 and 40 m, with an average density of

7000 points/m2 on the target, with a sampling step on the surface

of 12 mm (Fig. 8C).

The scan yielded a point-cloudwith an average 5mmpoint-to-point

spacing (Fig. 8B). Before producing the intensity series (Fig. 8A), intensity

valueswere corrected in function of the distance of the target from the ac-

quisition position. Correction was obtained using the Kernel Smoothing

approach (1.0 m bandwidth) suggested by Penasa et al. (2014). The

backscattered intensity can be influenced by the angle of incidence of

the laser beam with respect to the target, roughly correspondent to the

angle between the target's surface and the TLS's line of sight. However,

in this study we considered this effect as not relevant for two reasons. 1.

Pesci and Teza (2008) regard this effect as negligible when dealing with

targets characterized by natural roughness comparable to the laser's

spot size. 2. Scans of the Smirra section were acquired in frontal position

with respect to the outcrop, standing on an elevated ridge, further de-

creasing the effects of the incidence angle on the recorded intensity

(Fig. 8C).

The intensity values refer only to the surface characteristics of the

scanned rocks, thus they can be influenced andmodified by several fac-

tors (e.g., surface weathering, dust, lichen or moss coatings, moisture).

The point-cloud needs to be cleaned of undesired points before generat-

ing thefinal intensity series, and thiswas performed by removing all the

irrelevant elements such as evident vegetation patches and areas cov-

ered by debris, following the procedure suggested by Franceschi et al.

(2009, 2011).

Alteration andmoisture on the outcrop result in visible intensity var-

iations that are not related to lithological changes. When these surface

alterations are present at a small scale (patches on theoutcrop), their ef-

fect on the final time series ismitigated by averagingmany points when

the intensity series is generated (cfr. Franceschi et al., 2009, 2011). At

Smirra, large-scale variations in intensity are visibly incoherent with

the stratigraphy, which displays homogeneous lateral characteristics

at the scale of the outcrop. Large-scale variations do not display lateral

persistence, hence they are considered to be linked to alteration

and/or moisture on the rock. In the intensity series the effect of

these variations results in low frequency trends that are not related to

variations in the lithology, which have to be removed before the time-

series analysis. In the case of larger areas, their effect will produce

low-frequency fluctuations in the final time series, which will result in

a lower signal-to-noise ratio.

To cope with this problem a Gaussian smoothing low-pass filter

(σ = 1.0 m) was applied to suppress undesired large-scale intensity

variations. It is important to underline that the proposed procedure is

tailored to the Smirra section. Other solutions could be evaluated case

by case, on the basis of the characteristics of the specific outcrop. The

removal of long-wavelength trends has to be carried out carefully

to avoid the loss of true lithological variations. After the cleaning

procedure, the final intensity-series was produced (Fig. 8A; Fig. 2).

To construct an intensity series, raw intensities were exported using

the Optech Ilris 3D proprietary parser as a 16 bit DN. The stratigraphic

position of the points was defined by generating a plane in the space

having the average strike and dip of the layering and calculating the

orthogonal distance of each point from that plane. Hence, a running
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weighted averagewas computedwith the desired sampling step to gen-

erate a log (i.e. the intensity series) that represents the variation of in-

tensities along the considered stratigraphic section. The intensity

series was producedwith a sampling step of 1.0 cm, employing the Ker-

nel Smoothingmethodwith a bandwidth of 1.0 cm (Fig. 8A). Each value

of intensity derives from the averaging of the intensities of all the points

of the point cloud located at a specific stratigraphic height in the section.

As pointed out by Franceschi et al. (2011) this approach can be used ef-

fectively if the layering in the area considered for the intensity series

generation displays uniform strike and dip. Where structural deforma-

tions such as folds or faults are present, theymust be taken into account

before the intensity series is generatedwith themethod presented here.

Another assumption is that the characteristics of each layer are homo-

geneous at the scale of the outcrop. This is necessary to obtain a log in

which a certain stratigraphic height is associated with a representative

intensity value. This can be considered a reasonable assumption for

most pelagic carbonate series.

The final intensity series of the Smirra section is shown in Fig. 8A. In

Fig. 2 intensity values are rescaled for comparisonwith the variations in

CaCO3 wt.%. The two curves shows evident correlation in their overlap-

ping part, with maxima in TLS intensity corresponding to maxima in

CaCO3wt.% and vice versa. This confirms the value of TLS intensity series

as a proxy for lithology evenwhendealingwith calcareous homogenites

that do not display the clear lithologic alternations like limestone–marl

couplets.

