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ABSTRACT

The discovery of elevated concentrations
of the cosmogenic radionuclide *He in deep-
sea sediments from Ocean Drilling Program
(ODP) Site 926 (Atlantic Ocean) and ODP
Site 757 (Indian Ocean) points toward ac-
cretion of extraterrestrial matter, probably
as a result of the catastrophic disruption of a
large asteroid that produced the Veritas fam-
ily of asteroids at ca. 8.3 + 0.5 Ma, and which
may have had important effects on the global
climatic and ecologic systems. Here, we in-
vestigated the signatures possibly related
to the Veritas event by performing a high-
resolution multiproxy stratigraphic analysis
through the late Tortonian—early Messinian
Monte dei Corvi section near Ancona, Italy.
Closely spaced bulk-rock samples through a
36-m-thick section, approximately spanning
from ca. 9.9 Ma to ca. 6.4 Ma, show an ~5-
fold *He anomaly starting at ca. 8.5 Ma and
returning to background values at ca. 6.9 Ma,
confirming the global nature of the event. We
then analyzed, at 5 cm intervals, bulk-rock
samples for sedimentary and environmen-
tal proxies such as magnetic susceptibility,
calcium carbonate content, total organic
carbon, and bulk carbonate 3*0 and 3"C,
through a 21-m-thick section encompassing
the He anomaly. Available high-resolution
sea-surface temperature data (via alkenone
analyses) for this site show a temperature
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decrease starting exactly at the inception of
the *He anomaly. Cyclostratigraphic fast-
Fourier-transform spectral analyses of the
proxies indicate an age of 8.47 + (.05 Ma for
the inception of the *He anomaly. A search
for impact ejecta (analogous to what is pres-
ent in the late Eocene, where both a *He
anomaly and large-scale impact events are
recorded) was not successful. Detailed cy-
clostratigraphic analyses of our data suggest
that the changes in the stable isotope series
and environmental proxy series through this
late Tortonian time interval had a common
forcing agent, and that perturbations of or-
bitally forced climate cycles are present ex-
actly through the interval with the enhanced
influx of extraterrestrial *He. Thus, the che-
mostratigraphic evidence for a collisional
event that created the Veritas family of aster-
oids, coinciding with climate perturbations
on Earth, suggests yet another form of inter-
action between Earth and the solar system.

INTRODUCTION
Geologic Setting

As a consequence of the Cretaceous-to-present
tectono-sedimentary evolution of the Northern
Apennines accretionary wedge, as synthetically
illustrated in Figure 1A (e.g., D’ Argenio, 1970;
Alvarez et al., 1974; Channell et al., 1979; Cas-
tellarin et al., 1982; Treves, 1984; Marroni et al.,
2001; Cornamusini et al., 2002; Argnani et al.,
2006, and references therein), the complete and
continuous Jurassic to early Miocene pelagic
succession of the Umbria-Marche Basin, for
example, in the type locality of Gubbio, is inter-
rupted in the mid-Miocene by the arrival of the
siliciclastic turbidites of the Marnoso-Arenacea

