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Abstract. The early—middle Miocene, marked by the Middle Miocene Climatic Optimum (MMCO) fol-
lowed by the Middle Miocene Climate Transition (MMCT) towards cooler temperatures, represents a crucial
period in Earth’s climate evolution. To understand this episode and reconstruct its origin and the regional im-
pact of the observed global changes, it is critical that high-resolution astronomical age models are developed
for climate sensitive regions around the world. One of these areas undoubtedly is the Mediterranean, but so
far no such an age model has been established for the interval of the MMCO. Nevertheless, this interval is
well exposed in the coastal cliffs along the Adriatic Sea near Ancona (Italy), where it is characterized by the
occurrence of 7 conspicuous limestone beds, termed megabeds, alternating with marl intervals. Here, we use
the Lower La Vedova Beach section to construct an astronomical time scale for the younger part of the
MMCO in the Mediterranean. The tuning to ~100-kyr eccentricity seems robust, but is less certain for
precession in some intervals, as a consequence of the less clearly developed internal structure of the basic
precession related cycles and uncertainties in the phase relation with climatic precession and insolation and
in the astronomical solution in terms of tidal dissipation and dynamical ellipticity values. The tuning never-
theless provides astronomical ages for calcareous plankton events and magnetic reversals for the interval
between 16.3 and 15.0 Ma. Individual megabeds are related to the ~ 100-kyr eccentricity cycle corresponding
to eccentricity minima and the megabed interval itself is partly controlled by the 405-kyr cycle, as it marks
two successive minima and the maximum in between. However, no relation with very long period eccentricity
cycles (2.4 and 1 myr) is evident, and a link to regional tectonic processes (a major orogenic phase at the base
of the Langhian and the likely associated Langhian transgression) seems more plausible. The higher sedimen-
tation rate in the megabeds can be explained by the additional preservation of biogenic silica, which may also
account for the diluted planktonic foraminiferal assemblages. With the integrated magnetobiostratigraphy and
the tuning to eccentricity and to precession/insolation, the Lower La Vedova Beach section meets key require-
ments for defining the Langhian GSSP.
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1. Introduction

The early—middle Miocene represents a crucial peri-
od in Earth’s climate evolution and is characterized
by the Middle Miocene Climatic Optimum (MMCO)
between ~ 17 and ~ 15 Ma. This climatic optimum is
followed by a gradual decline in temperature during
the Middle Miocene Climate Transition (MMCT) be-
tween 15 and 14 Ma, culminating in the marked Mi 3b
oxygen isotope increase at 13.8 Ma that supposedly
reflects rapid growth of the East Antarctic Ice Sheet
(Miller et al. 1991, Abels et al. 2005, Holbourn et al.
2005,2013,2014). In addition, the middle Miocene is
characterized by the Monterey carbon isotope excur-
sion, which started at ~ 17 and ended at ~13.5 Ma ap-
proximately 300 kyr after the major expansion of the
Antarctic ice-sheet (Vincent and Berger 1985, Wood-
ruff and Savin 1991, Holbourn et al. 2007). This long
lasting positive carbon isotope excursion corresponds
to an episode of enhanced burial of organic matter and
consists of nine 400 kyr cycles showing high coheren-
cy with long eccentricity (Holbourn et al. 2007). To
disentangle this intricate global climate history, high-
resolution astronomically calibrated time scales are es-
sential. For the middle Miocene, such a time scale is
already available for the open ocean, with high-resolu-
tion benthic foraminiferal isotope records providing
highly valuable insights in the pattern of global cli-
mate change during this period (Holbourn et al. 2005,
2007, 2013, 2014, Tian et al. 2013).

To understand the origin and regional expression of
the MMCO and MMCT, it is essential that similar
high-resolution time scales and proxy records are es-
tablished for climate sensitive regions. One of these
areas undoubtedly is the Mediterranean, which is well
known to record the impact of both global and regional
climate change and, in turn, may have influenced glob-
al climate variation through changes in gateway con-
figuration affecting ocean circulation. Up to now, a
tuned time scale has been established for the MMCT
in the Mediterranean (Hiising et al. 2010, Mourik et al.
2010), showing that the deposition of the oldest dark
organic-rich layers termed sapropels directly postdate
the Mi3b cooling event. However, a similar high-
resolution time scale is lacking for the MMCO. Inte-
grated magnetobiostratigraphic records have recently
been published from several Mediterranean sections,
including La Vedova in northern Italy (Turco et al.
2011a) and St.Peter’s Pool on Malta (Foresi et al.
2011), which are potentially suitable for astronomical
tuning.

Here, we will focus on the astronomical tuning to
eccentricity and precession/insolation of the La Vedo-
va section of Turco et al. (2011a), which represents the
downward extension of the La Vedova Beach section
of Hiising et al. (2010). In this study, we refer to this
extension as the Lower La Vedova Beach section to
distinguish it from the (Upper) La Vedova Beach sec-
tion of Hiising et al. (2010). The Lower La Vedova
Beach section is marked by the occurrence of promi-
nent megabeds (Sandroni 1985, Montanari et al.
1997), which may represent the local expression of
the MMCO in the Mediterranean between 16.3 and
15.0 Ma. At the same time, it is presented as one of
the candidate sections for the formal definition of the
Langhian Global Stratotype Section and Point (GSSP)
(Turco et al. 2011a, Iaccarino et al. 2011).

2. Geological setting and section

The Lower La Vedova Beach section is exposed along
the coastal cliffs 3 km southeast of Ancona (Italy)
(Fig. 1) and can be reached via steep paths going down
the cliffs from La Vedova village or by boat. The sec-
tion represents the downward extension of the Upper
La Vedova Beach and La Vedova High CIiff sections
documented by Hiising et al. (2010) and Mourik et al.
(2010), respectively, and astronomically dated be-
tween ~ 15 and 13.5 Ma. The entire La Vedova section
belongs to the lower portion of the Schlier Formation,
a (hemi)pelagic unit deposited in the eastern part of
the Umbria-Marche basin, which formed part of the
external domain of the NE verging thrust belt of the
Apennine orogen (for more details see Montanari et al.
1997). In particular, the investigated section belongs to
the Massive Member of the Schlier Formation and in-
cludes the megabeds described by Sandroni (1985) as
“7 composite but apparently massive layers of hemi-
pelagic marls”. According to Montanari et al. (1997),
the top of this member coincides with the Aldo level,
an ash-bed that is located higher in the succession
about 3 m above the top of our section in the lower part
of the Upper La Vedova Beach section of Hiising et al.
(2010). The Lower La Vedova Beach composite sec-
tion and the high-resolution integrated magnetobio-
stratigraphy were published by Turco et al. (2011a).
However, much improved outcrop conditions after se-
vere winter storms during 2011 and 2012 (Fig.2; Sup-
plementary material A, Fig. A1) led to a more accurate
description of the lithology and revealed the presence
of a fault in the megabed interval in the lower part of
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the section. The offset of this fault was determined by
means of detailed stratigraphic correlations and the
resulting modified log and magnetobiostratigraphic
record are used as starting point for the present paper
(see Results).

3. Material and methods

3.1 Lithology

The lithologic log of Turco et al. (2011a) has been
modified by taking into account the higher quality of
the exposures following the winter storms and the re-
vised adjustment across the fault. Apart from adding
the missing interval, the log itself was also modified
paying special attention to the expression of the indi-
vidual marly and more calcareous intervals on the
scale of the megabeds. The megabeds that are present
in the lower part of the section are numbered from I to
VII following the codification of Sandroni (1985) and
Montanari et al. (1997). Above this interval we could
recognize 6 additional indurated intervals and decided
to extend the numbering on the megabed scale to the
top of the section, but displaying the roman numerals
(VIII-XIII) in italics to distinguish them from the real
megabeds (I-VII) in bold. Next to the lithologic col-

umn, the fresh color of the small hand-drilled cores of
the samples is shown, which is based on the compari-
son of wet color of the cores with the Rock Color Chart
(Goddard et al. 1963). This comparison was previous-
ly described in Turco et al. (2011a), who distinguished
intercalations of greenish gray levels (5.0 GY 6/1),
and more rarely light olive gray (5.0 Y 5/2) and light
bluish gray (5.0 B 7/1), within the predominant olive
gray (5.0 Y 4/1) sediments.