5. Cyclostratigraphy of the Smirra section

Spectral analysis was conducted on the TLS intensity, CaCO3 wt.%,

and lithologic series. MatlabTM algorithms modified from Muller and

MacDonald (2000) were used to perform Fast Fourier Transforms

(FFTs) in the space domain on detrended and zero-padded series (Bice

et al., 2012). The statistical significance of spectral peaks was evaluated

by generating a 95% confidence level from aMonte Carlo red noise sim-

ulation (Muller and MacDonald, 2000). This method was previously

successfully applied for the cyclostratigraphic investigation of the

Umbria–Marche basin succession in several studies (Cleaveland et al.,

2002; Mader et al., 2004; Brown et al., 2009; Hyland et al., 2009). We

compared the results of the spectral analysis on the portion of the

Smirra section covered by all the three proxies. Results are shown in

Fig. 9A–Cwhere highest spectral peaks of the Smirra proxies are labeled

with their period expressed in centimeters. The persistence of the

spectral peaks through the stratigraphic section was evaluated through

evolutionary FFT spectra, performed on intervals of about one third of

the entire stratigraphic series (Fig. 9D–F).

The power spectrum of the lithology log appears very noisy and

shows spectral power scattered in several peaks at frequencies ranging

from 4 to 12 cycles/m (Fig. 9A). The CaCO3wt.% series yields a less noisy

spectrum, which is dominated by a prominent peak emerging well

above the 95% confidence level with a period of 85.1 cm (Fig. 9B) This

frequency peak is most powerful in the middle part of the section

(see sliding window FFT in Fig. 9E). A less powerful signal with a period

of 114 cm is present in the lower part of the section (Fig. 9E), whereas a

relatively weak signal with a periodwobbling around 240 cm is station-

ary through the lower 114 m of the Smirra section.

The power spectrum of the TLS intensity series is similarly dominat-

ed by a powerful frequency signal with a period of 85.1 cm (Fig. 9C),

which appears to be stationary through this portion of the Smirra sec-

tion, although it shows a relativelyweakpower in short stratigraphic in-

tervals centered at 107.5 and 111 m (Fig. 9F). The TLS series displays

also two prominent peaks (emerging above 95% c.l.) in the lower and

upper parts of the analyzed section with periods of 184 and 245 cm, A

relatively powerful peak is also revealed with a period of 17.3 cm

between 106 and 107 m, but it appears to be rather unstationary

throughout the rest of the section.

An average sedimentation rate of 9 ± 1 m/Myr for the Ypresian–

Luthetian interval was estimated by Coccioni et al. (2012a,b) from the

integrated biomagnetostratigraphy of the classic Contessa section at

Gubbio, located a few tens of kilometers from Smirra. Hence, on the

basis of this estimate, and assuming a mean sedimentation rate of

9 m/Myr for the coeval Smirra section, the dominant frequency peaks

with a period of 85.1 cm emerging in both CaCO3 wt.% and TLS intensity

series would correspond to a time period of about 95.8 kyr, thus very

close to the period of 95.1 kyr for the dominant short eccentricity fre-

quency calculated in the La2004 astronomical solution by Laskar et al.

(2004).
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Fig. 8. A) Intensity series derived from the TLS acquisition of the Smirra outcrop. B) TLS point cloud of the Smirra quarry. C) Picture of the Smirra outcrop taken from the TLS scan station.
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In order to have further confirmation of this cyclostratigraphic inter-

pretation, we checked for modulations of the SE signal by the long

eccentricity (LE) cycle. To do so, the Hilbert transform was applied on

the three proxies series using a band-pass filter in the 70–140 cm fre-

quency band. Results are shown in Fig. 10 A-C and display broad

peaks that, with a mean sedimentation rate of 9 m/Myr, have periods

of about 400 kyr. This corresponds to the expected LE amplitudemodu-

lation of SE and corroborates the cyclostratigraphic interpretation

presented in this work.

6. Discussion

6.1. TLS vs other proxies

The application of a multi-proxy approach to the cyclostratigraphic

study of the Smirra section allowed direct comparison of the results ob-

tained by analyzing TLS intensity, CaCO3 wt.%, and lithologic rank series

(Fig. 9A–C). This reveals that TLS imaging provided better results in

terms of accuracy in the stratigraphic positioning of the measurements,

and in terms of spectral resolution. This is particularly evident when

power spectra of the TLS data and lithologic rank series are compared

(Fig. 9A and C). When calcareous homogenites are considered, the out-

come of hand logging can be biased by the fact that pressure solution

stylolites can be easily misinterpreted as true beds or thin marly

interlayers. This bias is responsible for the very noisy spectrum of the

lithologic rank series, with a spectral power concentrated at high fre-

quencies,which is actually induced by the logging of thepseudobedding

as marly interlayers.