Flysch. The much-celebrated stratigraphic com-
pleteness of the classic Gubbio pelagic suc-
cession has, in the past half a century or so,
contributed considerably to the ever-improving
resolution of event and integrated stratigraphy of
Earth history (e.g., Menichetti et al., 2016, and
references therein). However, with the arrival
of the flysch, detailed integrated stratigraphic
study cannot be extended into the Miocene.
This interruption did not occur in the eastern-
most part of the Umbria-Marche Basin, along
the Conero Riviera, which extends along the
anticlinal Adriatic promontory between the city
of Ancona and Monte Conero (for location, see
Fig. 1A). Here, turbidite-free, pelagic and hemi-
pelagic carbonates covering the entire Miocene
Epoch all the way up to the early Pliocene are
continuously exposed on sea cliffs. In particular,
the monoclinal sections covering the Langhian
to early Pliocene portion of this pelagic succes-
sion on the eastern cliffs of Monte dei Corvi (for
location, see Fig. 1B) have, in recent years, pro-
moted high-resolution integrated stratigraphic
studies of mid- and late Miocene events, includ-
ing biostratigraphic, chemostratigraphic, mag-
netostratigraphic events and their radioisotopic
and astrochronologic calibrations (Montanari et
al., 1997; Cleaveland et al., 2002; Hilgen et al.,
2003; Mader et al., 2004; Hiising et al., 2010;
Wotzlaw et al., 2014; Tzanova et al., 2015). The
global stratotype section and point (GSSP) for
the base of the Tortonian Stage was established
in the Monte dei Corvi section by Hilgen et al.
(2005). Recently, the stratigraphic stretch com-
prising the Upper Tortonian to the basal Mes-
sinian exposed in a new Monte dei Corvi Beach
section, i.e., the stratigraphical equivalent of the
La Sardella section of Montanari et al. (1997)
exposed up high on the Monte dei Corvi cliff
(Fig. 1B), was proposed by Hiising et al. (2007)
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as a complete Mediterranean reference section
for the Tortonian Stage.

Late Tortonian Extraterrestrial Event

In addition to the constriction of the Medi-
terranean-Atlantic connection and consequent
inception of the Messinian salinity crisis (Hsii
et al., 1973, 1978; Krijgsman et al., 1999), the
late Tortonian hosted another exceptional event,
which may have had important effects on global
climatic and ecologic systems—an extraterres-
trial event consisting of the catastrophic disrup-
tion of a 140 km diameter asteroid, probably
due to a collision in the asteroid belt, which pro-
duced the Veritas family of asteroids ca. 8.3 +
0.5 Ma (Nesvorny et al., 2003). Further astro-
physical studies by Knezevi¢ et al. (2006) in-
dicated that the Veritas family may actually be
made up by several groups of asteroids, the ori-
gin of which may be traced back to ca. 8.9 Ma,
an age similar to, but slightly older than, the one
computed by Nesvorny et al. (2003). The con-
cept that the Veritas family actually comprises
multiple asteroid groups was also advocated by
Michel et al. (2010). In any case, the discovery
by Nesvorny and coworkers predicted that, as
a consequence of the Veritas breakup, Earth
would have been subjected to an enhanced flux
of interplanetary dust particles, which, in their
journey from the asteroid belt to Earth, would
have been enriched in the cosmogenic radio-
nuclide *He. Following the study of Nesvorny et
al. (2003), Farley et al. (2006) discovered a five-
fold increase in *He concentration in late Tor-
tonian deep-sea sediments from Ocean Drilling
Program (ODP) Site 926 (Atlantic Ocean) and
ODP Site 757 (Indian Ocean), seemingly fulfill-
ing the prediction of Nesworny and coworkers.
Unfortunately, ODP core Site 757 has a poor
chronostratigraphic definition (due to a very low
sedimentation rate), whereas the ODP Site 926
record does not extend sufficiently up section to
establish precisely when the anomalous *He flux
returns to a background value. Nevertheless, the
extremely rapid increase of the *He concentra-
tion in these late Tortonian sediments appears
to confirm the global nature of this extraterres-
trial event.