3.2 Calcareous plankton

The planktonic foraminiferal and calcareous nanno-
fossil data set of Turco et al. (2011a) was enlarged by
analyzing extra samples taken from the better exposed
left side of the fault in order to determine its offset. The
planktonic foraminiferal data set was further enlarged
by adding samples from all the sediment color alter-
nations present in the section in an attempt to find a
relationship between species abundance and lithology.
In total 330 samples were analyzed; however, the
semi-quantitative methodology described in Turco et
al. (2011a) was applied only on 239 samples because
of the poor preservation (mainly in limestone layers)
or the scarcity of planktonic foraminifera (mainly in
the megabeds).
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Fig. 2. Photographs of the Lower La Vedova Beach section showing: a) the upper part from Megabed IX to the top; b and
¢) the lower part from the base (Megabed II) to Megabed VIII. The improvement in the quality of the exposure between
summer 2009 (b) and summer 2012 (c) led to the determination of the fault offset and to the revised correlation of megabeds
(see also text and Supplementary material A).

3.3 Magnetostratigraphy and
geophysical proxy (MS)

Extra samples were taken from the better exposed left
side of the fault in order to complete the magnetostrati-
graphic record of the section. The magnetic susceptibil-
ity (MS) of 566 samples was measured on a Kappa-
bridge KLY-2 and their weight on a Sartorius RC 210 P.
The specific magnetic susceptibility (m*/kg) was calcu-
lated by dividing the volume specific magnetic suscep-
tibility of the sample by its density.

3.4 Geochemical proxies (XRF analysis)

The geochemical data were obtained by measuring
the elemental composition of 566 samples, using a NI-
TON XL3t 900Analyzer with GOLDD Technology,
placed in a Thermo Scientific portable test stand. The
samples were measured in Cu/Zn Mining Mode (Fil-
ters: Main 30, Low 30, High 30 and Light 60 seconds),
with 2 control samples (NIST2780 and NIST2709a)
measured every 9 samples. The elements measured
with these settings are Zr, St, Fe, Al, Ca, Ti, Ba, Si, Mg,
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K, Nb, Rb, Zn, Mn, V, Cl and S. A helium purge was
used to obtain more accurate measurements for the
lighter elements (Mg, Al, Si, S). Homogeneous control
samples were included in the measurements to detect
possible internal fluctuations related to the measuring
equipment.

Analysis was done on a flat surface to prevent that
unevenness of the sample disturbs the measurements,
thereby reducing their accuracy. All measurements
were repeated three times at different spot positions to
correct for sample inhomogeneity; these measure-
ments were averaged to significantly reduce its effect
and increase precision. Measurements were rejected and,
if necessary, repeated, if the standard deviation was too

high compared to the measured value (> 1.5 times 20).

The CaCO; content is calculated by multiplying
the measured Ca concentration with a factor 2.496,
assuming that all Ca present is bound by carbonate.
The CaCOj; content is presented in ppm, where 1 mil-
lion ppm represents 100 % CaCOs.

Elemental proxy records were obtained by normal-
izing the measured element with Al to correct for the
detrital fraction (in case of redox-sensitive and chal-
cophilic elements, such as V and Mo, and carbonate)
and to reveal subtle differences in concentrations that
are not related to variation in clay content (in case of
terrestrial elements such as Fe, Ti and Zr) (e. g., Nijen-
huis et al. 1996, Schenau et al. 1999). An exception is
the calculated Rb/Sr ratio.

3.5 Statistic and Time series analyses

An Independent Student t Test was applied to selected
planktonic foraminiferal taxa and geochemical ele-
ments in order to test if their variability is related to
changes in sediment color. This analysis is based on
the comparison between mean values of the faunal and
geochemical proxies in two different main sediment
colors (greenish gray and olive gray). A Principal
Component Analysis was performed on the elemental
records normalized to Al in order to reduce the vari-
ability in the geochemical data set.

Wavelet analysis was applied using the Torrence
and Compo (1998) guide to detect changes in the fre-
quency-time domain that result from changes in sedi-
mentation rate. The Blackman-Tukey method in Ana-
lyseries (Paillard et al. 1996) was used for spectral
analysis in combination with bandpass filtering of the
main frequency components.

4. Results

Revised composite section
and magnetobiostratigraphy
of the Lower La Vedova Beach section

The modified lithologic log of Turco et al. (2011a) is
shown in Figures 2 and 3, and in Figures Al and A2
of Supplementary material A. Determining the offset
of the fault detected in the megabed interval was
difficult in the field and, in addition, was beyond the
resolution of the calcareous plankton zonations and
magnetostratigraphy as it falls within the planktonic
foraminiferal Subzone MMi 4a, the calcareous nanno-
fossil Subzone MNN4b and Chron C5Br (Turco et al.
2011a). However, extra samples for biostratigraphic
analysis taken from the better exposed left side of the
fault allowed us to check this offset; the quantitative
distribution pattern of selected calcareous plankton
marker species (Globoturborotalita woodi, Globo-
quadrina dehiscens and Helicosphaera ampliaperta)
in the critical interval on both sides of the fault indi-
cates that one megabed is missing in the composite
section of Turco et al. (2011a) (Fig.3). A comparison
of the internal pattern of the megabeds on both sides
of the fault with the pattern observed in the cliffs
just south of Ancona, where the 7 megabeds are very
well exposed in an undisturbed succession, suggests
that the missing megabed is Megabed VI according to
the numbering introduced by Montanari et al. (1997)
(Supplementary material A, Fig.A2). This is con-
firmed in detail by an abundance peak of G. dehiscens,
which is found close to the top of Megabed VI and the
presence of two newly detected ash layers above the
same megabed both at La Vedova and in the cliffs near
Ancona (Fig.3; Supplementary material A, Fig. A2).
The detection of the extra megabed in the succession
and extra sampling for magnetostratigraphy and bio-
stratigraphy resulted in a revised composite strati-
graphic section and magnetobiostratigraphic record,
which compensates for the missing interval (Fig.4).
The modified log and magnetobiostratigraphic record
are used as starting point for the present paper (Fig.4).
On the basis of the updated magnetobiostratigraphic
record, age calibrations of calcareous plankton events
have been recalculated and compared with those pre-
viously published by Turco et al. (2011a) (Table 1).

4.2 Lithology

The new composite section of the Lower La Vedova
Beach section is about 63 m thick and starts with
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Fig. 3. Biostratigraphic correlation of the megabed interval between the two sides of the fault, that underlies the new com-

posite used in the present study, and comparison of the improved logs of the Lower La Vedova Beach on both sides of the
fault (this paper) with the previous log published in Turco et al. (2011a).

Megabed II (Figs.2 and 4), as Megabed I was not
sampled because of poor outcrop conditions. The low-
er 38 m of the section are characterized by Megabeds
IT to VII, which are separated by less indurated marl
intervals. This large scale alternation of indurated
limestone intervals and marls continues well above
Megabed VII despite the more marly character of the
succession; from 38 m up to the top of the section 6 ad-

ditional indurated intervals (Megabeds VIII to XIII)
can be observed. The marl intervals between mega-
beds are characterized by intercalations of brownish or
greenish gray marls and limestone layers (less promi-
nent and thick than in the megabed intervals) and cor-
respond mostly to the clustering of the greenish gray
layers based on the description of the fresh core color.
These marl intervals are generally distinct, except for
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the intervals between Megabeds II and III, VI and VII
and X and XI, which are only weakly expressed
(Figs.2 and 4).

4.3 Planktonic foraminiferal proxies

The distribution pattern of Globigerinoides trilobus gr.
and Globigerinoides sicanus/Praeorbulina gr. shows a
rather consistent relationship with lithology (Fig.4).
These taxa show abundance fluctuations, which follow
the megabed/marl interval alternation rather well. In
particular, G.trilobus gr. is more abundant in the marl
intervals between the megabeds (more evident in the
lower part of the section) than in the megabeds. Super-
imposed on this large scale pattern, G.trilobus gr. of-
ten reveals abundance peaks in (or very close to) the
greenish gray layers, which occur in clusters mainly in
the marl intervals, whereas it is less abundant in the
olive gray intervals. This relationship with sediment
color is confirmed by the results of the Student t-Test
analysis, which show higher abundances of G. trilobus
gr. and G.sicanus/Praeorbulina gr. in the greenish
gray layers (Table 2).

4.4 Geophysical proxy (MS)

Magnetic susceptibility (MS) is a sensitive indicator of
changes in the marine sedimentary iron concentrations
(e.g.,Hay 1996, 1998, Ellwood et al. 2000) and hence
of variability in terrigenous content, since iron is main-
ly supplied from land (Poulton and Raiswell 2002).
MS record is shown in Figure 5, together with its
5 point moving average (pma) to reduce the effect of

the noise and high-frequency variations and enhance
main trends in the signal. The MS record tracks the
megabed/marl interval alternation throughout the sec-
tion, showing higher values in the marl intervals and
lower values in the megabeds (Fig.5). This pattern is
more evident in the lower 40 m of the section, where
the amplitude variation of the MS values between
megabeds and marl intervals is more pronounced.