The correlation of TLS intensity series with the CaCO3 wt.% series is

very good (Fig. 2). This implies that, in calcareous homogenites, TLS

intensity can be used as a reliable proxy for detecting variations in the

carbonate content relative to the siliciclastic terrigenous component.

The TLS data cannot be used as they are, but they need to be pre-

processed following the methodological procedure described above. It

is worth noticing that sampling for CaCO3 wt.% analysis was conducted

in limestone layers only. Shales were not sampled, hence the curve

(Fig. 2) represents variations in carbonate content within carbonate

layers. This can be related to a cyclic increase and decrease in terrige-

nous content relative to primary biogenic carbonate (i.e. planktonic

foraminifera and calcareous nannofossils). On the contrary, minima

in the TLS series correspond to interlayers. The good correlation

between the intensity series and the CaCO3 wt.% curve, suggests

that a decrease in calcium carbonate content within layers evolves

to a shale interlayer.

The successful application of TLS to calcareous homogenites widens

the possibilities of application of this technique, which was tested

so far only in series with well developed limestone–marl alterna-

tions (Franceschi et al., 2011). Moreover, TLS allowed a complete

cyclostratigraphic characterization of the section by analyzing the

entire Smirra section whereas it was possible to carry out other investi-

gations only in the limited accessible portion of the outcrop.

6.2. Astronomical tuning of the Smirra section

After having identified Milankovitch cycles in the Smirra section,

it was possible to attempt to link it to the last available astronomical

solution, La2010 nominal (Laskar et al., 2011).

The evolutionary FFT spectrum of La2010 nominal solution for the

time interval between 45 and 52 Ma is shown in Fig. 11A. In the spec-

trum there occur time intervals in which SE displays clear modulations

in power. A decrease in SE cycle power is accompanied by a contempo-

rary rise in the power of LE. These nodes in SE do not seemdirectly relat-

ed to the LE-induced (400 kyr) modulation and rather seem to reflect

longer period (N1 Myr) amplitude modulation of the LE cycle. Several

studies investigated these long-termmodulations in the geologic record

in an attempt to improve the link between sedimentary evidence of

cycles and eccentricity computations (e.g. Olsen and Kent, 1996;

Lourens et al., 2005; Westerhold et al., 2007; Jovane et al., 2010). In

the La2010 nominal solution the presence of one of the nodes (interval

of low power) in the SE is predicted around 48Ma, which is around the

time encompassed by the Smirra section. Notably, a node characterized

by a decrease in the LE power is also visible in the evolutionary spec-

trum of the Smirra TLS series (Fig. 11B) between meter levels 111 and

113. Given the magneto-biostratigraphic framework of the Smirra

section that node could correspond to the one displayed by the La2010

nominal solution.

Confirmation that the node is a feature that reflects real lithological

variation and not simply an artifact of the TLS intensity series is obtained

by applying a band bass filter in the SE frequency to both the TLS and

CaCO3 wt.% series. The two filtered curves are shown in Fig. 12 and

the node is clearly visible in both of them.

We used this feature of the power spectrum of the TLS series to tune

the Smirra section to the La2010 nominal astronomical solution and pin

it to the astrochronological time-scale of Gradstein et al. (2012). Further

refinement of this correlation was obtained by considering themodula-

tion induced in the SE cycle by the LE (~400 kyr). It was also necessary

to determine the phase between the TLS intensity variation and the SE

variation cycles displayed in the astronomical solution. TLS intensity

and CaCO3 wt.% series provide information on the relative variation of

the terrigenous component at Smirra. High TLS intensity corresponds

to high CaCO3 content while, on the contrary, low TLS intensity corre-

sponds to marly interlayers.

The cyclostratigraphic analysis carried out on the Maastrichtian

pelagites of Zumaia by Batenburg et al. (2012 and references therein)

suggests that the limestone/marl couplets are an expression of the

precession cycle and are modulated by the SE. At Zumaia clays are

interpreted as derived from continental runoff and show cyclic increase

in their abundance that results in more or less developed couplets. This

is interpreted to be caused by enhanced seasonality during eccentricity

maxima that caused increased runoff. Peaks in the seasonal intensity

resulted in more developed limestone/marl couplets and vice-versa.