METHODS AND TECHNIQUES

To search for signatures possibly related
to the Veritas event, we performed a high-
resolution multiproxy stratigraphic analysis
through the Upper Tortonian—Lower Messin-
ian Monte dei Corvi Beach section. For this, we
followed the sedimentological and stratigraphic
descriptions and bed numbering of Hiising et al.
(2009), as shown in Figure 2A. First, we col-
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lected closely spaced bulk-rock samples for *He
analysis through a 36-m-thick section spanning
from 106 m to 142 m, and we found the ~5-fold
*He anomaly starting at ~120 m and returning to
background values at ~136 m (Fig. 2B). We then
analyzed, at 5 cm intervals, bulk-rock samples
for sedimentary and environmental proxies such
as magnetic susceptibility, calcium carbonate
content, total organic carbon via loss on ignition
(LOI) analysis, 8'*0, and 8"*C, through a 21-m-
thick section encompassing the He anomaly.
Alkenone analyses on closely spaced samples
were obtained to derive a high-resolution sea-
surface temperature (SST) profile (Fig. 2C) for
this Mediterranean site from the same Monte dei
Corvi Beach section by Tzanova et al. (2015).
Finally, we used the five high-resolution proxy
series plotted in Figures 3C-3D to perform cy-
clostratigraphic spectral analysis. The magnetic
susceptibility (MS) series, which yielded the
most stationary frequency power spectra (see
later herein), led to the identification of long and
short eccentricity cycles, and the tuning of the
Monte dei Corvi Beach section using the so-
lution of Laskar et al. (2004), which indicated
an age of 8.5 Ma for the inception of the *He
anomaly (Fig. 2D).

Helium isotope analyses were performed at
the California Institute of Technology (Pasa-
dena, California) following the method of Muk-
hopadhyay et al. (2001). The analytical results
are shown in Table DR1 in the GSA Data Re-
pository.!

MS analyses were performed on ~40 g,
<5-mm-grain-size dry-crushed (in brass mortar
and pestle) bulk samples at Osservatorio Geo-
logico di Coldigioco (OGC, Apiro, Italy) using
a Bartington MS2B dual-frequency magnetom-
eter at low frequency (0.465 kHz) and x0.1 sen-
sitivity, averaging three measurements for each
sample, and values were mass corrected. Re-
sults are shown in Table DR2 in the GSA Data
Repository (see footnote 1).

Calcium carbonate content (wt% CaCO,)
in 420 bulk-rock samples through the 110—
131 m interval was measured at the OGC with
a Dietrich-Friihling water calcimeter (£2.5%
precision). Calibration was done using a Car-
rara marble standard. Results are shown in Ta-
ble DR2 in the GSA Data Repository (see foot-
note 1). Total organic carbon in weight percent
was obtained at OGC by LOI of dried (at 110 °C
in an oven) and powdered ~5 g bulk samples in
a large Tornati Forni electric kiln with program-
mable pyrometer (400 samples at a time in alu-

!GSA Data Repository item 2017149, Tables DR1—
DR4, is available at http://www.geosociety.org/
datarepository/2017 or by request to editing@
geosociety.org.
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minum caps), at 360 °C for 6 h. The LOI was
obtained by weight difference measured with
a 1-mg-precision electronic scale. Results are
shown in Table DR2 in the GSA Data Reposi-
tory (see footnote 1).

Stable isotope measurements for 8"*C (in per
mil [%o] relative to Vienna Peedee belemnite [V-
PDB]) and 6'*0 (%0, V-PDB) were carried out
on bulk-rock samples at the Vrije Universiteit
Brussel using both a dual-inlet ThermoFinni-
gan delta+XL isotope ratio mass spectrometer
(IRMS) interfaced with an automated Kiel III
device for carbonates, and a Nu Perspective
IRMS interfaced with a Nu Carb automated car-
bonate device for highly sensitive, ultra-precise
isotopic measurements in an automated, high-
throughput workflow. Acidification of the sam-
ples occurred at a temperature of 70 °C for both
instruments. Corrections were carried out using
the in-house standard MAR-2, which is made
of Marbella limestone and has been calibrated
against the international standard NBS-19. On
the basis of replicated measurements on stan-
dards and sampled material, the reproducibil-
ity for both mass spectrometers on the carbon
and oxygen isotopes was estimated at 0.05%o
(1o) and 0.15%0 (10), respectively. Results are
shown in Table DR2 in the GSA Data Reposi-
tory (see footnote 1).