4.5 Geochemical proxies
(XRF elemental record)

Here, we only present those elements or elemental
ratios that are important for the tuning of the Lower La
Vedova Beach section and the understanding of the cy-
cles: Al, CaCO;, Ca/Al, Si/Al, Rb/Sr, Rb/Al and Ti/Al.
These records are shown in Figure 5, together with
their 5 pma, and the results of the Independent Student
t Test are presented in Table 2. The three extracted
components of PCA respectively explain 25.51, 14.97
and 13.49 % of the total variance of the data set. Eval-
uation of the score plots showed that they are less in-
dicative of the lithological alternation (i.e. megabeds)
than the geochemical proxies selected above. For this
reason, we decided to use the individual elemental
records, but the component matrix and the score plots
of the three extracted components are shown in Sup-
plementary material B.

Al is considered as an useful indicator of the terres-
trial fraction since it mainly resides in clays (e.g., Ni-
jenhuis et al. 1996, Schenau et al. 1999). Al reveals
distinct variations at the scale of megabed/marl inter-

Table 2 Average values in olive gray and in greenish gray layers and the 7 values resulting from an independent Student
t Test performed on selected planktonic foraminiferal taxa and elemental ratios. The difference of the means of
a proxy with respect to the two types of sediment color is statistically significant when £ 975, value is > 1.96 for
n = 239 samples (planktonic foraminifera) and n = 566 samples (elemental ratios).

Independent Student t Test

olive gray greenish gray t.975) value
Globigerinoides trilobus gr. 19.0302 30.5636 3.8476
Globigerinoides sicanus/Praeorbulina gr. 1.9064 4.8687 4.5096
Ca/Al 12.6132 14.3637 3.8996
Ti/Al 0.0476 0.0455 —2.2483
Zr/Al 0.0014 0.0012 -4.5502
V/Al 0.0067 0.0060 —1.5367
Ba/Al 0.0219 0.0221 0.2436
Rb/Al 0.0007 0.0006 -8.3759
Rb/Sr 0.0175 0.0176 0.3573
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Beach section.
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val alternation with higher values in the marl intervals;
these are more evident in the true megabed interval in
the lower part of the section. The amplitude variation
of Al content between megabeds and marl intervals
shows an upward decreasing trend similarly to MS. In
addition, more prominent smaller-scale variations are
observed in the upper half of the section.

The CaCOj; record shows less distinct variations as-
sociated with the megabeds, but the marl intervals in
between the megabeds are often marked by regular
high-amplitude variations on a smaller-scale. Ca/Al
reflects the relative carbonate content with respect to
the input of clay assuming that most of Ca is derived
from calcium carbonate (e. g., Mourik et al. 2010). The
Ca/Al record shows large-scale variations with maxi-
ma associated with the megabeds in the lower 20 me-
ters of the section. Upwards, the record continues to

MS wavelet

m)

Period (

10

Period (m)

10 20 30

m)

Period (

show variations linked with the thinner megabeds, but
becomes dominated by more regular smaller-scale
variations. Small-scale maxima of Ca/Al are statisti-
cally related to greenish gray layers (often limestones),
as it is shown by Student t Test analysis (Table 2).

The Si/Al record shows strong variations related to
the true megabeds in the lower 40 m of the section with
distinct maxima associated with the megabeds. Similar
variations, but with a much smaller amplitude, can be
recognized up to Megabed XI above which the signal
diminishes. Superimposed on this large-scale variabil-
ity, the record shows small-scale variations, which are
related to sediment color, having lower values in the
greenish gray layers and higher values in the olive gray
layers (Table 2).

Rb/Sr is considered as an indicator of chemical
weathering intensity because Rb mainly occurs in

50 60 m 0 5
x107°
\
AN
N
N
N
N
50 60 m 0 100 200
N
AN
2
x10*

Fig. 6. Wavelet spectra of the MS, CA/Al and Rb/Sr records of the Lower La Vedova Beach section in the depth domain.
Wavelet analysis was carried out using the Torrence and Compo (Torrence and Compo, 1998) method implemented in
MATLAB. The autocorrelation coefficient of individual datasets and a Morlet wavelet was used.
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K-bearing minerals, which are relatively resistant to
weathering, and Sr remains in Ca-bearing minerals,
which are sensitive to weathering (e.g., Chen et al.
1999). Rb/Sr shows clear variations related to the
megabeds throughout the entire section with maxima
in marl intervals. Regular variations on a smaller-scale
are evident in the middle and upper part of the section
(i.e., from 30 m up to the top).

The Rb/Al and Ti/Al records, the latter considered
as an indicator of the aeolian terrestrial fraction and
then the wind-borne terrestrial input (e. g., Nijenhuis et
al. 1996), do not clearly track the megabed/marl inter-
val alternations. On the contrary, they show regular
small-scale variations that are thicker in the lower
20 m and become thinner in the upper part of the sec-
tion. Small-scale variations seem to be related to sedi-
ment color, showing lower values in the greenish gray
layers (Table 2).

4.6 Time series analysis

MS, Ca/Al and Rb/Sr proved to be the most suitable
records for time series analysis. All wavelet spectra
reveal the signature of a prominent ~7 m cycle in the
lower 40 m of the section, which corresponds to Mega-
beds I[I-VII (Fig.6). Upwards, a much less distinct
3—-3.5 m cycle can be recognized in the Ca/Al wavelet
spectra (Fig.6), which may reflect the thinner mega-
beds described from this part of the section. In addi-
tion, enhanced power maxima associated with a 0.5—
1.0 m cyclicity are recurrently observed between 40
and 63 m (Fig.6).

The results of the wavelet analysis are confirmed by
the outcome of the Blackman-Tukey spectral analysis;
the latter was run separately for the 0—40 and 40—63 m
intervals to avoid distortion caused by inferred
changes in sedimentation rate suggested by the upward
decrease in the thickness of the megabeds, as con-
firmed by the outcome of the wavelet analysis. The
spectra of the two intervals reveal dominant peaks of
~7 and 3-3.5m, respectively (Fig.7). These cycles
correspond to the alternation of megabeds and marl
intervals identified in the section and show a similar

decrease in thickness. The bandpass filtered ~7 m cy-
cle in the lower part of the section agrees well with the
megabeds. The same holds for the filtered 3—3.5 m
cycles in Rb/Sr in the upper part of the section. How-
ever, in this part, the filtered MS and Ca/Al compo-
nents suggest that one or two extra cycles are present
in the interval between 40 and 50 m. Spectra in addi-
tion reveal peaks at higher frequencies that correspond
to cycles with a thickness of ~1.5 and ~0.7 m in the
lower and upper part of the section, respectively
(Fig.7). Bandpass filtering of these cycles, applied to
Ca/Al, CaCO; and Rb/Al records, reveals amplitude
variations often higher in the marl intervals in between
the megabeds (Fig.8).

5.  Tuning and astronomical
time scale

5.1 Tuning to eccentricity

The calibration of the magnetostratigraphy to the po-
larity time scale of the ATNTS2012 (Hilgen et al.
2012) (Fig.4) suggests that the megabed scale alterna-
tions are related to the ~100-kyr eccentricity cycle
with 10.5 alternations in 1.1 myr, between 16.268
(C5Cn.In(o) at —2.90 m, Turco et al. 2011a) and
15.160 Ma (C5Bn.2n(0) at 56.385 m, this paper). The
same holds for the associated 7 and 3—-3.5 m cycles
detected by time series analysis of the proxy records
(Fig.7). However, to establish a tuning, the phase re-
lation between the megabed/marl interval alternations
and eccentricity should also be known. In the Lower
La Vedova Beach section, the records, which best
show variability on the megabed scale throughout the
succession, are those of the G. trilobus gr., MS and Rb/
Sr (Fig.9). Following the previously established phase
relation between these proxies and precession/eccen-
tricity cycles (e.g., Zinsheng et al. 2001, Sprovieri et
al. 2002) maxima in the G. trilobus gr. (albeit less clear
in the upper part of the section), MS and Rb/Sr suggest
that the marl intervals in between the megabeds corre-
spond to eccentricity maxima. Consequently, mega-