(Batenburg et al., 2012). It is generally accepted that the exiguous terrig-

enous component in the Scaglia pelagic limestone is aeolian in origin

(e.g., Arthur and Fischer, 1977; Johnsson and Reynolds, 1986). This in-

terpretation is consistentwith the paleogeographic and geologic setting

of the tropical U–M pelagic basin. This latter, from the early Cretaceous

to the early Paleogene, was surrounded by large shallow water carbon-

ate platforms (e.g. Dercourt et al., 1993), hence it seems unlikely that

terrigenous input of fluvial origin would have been able to reach it. At

Smirra, an increase of terrigenous fraction could similarly be related to

an intensification of seasonal contrast thatmay have led tomore intense

trade winds during eccentricity maxima and a consequent increase of

terrigenous wind-blown dust in the U–M pelagic basin. However, as

shown in the palaeogeographic map in Fig. 1, orogenesis was ongoing

to the NE and NW of the U–M basin. This certainly caused terrigenous

input from continental runoff in the basins, hence a runoff-origin of

the terrigenous at Smirra cannot be ruled out completely. In both

cases however, whether the terrigenous component at Smirra was

wind-blown or derived from runoff, enhanced seasonality during ec-

centricity maxima can be evoked as the driving process and led to the

same inverse phase relationship between TLS and the eccentricity

curves. Maxima of TLS intensity correspond to minima in eccentricity

(low clay input) and minima of TLS intensity correspond to eccentricity

maxima (high clay input). The results of the tuning based on the chosen

phase relationship are displayed in Fig. 12. It might be argued that in-

creased terrigenous input could have caused an increase in nutrients

into the basins and, in turn, a rise in the carbonate production by

coccolithophores. This may have acted in contrast to the enhanced

input in of terrigenous fraction. Data presented in this study do not per-

mit a detailed discussion of the climatic processes and of the interplay

between terrigenous input and carbonate production. It should be

noted, however, that the choice of a different phase relationship
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between TLS and SE would result in a difference in the tuning of only

50 kyr, i.e. half a SE cycle.

The astrochronological tuning shown in Fig. 12 highlights a slight

discrepancy between the age of the Y–L boundary in the GTS-2012

(Gradstein et al., 2012). In GTS-2012 the current age of the Y–L bound-

ary is set at 47.8 ± 0.2 Ma on the basis of extrapolated radioisotopic

dates (Gradstein et al., 2012, and references therein). The position

of the Y–L boundary at Smirra, obtained through integrated
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biomagnetostratigraphy (Fig. 7), and the cyclostratigraphic tuning

on the La2010 nominal astronomical solution suggest for it an age

of 48.15 ± 0.05 Ma. On this basis, numerical ages for other bio- and

magnetostratigraphic events across the Ypresian–Lutetian boundary

are proposed in Tab. 1. We present these results with the caveat that

the relatively short stratigraphic interval encompassed by the Smirra

section allows for the identification of only onenode of the low frequen-

cy SE modulation. Nevertheless, the results in the cyclostratigraphic

analysis obtained through the application of TLS imaging indicate that

this technique could be a valuable tool to investigate long stratigraphic

series, which are required to characterize low frequencymodulations of

Milankovitch cycles that may help in refining the astrochronological

time scale.

7. Conclusions

Cyclostratigraphic analysis of the Smirra section was carried out

using three independent proxy series, TLS intensity, calcimetry, and

lithologic series. Comparison of the three techniques points out that

TLS provides the best results, with better data positioning in the space

and higher resolution. TLS intensity is confirmed as a valuable proxy

for lithology even in stratigraphic series composed of calcareous

homogenites that can pose significant challenges when studied by

traditional hand-logging.

Biostratigraphy and magnetostratigraphy allowed the determina-

tion of main nannoplankton and foraminifera distributions, and the

identification of main magnetic reversals in the section. This permitted

to propose a positioning of the Ypresian–Lutetian boundary in the

Smirra section.

The cyclostratigraphic interpretation shows the presence of strong

cyclicities that are compatible with the expectedMilankovitch frequen-

cies for the Eocene (Fig. 9). In particular, SE was found to be the

main cycle reflected in the stratigraphy, and displayed the expected LE

amplitude modulation (Fig. 10).

Furthermore, spectral analyses of the TLS series highlighted features

that are compatible with low frequency modulations of the main

Milankovitch cycles (Figs. 11 and 12). Despite the limited length of the

stratigraphic interval encompassed by the outcrop, it allowed to anchor

the Smirra section, and hence the identified Ypresian–Lutetian bound-

ary, to the latest astronomical solution for the Eocene. This permitted

to propose refined ages of themain biostratigraphic events andmagnet-

ic reversals in the Umbria–Marche Basin (Table 1).

These results suggest that the integration of classical techniques

with TLS imagingmayhelp in the interpretation of the cyclostratigraphy

from longer pelagic carbonate series in order to investigate for low fre-

quency features in themodulations of theMilankovitch cycles that may

prove useful in refining the astrochronological time scale.

Supplementary data to this article can be found online at http://dx.

doi.org/10.1016/j.palaeo.2015.08.027.
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