Fig.7. A) Blackman-Tukey spectra of the MS, Ca/Al and Rb/Sr records for the 0—40 m interval in the Lower La Vedova
Beach section in the depth domain and results of bandpass filtering of the prominent ~7 m cyclicity; B) Blackman-Tukey
spectra of the MS, Ca/Al and Rb/Sr records for the 40—63 m interval in the Lower La Vedova Beach section in the depth
domain and results of bandpass filtering of the prominent ~3-3.5 m cyclicity at frequencies of 0.30 + 0.20, 0.36 + 0.084,
0.35+0.15 and 0.28 + 0.12 cycle/m, respectively. The Analyseries program of Paillard et al. (1996) and 80 % confidence
level were used. The 80 % confidence level interval is indicated by the lower and upper spectra (red and green lines, respec-

tively).
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Fig. 8. Bandpass filtering of the higher frequency spectral peaks at frequencies of 0.65 + 0.35 (Ca/Al),0.70 + 0.65 (CaCO3)
and 0.73 + 0.14 (Rb/Al) cycle/m, corresponding to ~ 1.5 m in the 0-40 m interval, and at frequencies of 1.35 + 0.85 (Ca/Al),
1.37 +£0.85 (CaCO;) and 1.50 + 0.32 (Rb/Al) cycle/m, corresponding to ~0.7 m in the 40—63 m interval.

beds correspond to eccentricity minima. A similar
phase relation is also suggested by the clusters of
greenish gray layers and the preferentially higher am-
plitudes of the filtered higher frequency proxy cycles
occurring in the marl intervals (Fig.8). In view of the
ratio thickness of the cyclicity, these high frequency
cycles should correspond to precession and the ob-
served amplitude variations to the amplitude modula-
tion of precession by eccentricity.

For the tuning to eccentricity, we preferred to start
from the megabed/marl interval alternations rather
than to use the bandpass filtered components. The rea-

son for this is that the outcome of the bandpass filter-
ing is complicated by the reduction in thickness of the
megabed/marl interval alternations in the section,
supposedly reflecting a lowering of the sedimentation
rate. This reduction in thickness of the megabed scale
cycles does not occur abruptly, but rather gradually
between 40 and 50 m, and may explain the one or two
extra cycles that are observed in the bandpass filtered
components in MS and Ca/Al in this interval.

The tuning can proceed from the top of the section
downward, following the previously established tun-
ing of the younger Upper La Vedova Beach section
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(Hiising et al. 2010) to which it is stratigraphically
connected. The top of the Lower La Vedova Beach
section thus coincides with the base of the distinctive
interval with thinly bedded limestones that marks
the 405-kyr eccentricity minimum around 15.0 Ma
(Hiising et al. 2010). Megabeds XIII to II in our section
are tuned to successively older ~ 100-kyr eccentricity
minima, following this 405-kyr minimum (Fig.9). The
resulting tuning is consistent with the weakly devel-
oped marl intervals between Megabeds X and XI, VI
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and VII, II and I, which mark the low amplitude
~100-kyr maxima in the 405-kyr minima at 15.4 Ma,
15.8 and 16.2 Ma, respectively. The 3 distinct marl
intervals between Megabed XI and the top of the
section, Megabeds VII and X, Megabeds III and VI
correspond to the three prominent ~ 100-kyr maxima
which denote the 405-kyr maxima around 15.2 Ma,
15.6 Ma and 16.00 Ma, respectively. According to this
tuning, the thick Megabeds III and VII coincide with
marked ~100-kyr minima at 16.13 and 15.75 Ma,

Eccentricity +

Fig.9. Tuning of the Lower La Vedova Beach section to the Laskar 2004, ;, eccentricity target curve. The middle points
of megabeds and the intervening marl intervals have been correlated to minima and maxima of 100 kyr eccentricity, respec-
tively. The phase relation is inferred from G.trilobus gr., MS and Rb/Sr records. The 5 pma of MS and Rb/Sr records (blue

lines) are plotted on top of the raw data (black lines).
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while the thinner Megabeds 1I and IV correspond to
weak ~100-kyr minima. Further constraints come
from the tuning of the downward extension of our sec-
tion near Ancona (unpublished data). The elemental
proxy records in this section reveal a marked increase
in amplitude of the signal associated with the preces-
sion related cyclicity below the megabeds. This in-
crease logically reflects the 405-kyr eccentricity
maximum around 16.4 Ma marked by two distinct
~ 100-kyr maxima (unpublished data). Note, however,
that G. trilobus gr., MS and Rb/Sr maxima do not per-
fectly fit with the pattern of eccentricity maxima (e.g.,

G.trilobus gr. pronounced maximum in the marl inter-
val between Megabeds VI and VII, which supposedly
corresponds to a weak 100 kyr eccentricity maximum)
(Fig.9).

The tuning to eccentricity was used to establish a
first order astronomical age model with two tie-points
per 100-kyr cycle. These tie-points were visually se-
lected as the midpoints of the calcareous and marl in-
tervals of the cycles and tuned to the correlative mini-
mum and maximum eccentricity, respectively. This age
model was used to establish eccentricity tuned time
series for the proxy records. Not surprisingly, spectral
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Fig.10. MTM spectra of the eccentricity tuned Rb/Sr and MS time series and comparison of the extracted ~ 100-kyr cycle

with eccentricity.
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analyses of these time series revealed the presence of
a ~100-kyr eccentricity-related cycle as the proxy
records have been tuned to eccentricity (Fig.9). This
eccentricity related signal was extracted by means of
bandpass filtering and is compared with eccentricity in
Figure 10. However, spectral analysis also detected
precession-related variability (Fig. 11). Bandpass filter-
ing was applied to extract this signal from the Rb/Sr
and Rb/Al time series, which show this scale of cyclic-
ity most clearly (Figure 11). All filtered components
are shown as overlay on the proxy records for direct
comparison with the time series (Figs. 10 and 11).

5.2 Tuning to precession and insolation

The final age model is generated by the tuning of the
high frequency cyclicity to precession and 65° Nlat
summer insolation. The latter is widely used as target
curve in the Mediterranean for reasons outlined in
Lourens et al. (1996) and provides a good fit with the
cycle patterns. However, a recent modeling study (Bos-
mans et al. 2015) suggests that alternative target curves
can better be used, as the forcing of both the precession
and obliquity signal likely comes from low-latitudes.
Nevertheless, the insolation patterns remain essentially
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Fig.11. MTM spectra of the eccentricity tuned Rb/Sr and Rb/Al time series and bandpass filtered precession-related com-

ponents shown as overlay on these time series.
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the same and, for this reason, we stick here to the clas-
sical 65° Nlat summer insolation curve. For the tuning
at the precession scale, again the phase relation with
the target curve(s) has to be known. However, the issue
of the phase relation of the cycles with precession and
insolation has proven to be particularly challenging
because the structure of the basic cycle in the section is
not clearly developed and the phase relation between
proxies and astronomical cycle may have changed over
time. Following the Mi 3b shift to heavy values in 830
at 13.8—13.9 Ma, which marks the end of the Middle
Miocene Climate Transition and the occurrence of the
first sapropelitic layers in basic precession-controlled
cycles typical of the Mediterranean late Neogene
(Mourik et al. 2010), the phase relation with precession
and insolation is relatively straightforward. Sapropels,
associated with maxima in redox-sensitive elements
(such as V) and productivity indicator Ba/Al and with
minima in aeolian terrestrial fraction indicators, such
as Ti/Al, Zr/Al, Rb/Al, and planktonic foraminifera
880 and 8'°C (e.g., De Visser et al. 1989, Van Os et
al. 1994, Nijenhuis et al. 1996, Schenau et al. 1999,
Wehausen and Brumsack 2000, Calvert and Fontugne
2001, Mourik et al. 2010), correspond to precession
minima and obliquity maxima, and hence to (boreal)
summer insolation maxima. This phase relation re-
mains remarkably constant up to the most recent sedi-
ments deposited in the Mediterranean, although the
youngest sapropels of late Quaternary may reveal a
time lag of up to ~3 kyr relative to the astronomical
forcing due to the influence of the ice ages and cold
climate phases, such as the Younger Dryas, that occur
superimposed on deglaciations (Ziegler et al. 2010), or
to magnitude of meltwater pulses in combination with
sea-level rise (Grant et al. 2016). Sapropels are further
often associated with maxima in the planktonic
foraminifera Globigerinoides spp. (Sprovieri 1992,
Nijenhuis et al. 1996, Schenau et al. 1999, Sprovieri et
al. 2006). On the contrary, the phase relation between
limestone beds (associated with Ca-maxima) and pre-
cession/insolation is not constant. In the Pliocene Trubi
Formation limestone beds correspond to precession
maxima/insolation minima (Hilgen 1991), whereas in
the middle Miocene Monte dei Corvi beach section
limestone beds, in which sapropels tend to develop,
correspond to precession minima/insolation maxima
(Hilgen et al. 2003).

Prior to the Mi3b oxygen isotope increase, the
phase relation between the proxies changed, although
not abruptly. In the La Vedova High Cliff section be-
tween 14.2 and 13.8 Ma Ti/Al minima mostly corre-

spond to V/Al minima and Ca/Al maxima, and to 8'*C
and to a lesser extent 880 maxima (Mourik et al.
2010). This relation between proxies seems to be sim-
ilar to that observed in the older Upper La Vedova
Beach section (Hiising 2008, Hiising et al. 2010) and
in its downward extension (this paper). The question
that remains is which phase relations with precession
and insolation remain constant and which phase rela-
tions become reversed. In the Upper La Vedova Beach
section between 15.29 and 14.17 Ma, limestone beds
(Ca-maxima) are often associated with minima in MS
and maxima in Ba/Al and V/Al, whereas their relation-
ship with Ti/Al and Zr/Al is not consistent throughout
the entire section (Hiising 2008, Hiising et al. 2010).
Limestone beds were initially tuned to precession min-
ima/summer insolation maxima, on the basis of the as-
sociated V/Al and Ba/Al maxima (Hiising 2008, PhD-
thesis); this phase relation was based on the assump-
tion that the sedimentary expression of sapropels is
lacking, but that the associated reducing conditions are
still expressed as V/Al maxima. However, in the paper
that was subsequently published (Hiising et al. 2010),
the same limestone beds were tuned to precession
maxima/summer insolation minima assuming an op-
posite phase relation following suggestions by the
referees on the basis of the heavier values of bulk 8'%0
and 8'3C isotopes observed in the limestone beds
(Mader et al. 2004).

In the Lower La Vedova Beach section (this paper),
the build-up of the basic cycles is not clearly expressed
even in the marl intervals, between the megabeds, cor-
responding to 100 kyr eccentricity maxima. However,
the core color record shows that the greenish gray
layers are intercalated in the predominant olive gray
sediments; these layers are composed of marls or
marls associated with a limestone bed at the base or at
the top. The clustering of these greenish gray layers in
the marl intervals corresponding to 100 kyr eccentric-
ity maxima, suggests that they are the expression of
the precession scale cyclicity. This high frequency
cyclicity is also portrayed by the proxy records as MS,
Rb/Sr, Ti/Al, Rb/Al and Ca/Al (Fig.12). In particular,
minima in Ti/Al, Rb/Al, Rb/Sr and MS, and maxima
in Ca/Al are generally found in the greenish gray
layers. These layers are also associated with maxima
in the G.trilobus gr. (Table 2). Assuming that the
phase relation of the terrestrial fraction indicators and
Globigerinoides with precession/insolation cycles re-
mains constant, then minima in Ti/Al, Rb/Al, Rb/Sr
and MS and associated maxima in Ca/Al correspond to
precession minima/insolation maxima, of which the
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greenish gray layers are the lithological expression.
Accordingly, we used this phase relation to tune the
section to the Laskar 2004, ;) insolation target curve
(Laskar et al. 2004) (Fig.12). Starting point was the
tuning of the megabed/marl interval alternations to
eccentricity with the marl intervals corresponding to
100 kyr maxima and the megabeds to the 100 kyr
minima (Fig.9). First we tuned the precession scale
cycles in marly intervals to high amplitude insolation
cycles in the correlative 100-kyr eccentricity maxi-
mum. The tuning was then expanded by correlating

precession scale cycles in the megabeds to low ampli-
tude insolation cycles in the correlative 100 kyr eccen-
tricity minimum (Fig. 12). The tie points used for the
tuning to insolation curve are indicated by crosses and
were selected considering the high frequency variabil-
ity of all the proxies (Fig.12).

However, in view of the uncertainties of the phase
relation between Ca-maxima and precession/insola-
tion cycles (e. g., Mader et al. 2004, Husing et al. 2010)
we also prepared a tuning based on the opposite phase
relation (Supplementary material C, Fig.C1).
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Fig.12. Tuning of the MS, Rb/Sr, Rb/Al, Ti/Al and Ca/Al 3 pma records of the Lower La Vedova Beach section to the
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6. Discussion

6.1 Magnetobiostratigraphy and
astronomical calibration

The tuning results in astronomical ages for magnetic
reversal boundaries and calcareous plankton events
recorded in the Lower La Vedova Beach section. These
events were calibrated starting from both the tuning
to eccentricity and to insolation (Table 3). The ages for
the C5Cn.1n/C5Br and C5B1/C5Bn.2n boundaries are
older than the ages for the same boundaries in the most
recent standard Geological Time Scale (ATNTS2012
of Hilgen et al. 2012), where they were calibrated by
means of interpolation of seafloor spreading rates us-
ing anomaly profiles from the Pacific. In the Lower La
Vedova Beach section the C5Cn.1n/C5Br boundary is
dated 43/56 kyrs older than in ATNTS2012 at 16.017/
16.030 Ma; the age difference between our calibration
and ATNTS2012 is greater (104/91kyrs) for the
C5Br/C5Bn.2n boundary dated at 15.264/15.251 Ma
(Table 3). This age discrepancy does not seem to be
due to tuning problems, since the tuning of the Lower
La Vedova Beach section is consistent with the tuning
of the younger Upper La Vedova Beach section of
Hiising et al. (2010) and the succession below the
megabed interval as exposed in sections near Ancona
(unpublished data).

The astronomical ages for the calcareous plankton
events (based on the tuning to eccentricity and to inso-
lation) are presented in Table 3 and compared with the
magnetostratigraphic ages according to the revised age
model of Turco et al. (2011a) in this study. The astro-
nomical ages are different with age discrepancies up to
~50 kyr for the bioevents recorded in the short normal
polarity intervals (C5Cn.1n and C5Bn.2n) and up to
200 kyr for the bioevents associated with the long re-
versed interval (C5Br). The astronomical ages should
be considered more reliable than the magnetostrati-
graphic ages for several reasons. In the first place, the
tuning is likely correct on the eccentricity scale, based
on the agreement between the cycle pattern and the
eccentricity target curve. Secondly, the number of tie-
points in the magnetostratigraphic age model is limited
so that constant sedimentation rates had to be inferred
over prolonged stratigraphic intervals, while the thin-
ning of the megabeds suggests a reduction in sedimen-
tation rate in the middle reversed part of the section.

The integrated magnetobiostratigraphy and tuning
of the La Vedova section can be tested by comparison
with the Moria section (Marche region, central Italy).

The latter section has not been tuned and has a low
resolution magnetostratigraphy, but single crystal
“Ar/3°Ar dates for several ash-beds and a high-resolu-
tion calcareous plankton biostratigraphy are available
(Deino et al. 1997, Di Stefano et al. 2008). The “°Ar/
3Ar ages were calculated, using an age of 27.84 Ma
for the Fish Canyon sanidine (FCs) dating standard,
but have been recalculated relative to the astronomi-
cally calibrated FCs age of 28.201 Ma (Kuiper et al.
2008) for direct comparison with our astronomical
tuning of La Vedova. The two youngest of the three
ash-beds dated in the Moria section by Deino et al.
(1997) are relevant for our study. They are intercalated
in the Siliceous-Calcareous Member of the Schlier
Formation, which corresponds to the interval of the
Massive Member marked by the seven Megabeds at
La Vedova. The top of both these stratigraphic inter-
vals is closely approximated by the base of the Sphe-
nolithus heteromorphus Paracme and falls within the
second influx of Globoturborotalita woodi, indicating
that this level is synchronous between the sections
(Deino et al. 1997, Di Stefano et al. 2008, Turco et al.
2011a and this paper). However, it is not clear whether
the base of these members is also synchronous in the
two sections, due to lack of high-resolution biostrati-
graphic control in this interval.

The stratigraphic position of the youngest dated
Moria ash-bed (76.8 m in the section of Deino et al.
1997 corresponding to the level of 28 m in the section
of Di Stefano et al. 2008) is close to the top of the
Siliceous-Calcareous member, just below the base of
the S. heteromorphus Paracme and the second influx of
G.woodi (Deino et al. 1997, Di Stefano et al. 2008,
Turco et al. 2011a). This suggests that this ash-bed
corresponds with that detected at La Vedova at 35 m
(Fig.4). Unfortunately, the age of the Moria ash-bed
is complicated by a bimodal age distribution, but its
recalculated age of 15.70 +0.16 Ma is nevertheless
within error consistent with the estimated astronomi-
cal age of ~15.75Ma at La Vedova (Fig.9) and thus
in agreement with our tuning. The other dated ash-bed
of interest, located at 58.4 m in the Moria section of
Deino et al. (1997), likely corresponds to one out of
two ash-beds found at ~13 and 11 m in the same sec-
tion by Di Stefano et al. (2008). Both ash-beds are in-
tercalated well below the Helicosphaera ampliaperta
LCO (Di Stefano et al. 2008). Downward extrapola-
tion of the sedimentation rate, calculated with the help
of the astronomical ages for the base of the first influx
of G.woodi gr. (16.014 Ma) and the H.ampliaperta
LCO (16.094 Ma), results in respective ages of
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~16.25Ma and 16.33 Ma for these two ash layers at
Moria. These ages are within error consistent with the
recalculated single crystal “°Ar/*°Ar sanidine age of
16.39 + 0.16 Ma. These ash-beds have not been detect-
ed in the Lower La Vedova Beach section, but should
be located below the base of the section again in agree-
ment with our tuning. The detailed comparison reveals
that our astronomical tuning of the Lower La Vedova
Beach section is in agreement with the independent
radio-isotopic age constraints from the Moria section.
It further shows that the published magnetostratigra-
phy of the La Moria section and its calibration to the
polarity time scale are likely flawed.

6.2 Phase relations

The problem of the phase relation with precession and
insolation is fundamental but complex. Evidently, the
relation between the proxies changes across the Mi 3b
event and, thus, the associated glacio-eustatic sea-level
lowering and/or climate changes were likely responsi-
ble for this change. If we assume that prior to Mi 3b
event the phase relation between Ca/Al, V/Al, Ti/Al
and Zr/Al with precession remained constant then the
phase relation with the oxygen and carbon bulk iso-
topes became opposite. In that case, Ca/Al and V/Al
maxima and Ti/Al and Zr/Al minima correspond to pre-
cession minima and summer insolation maxima, just
as is the case for the interval younger than the Mi 3b.
The V/Al maxima may point to reducing conditions,
but sapropels did not develop. Note, however, that the
distinct quadripartite structure of the precession related
cycles above the Mi 3b event with the development of
sapropels in the limestone beds complicates the relation
between Ca/Al maxima and precession minima. In the
presently studied section, the greenish gray marl/lime-
stones show the same phase relation, being character-
ized by Ca/Al maxima and Ti/Al and Zr/Al minima, al-
though V/Al does not show an univocal relationship
with these layers (Table 2). The Ti/Al and Zr/Al mini-
ma can be explained by an enhanced fluvial signal,
while the maxima in the opposite phase of the cycle
point to a relatively larger input of eolian material.
Sapropels only develop after the Mi 3b, suggesting an
intensification of the African monsoon or, alternatively,
that this part of the Mediterranean became more en-
closed, possibly as a consequence of the sea-level low-
ering associated with the Mi 3b, and, therefore, more
sensitive to monsoonal or Atlantic induced climate
variability. This may also explain why the isotope shifts
to lighter values started to be recorded in the sapropels

and/or the associated limestone beds only from the
Mi 3b onwards. Before the Mi3b the 880 shifts to
heavier values in the limestone beds may be explained
by the fact that they do not record the summer signal
with the stronger heating and enhanced outflow of flu-
vial run-off, but instead the colder winters which are
also associated with precession minima.

According to this scenario, the limestone, or Ca/Al
maxima, correspond to the basic couplet/doublet lime-
stone-marl cycle as depicted in Hilgen et al. (2003,
their Fig.2) with sapropels starting to be intercalated
in the limestone beds above the Mi 3b during eccen-
tricity maxima when precession amplitudes are en-
hanced, resulting in the characteristic quadruplet struc-
ture of the cycles in the upper part of the La Vedova
High Cliff and lower part of the Monte dei Corvi sec-
tions. According to the alternative scenario, the phase
relation between limestone beds, or Ca/Al maxima,
would become opposite across the Mi 3b. The lime-
stone beds and intercalated sapropels correspond to
precession minima from ~13.8 Ma onwards, while
they correspond to precession maxima in older inter-
vals. For the moment, we consider the first option with
the limestones beds and associated maxima in Ca/Al
and G.trilobus gr. and minima in Ti/Al and Zr/Al cor-
responding to precession minima more likely, as that
implies less drastic changes in the underlying climate
changes.

The uncertainty in the phase relation between sedi-
mentary cycles and precession (and obliquity) has ma-
jor consequences for attempts to reconstruct the tidal
dissipation (TD) and dynamical ellipticity (DE) values
in the astronomical solution through detailed compar-
ison with the cyclostratigraphic record (see Zeeden et
al. 2014). In view of these uncertainties, we preferred
to use the La2004 astronomical solution with present
day values of TD and DE (written as La2004, ;)) in the
present study. Nevertheless, some attempts have been
made to reconstruct the TD and DE values based on
the detailed cyclostratigraphy in the Upper La Vedova
Beach section by Hiising et al. (2010). In that paper, a
TD value of 0.9 results in a good visual fit with the
intricate precession-obliquity interference patterns,
while in Hiising (2008) a value of ~ 1.2 is favored as a
consequence of the preferred opposite phase relations
(the patterns in the insolation target curve essentially
becomes mirrored). The latter value is similar to the
one that has been inferred from the lower part of the
Monte dei Corvi section (Hilgen et al. 2003, Hiising et
al. 2007). Thus the problem of the phase relation has
to be solved before TD-DE values can be reliably es-
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tablished. This is critical for comparison with studies
that use models of ice volume and mantle convection
for reconstructing TD/DE (Morrow et al. 2012).

6.3 Origin of megabeds

6.3.1 Long period astronomical cycles
and the MMCO

The magnetobiostratigraphic age constraints indicate
that the megabeds are related to the ~100-kyr eccen-
tricity cycle and that the megabed interval (I-VII) cor-
responds to two successive 405-kyr eccentricity mini-
ma and the maximum in between. The limestone part
of a cycle (megabed) corresponds to ~100-kyr mini-
mum and the marly interval to ~100-kyr maximum.
The expression of megabeds continues up to the top of
the section, although these younger cycles are much
less indurated and have a more marly appearance.
Nevertheless, the true Megabeds [-VII are not well
expressed in the CaCOj; content, but in Si/Al (Fig.5).
The indurated character of these beds may thus be ex-
plained by an increase in Si rather than in CaCOj; con-
tent. Remarkably, the sedimentation rate is significant-
ly reduced in the upper part of the section, which on
average has a lower carbonate content. The higher sed-
imentation rate in the lower part may be related to the
increase in Si content observed in the true megabeds
(Fig.5). This Si is likely of biogenic origin and may
represent an intermittent decrease in Si content com-
pared to the older Bisciaro Formation that is found
stratigraphically ~65 m below the megabeds in coastal
cliff sections near Ancona. This unit is composed of
marls and limestones with a high volcanoclastic com-
ponent. Nevertheless, the Si in the Bisciaro Fm is main-
ly of biogenic origin, although diagenesis has altered
the original opal-CT into microcrystalline quartz
(Morandi and Tateo 1992). In the world oceans, a pos-
itive correlation is often found between sediment accu-
mulation rate and biogenic silica preservation (e.g., De
Master et al. 1996, Ragueneau et al. 2000). In these cas-
es, it is inferred that the higher accumulation rate has
contributed to enhanced biogenic silica preservation
efficiency, but the additional preservation of biogenic
silica will also result in higher sedimentation rates.

The expression and amplitude of the small-scale
precession related cycles is reduced in the megabed
interval. This suggests that this interval may corre-
spond to a minimum in the 2.4 myr eccentricity cycle,
when precession amplitude is reduced as a conse-
quence of minimum eccentricity over a prolonged in-
terval of time. However, these minima are reached at

14.2 and 16.6 Ma, thus excluding a link to this very
long period eccentricity cycle. Also a relation with the
shorter 1.0 myr eccentricity cycle is not evident.

The megabed interval between 16.3 and 15.7 Ma
encompasses a minimum (node) in the 1.2 myr obli-
quity cycle, in which the Mi2 glacial is placed at
around 16 Ma (Fig.5 in Boulila et al. 2011). However,
it is not clear how such an obliquity node and associ-
ated, but much shorter, glacial episode may have af-
fected the Mediterranean, as cycle patterns are domi-
nated by the combination of eccentricity and preces-
sion, and the top and bottom of the megabed interval
are controlled by successive minima of the 405-kyr
eccentricity cycle. Also a relation with eustatic sea-
level is not evident, as the interval does not coincide
with a marked sea-level high- (or low-) stand (Haq et
al. 1987, Miller et al. 2005).

Alternatively, one may argue that the megabed in-
terval marks the acme of the MMCO. The MMCO
stretches from 17.0 to 15.0 Ma, just before the cooling
trend towards the Mi 3b isotope event starts. High-res-
olution climate proxy records from the open ocean do
not reveal that the interval between 15.7 and 16.3 Ma
is represented by a climax phase of the MMCO (Hol-
bourn et al. 2007).

6.3.2 Langhian transgression and tectonics
Regional tectonics provide an alternative explanation
for the megabed interval, that is not related to any of
the very long period eccentricity (or obliquity) cycles.
The megabed interval can be related to the so-called
Langhian transgression that is widely recorded in the
circum-Mediterranean region, including the Parate-
thys (base Badenian) (e.g., Rogl 1998). This trans-
gression, which is supposed to correspond to the Prae-
orbulina event (Rogl 1998), may have led to a restora-
tion of the connection with the Indian Ocean, resulting
in the migration of sub-tropical faunal elements into
the Mediterranean-Paratethys area (Rogl 1998).

But what is the age of the Langhian transgression?
On Tremiti Islands (Adriatic Sea) this transgression is
documented by the sedimentation of shallow marine
glauconitic sands, which overlie Eocene limestones
with an angular unconformity. The deep marine
(hemi-)pelagic sedimentation starts below the Acme,
of Paragloborotalia siakensis in the middle of the
S. heteromorphus Paracme (Di Stefano et al. 2008).
The base of P.siakensis Acme, and the S. heteromor-
phus Paracme have estimated ages of 1548 and
15.74 Ma respectively (Table 3). This suggests that the
local onset of marine sedimentation on Tremiti Islands
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may correspond to the top of the megabed interval at
La Vedova. The Langhian transgression supposedly
has a tectonic origin (Rogl 1998) and, in case of Tre-
miti Islands, may reflect deepening of the foreland
basin, as a consequence of thrust loading, due to the
rapidly advancing orogenic front. In that case, the
megabeds at La Vedova may be associated with a
phase of tectonic quiescence in the evolving orogen.

During the Neogene, the Apennine system migrated
northeastwards with the marly Schlier Formation and
turbiditic Marnosa-Arenacea Formation becoming
progressively younger towards the NE (e. g., Boccaletti
etal. 1990). Tectonic phases are supposed to be reflect-
ed in the internal subdivision of the Schlier Formation
(e.g., Guerrera et al. 2012). The Marnosa-Arenacea
Formation is characterized by the occurrence of marly
members deposited on top of the turbidites of the for-
mation, reflecting the — local — end of turbidite deposi-
tion and, potentially, orogenic phases of the Apenninic
system (Ricci Lucchi and Ori 1985, Guerrera et al.
2012). However, the exact relation of these members
with the Schlier succession exposed in the La Vedova
section is not clear.

Interestingly, Bohme (2003), studying thermophilic
ectothermic vertebrates from the middle Miocene of
Central Europe, describes a first phase of enhanced
seasonality especially in precipitation between 16.3
and 15.7 Ma, i.e. almost exactly the interval of mega-
bed formation. The author relates this to a tectonic re-
organization of the Central Paratethys realm, with sub-
duction of the North European platform and back-arc
extension leading to extensive volcanism and the for-
mation of a volcanic belt, which may have affected re-
gional atmospheric circulation. In this particular case,
the absence of a relation with long period eccentricity
is remarkable as eccentricity modulates the precession
amplitude and, hence, has a strong effect on seasonal-
ity. The enhanced volcanic activity may also have con-
tributed to the deposition of sediments enriched in bio-
genic silica in the megabed interval. The presence of
radiolarians within Megabed VII (33-35m) can be
regarded as evidence for such a scenario. In addition,
washed residues reveal a strong reduction in the
amount of foraminifera, suggesting that the biogenic
silica producing system was less favorable for fora-
minifera.

6.4 Langhian GSSP

The Lower La Vedova Beach section is one of two can-
didate sections for defining the base of the Langhian in

the Mediterranean (Iaccarino et al. 2011). The magne-
tobiostratigraphy, previously published (Turco et al.
2011a) and here revised (Fig.4), shows that the suc-
cession is continuous across the Burdigalian/Langhian
boundary. Moreover, the recommended guiding crite-
ria to identify the base of the Langhian — the Praeor-
bulina datum (i.e., P.glomerosa curva FO following
Turco et al. 2011b) and the top of Chron C5Cn — are
both recorded in the section (Iaccarino et al. 2011,
Turco et al. 2011a, Turco et al. 2011b, this paper).

Important extra criteria for defining GSSPs in the
Neogene are that the section should be astronomically
tuned and contain the entire stage in a continuous ma-
rine section, representing a unit stratotype for the stage
in addition to the GSSP (Hilgen et al. 2006). The tun-
ing of the Lower La Vedova Beach section seems ro-
bust at the eccentricity scale, while is less straight-
forward on the precession scale, as the expression of
the basic precession related cycles is not always clear.
This is especially evident in the megabed interval that
spans the boundary interval, if one prefers to define
the boundary close to or at the magnetic reversal asso-
ciated with the younger end of C5Cn. In addition, the
cliffs of La Vedova contain the entire Langhian stage
in an essentially continuous and well-tuned succes-
sion, from its top as recorded in the La Vedova High
CIliff section (Mourik et al. 2010) to its base in the
section presented in this paper (Hiising et al. 2010,
Turco et al. 2011a, this paper); the entire La Vedova
composite section can thus serve as a unit stratotype
for the Langhian. The Lower La Vedova Beach section
is in principle suitable to define the GSSP, as it meets
the main selection criteria that were set for other
deep marine sections selected for defining GSSPs in
the Mediterranean (Castradori et al. 1998, Van Cou-
vering et al. 2000, Hilgen et al. 2005). However, at La
Vedova the magnetostratigraphy is not of exceptional
quality but sufficiently enough to determine the posi-
tion of the reversals while the biostratigraphy is affect-
ed by the moderate to poor preservation of the calcare-
ous plankton. Also the other main candidate section
for defining the Langhian GSSP, St.Peter’s Pool on
Malta, is not ideal as boundary stratotype (Iaccarino
et al. 2011). Preservation of the calcareous plankton
is much better resulting in an excellent calcareous
plankton biostratigraphy, but the magnetostratigraphy
is poor.

An alternative option would be to define the GSSP in
a deep-sea core. Several (I)ODP sites might be suitable
for this purpose: ODP Site 925 (Ceara Rise, Equatorial
Atlantic), ODP Site 1264 (Walvis Ridge, South At-
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lantic), ODP Site 1237 (south eastern Pacific), ODP Site
1146 (South China Sea) and IODP Site U1338 (eastern
equatorial Pacific). These sites contain the entire
Langhian and are provided with well-preserved calcare-
ous plankton assemblages, stable isotope records, and/
or good magnetostratigraphy and astronomical calibra-
tion. Moreover, the stable isotope records at Site 1146
and Site U1338 are of exceptional quality, portraying the
paleoclimatic history in great detail between 17.0 and
13.6 Ma for Site 1146 and between 16.0 and 13.0 Ma for
Site U1338. This picture includes the 405-kyr eccentric-
ity related 8'3C cycles of the Monterey event and the dis-
tinct increase in 8'30 associated with the Mi 3b event
that reflects a marked increase in Antarctic ice volume
(Holbourn et al. 2007, Holbourn et al. 2014).

One can further discuss the desirability of defining
a GSSP in a deep-sea core far outside the historical
stratotype area of a stage, but with the progress in as-
tronomical tuning, one can equally well argue that
GSSPs should be defined in the best possible section
or core, as they define global and not regional stages.

7. Conclusions

The magnetobiostratigraphy of the Lower La Vedova
Beach section has been improved compared to an ear-
lier publication (Turco et al. 2011a) by taking a previ-
ously unnoticed fault into account as a result of the
better exposure conditions of the succession.

The magnetic susceptibility and the elemental rec-
ords of the section have been tuned to eccentricity and
precession/insolation, providing astronomical ages for
reversal boundaries and calcareous plankton events for
the interval between 16.3 and ~15.0 Ma.

The tuning to eccentricity seems to be robust (with
the individual megabeds corresponding to 100 kyr ec-
centricity minima), while that to insolation is not al-
ways straightforward. The megabed interval (II-VII)
shows a relation with the 405 kyr eccentricity cycles,
covering two 405-kyr eccentricity minima and the
maximum in between, but not with the long period
eccentricity cycles.

The megabed interval (II-VII), between ~ 16.3 and
15.7 Ma, is probably linked to regional tectonic activ-
ity and the associated circum-Mediterranean Langhian
transgression. As such it may represent the last phase
of biogenic silica enrichment following the older Bis-
ciaro Formation. This regional tectonic scenario would
also explain why this interval is unrelated to any of the
very long period eccentricity (or obliquity) cycles, al-

though a strong control by the 405-kyr eccentricity
cycle is evident.

The Lower La Vedova Beach section meets key re-
quirements for defining the Langhian GSSP, i.e. the
presence of the guiding criteria for its recognition (Top
of Chron C5Cn and Praeorbulina datum), the astro-
nomical tuning and, together with the Upper La Vedo-
va Beach and the La Vedova High CIliff sections, the
presence of the entire Langhian stage in a continuous
and tuned succession. However, the magnetobios-
tratigraphy is not of exceptional quality, the tuning to
precession is not always straightforward and the con-
struction of reliable planktonic and benthic isotope
records is not possible, due to the moderate to poor
preservation of the foraminifera.
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Supplementary material A includes information on the succession of the Lower La Vedova section regarding: i)
details of the alternation of more indurated and prominent limestones (megabed) and more marly intervals, from
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ical elements normalized with Al. The component matrix for the three extracted components (PC1, PC2, PC3) is
shown in Table B1 and their score plots are plotted next to the lithological column of the Lower La Vedova section
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Supplementary material C presents an alternative tuning to precession/insolation based on the opposite phase
relation of limestone beds (and associated Ca-maxima) with precession and insolation cycles (Fig. C1).
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Supplementary material A

Here, supplementary information on the succession of the Lower La Vedova section is
presented. Photographs in Figures Ala-c show details of the alternation of more indurated and
prominent limestones (megabed) and more marly intervals, from the top of the section to Megabed
V. Figure Ald shows the different outcrop conditions of Megabeds VII and VI in 2008, when the

section was sampled, and in summer 2012 after winter storms.







In Figure A2 the internal pattern of the megabeds in the revised composite section of the Lower
La Vedova Beach section is compared with that of the 7 megabeds very well exposed along the
cliffs close to Ancona, suggesting that the missing megabed is Megabed VI. This is further
confirmed by the occurrence of a G. dehiscens peak close to the top of Megabed VI and two ash

layers above it both at La Vedova and Ancona.

Supplementary material B

In this Supplementary material, the results of the Principal Component Analysis carried out on
the geochemical elements normalized with Al are presented. The three extracted Principal
Components (PC1, PC2, PC3) explain 25.51, 14.97 and 13.49 % of the total variance of the data
set, respectively. The component matrix for the three extracted components is shown in Table B1
and their score plots are plotted next to the lithological column of the Lower La Vedova section in
Figure B1.

PC1 shows the highest positive loadings for Rb/Al, followed by Nb/Al, Fe/Al, Zn/Al, S/Al,
Zr/Al, K/Al, Sr/Al, and the highest negative loadings for Mg/Al and Mn/Al (Tab. B1). PC1 score
plot does not track the megabed/marl interval alternations, but shows a good correlation between
minima and greenish gray layers except for the intervals corresponding to Megabeds VI and VII
and Megabed XII (Fig. B1). PC1 score plot is very similar to Rb/Al record.

PC2 has the highest positive loadings for Mn/Al, V/AI, Ti/Al, Ba/Al and Ca/Al, and highest
negative loadings for Zn/Al and Rb/Al (Tab. B1). The score plot of PC2 (Fig. B1) does not show a
clear and consistent relationship with either the megabed/marl interval alternation or the greenish
gray layers.

PC3 shows the highest positive loadings for Ca/Al, Sr/Al and Mg/Al, and the highest negative
loadings for Ti/Al and V/AIl (Tab. B1). The score plot of PC3 does not show a consistent

relationship with either the megabed/marl interval alternation or the greenish gray layers (Fig. B1).







Supplementary material C

In this part of the Supplementary material, an alternative tuning to precession/insolation based
on the opposite phase relation of limestone beds (and associated Ca-maxima) with precession and
insolation cycles is presented (Fig. C1). The limestone beds have been tuned to precession
maxima/summer insolation minima on the basis of the isotope signature, i.e. heavier values of bulk

%0 and 8™C isotopes observed in limestone beds (Mader et al. 2004).







Figure Al_a. Pictures of the Lower La Vedova Beach section showing the succession ol the megabeds
XIIT to IX. Megabeds and the stratigraphic heights of their base and top in the lithologic log are indicated.








Figure Al_b. Pictures of the Lower La Vedova Beach section showing the succession of the Megabeds
VIII to 1 and details of Megabeds VIII and VII. Megabeds and the stratigraphic heights of their base and
top in the lithologic log are indicated.








Figure Al_c. Pictures of the Lower La Vedova Beach section showing the succession of the Megabeds
VIII to T and details of Megabeds VIL VI and V on the left side of the fault. Megabeds and the stratigraphic
heights of their base and top in the lithologic log are indicated.
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Figure Al_d. Comparison of the exposure conditions of Megabeds VII and VI in 2008, when the section
was sampled, and in 2012 after the winter storms.,
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Figure A2. Comparison of the succession of the Megabeds II to VII in
the revised log of the Lower La Vedova Beach section with that exposed
in the coastal cliffs near Ancona. The G. dehiscens peak and two ash-
beds are indicated.








Principal Component Analysis
PC1 PC2 PC3
variance % 25.506 | variance % 14.974 | variance % 13.487
Rb/AI 0.840 | Mn/Al 0.738 | CalAl 0.737
Nb/AI 0.780 | VIAI 0.691 | SriAl 0.486
FelAl 0.678 | TilAl 0.629 | Mgl/Al 0.459
ZnlAl 0.666 | Ba/Al 0.576 | Mn/Al 0188
SiAl 0.658 | CalAl 0.522 | Fe/Al 0.133
Zrial 0.651 | Sr/Al 0.388 | Nb/Al 0.098
KIAl 0.646 | Mg/al D.262 | Sifal 0.085
SriAl 0.526 | S/Al 0.104 | ClIAI 0.072
BalAl 0.386 | SifAl 0.101 | S/Al 0.019
Silal 0.180 | Nb/Al 0.054 | BalAl -0.048
CalAl 0.177 | FelAl 0.016 | Zr/Al -0.114
Ciral 0.099 | Cl/AI -0.008 | Zn/Al -0.137
TifAl 0.065 | Zr/Al -0.065 | KAl -0.169
WAL -0.077 | KIAI -0.124 | Rb/Al -0.191
Mn/Al -0.145 | Rb/Al -0.228 | VIAI -0.675
Mg/Al -0.246 | Zn/Al -0.240 | TifAl -0.733

Table B1. Component matrix for the three extracted axes of Principal Component Analysis.








\")}Q \(-;Q oR
Qéb e}\?* Qéb 2\}?‘ Q&‘b é\‘?‘
"J' G \"J' N \”b' e
e\\ ] e\\?* Q}\?‘ 9
= N 21901 2 3 4 N VS O3RN T = - Td 2490 1 2 3 4
f oF £ Lbbalalalulad o 0 Ll o ¢ Ll bl
-3-3101234 LVC W T A %NS 24 01 2 3 4
S& € &
4-2-10123‘ 2 4 0 1 2 3 4 24 0 1 2 3
—
8|« gﬂi&ﬂ!’
= B
=[
N — _ _ :
<[ 211““-“-
ol “E“n‘;“

8

ViiMegabed
W
i

30

b

Wiiegbed  Vipiad W Magebed

s s

Figure B1. Score plots of three extracted components (PC1, PC2, PC3) and their 3 and 5 pma curves shown next to the
lithologic log of the Lower La Vedova section.
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Figure Cl. Alternative tuning of the MS, Rb/Sr, Rb/Al, Ti/Al and Ca/Al 3 pma records of the Lower La
Vedova Beach section to the Laskar 2004(1,1) 65N lat summer insolation. The Ca/Al maxima (and the
associated MS, Rb/Sr, Rb/Al, Ti/Al minima) have been tuned to precession maxima/summer insolation
minima. The tie-points used for the tuning are indicated by crosses.
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