The parts per million (ppm) and parts per bil-
lion (ppb) contents of 41 trace elements from a
selected collection of 23 samples from meter
level 13.5 up to meter level 131.0 were analyzed
by X-ray fluorescence (XRF) and instrumental
neutron activation analysis (INAA) at the Uni-
versity of Vienna following the methods de-
scribed by Mader and Koeberl (2009) for INAA
and Huber et al. (2014) for XRF. Results are
shown in Table DR3 in the GSA Data Reposi-
tory (see footnote 1).

We conducted spectral analyses of the 5-cm-
resolution proxy series spanning from 110 to
131 m level (CaCO,, MS, LOL C_, 60, and
4"3C) in MATLAB using algorithms of Bice et
al. (2011), modified from Muller and MacDon-
ald (2000). In short, we produced periodograms
by performing fast Fourier transforms (FFTs)
of the data (detrended and padded with zeros)
in the stratigraphic domain, which yielded a set
of spectral peaks representing the stratigraphic
wavelengths (periods) of the cycles. We evalu-
ated the statistical significance of spectral peaks
by generating a 95% confidence level (C.L.)
from a Monte Carlo noise simulation (Muller
and MacDonald, 2000). The persistence of the
spectral peaks through the stratigraphic section
was evaluated through the use of an evolution-
ary, or sliding window, FFT. The window size
was chosen to be about one third of the whole
stratigraphic interval analyzed, which is large
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Figure 2. Synoptic stratigraphic scheme of the Monte dei Corvi Beach section. (A) Chronostratigraphy, magnetostratigraphy, and
lithostratigraphy after Hiising et al., (2007, 2009). (B) *He stratigraphy (this work; in 10-12 cm?® per gram of bulk sample [pp/g]) compared
to Ocean Drilling Program (ODP) Site 926 of Farley et al. (2006). ET—extraterrestrial. (C) Sea-surface temperature (SST) profile after
Tzanova et al. (2015), highlighting major environmental events recorded in the Monte dei Corvi Beach section. (D) Astronomical time scale
and tuning of the Monte dei Corvi Beach magnetic susceptibility (MS) series (this work) to the Laskar et al. (2004) eccentricity curve by

means of band-pass (B-P) curves.

enough to enable the detection of short and long
eccentricity signals given the mean sedimenta-
tion rate of the studied interval. Astronomical
tuning and ultimate dating of local and global
environmental and climatic events, as well as
the inception of the *He anomaly recorded in
Monte dei Corvi Beach section, was accom-
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plished through the use of broad band-pass fil-
tering of the MS proxy series, which appears to
be the most consistent and least-disturbed proxy
series recording Milankovitch cycles. Varia-
tions in the MS proxy series between 300 and
500 k.y. were isolated for the long eccentricity
cycle (405 k.y. period). These filtered data were
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then used for correlation via constrained pattern
matching with the theoretical eccentricity curve
of Laskar et al. (2004). We performed the actual
tuning of the composite section by correlating
the maxima of a broad 300-500 k.y. band-pass
curve of the MS time series with the maxima
of the band-pass eccentricity curve of Laskar et

Geological Society of America Bulletin, v. 129, no. 9/10



MCB Section - 2009

5m

Euxinic Shales

=@,
m level 130

In vino Tortoniano veritas

Marls-Sapropels

ET 3He anomaly
MES|TOR - >
member Rossini Brownish Marly
biotite-rich tephra shift
v
N
| I 'VI
| | |
| | |
1 : 1 I I :I 1 1
m 130 125 120
shift
v
MS
wt. %
80 shift
CaCO3 60
40
LOI wt.%o
1.6 ]
1.2 shift
5180 0.8 i v
0.4 -
0.0 - Shift
-0.4 4 v
d13C

110

ppc/g
0.6
0.4
0.2
0.0
SI m3 x kg-1
10
5

Corg wt.% D
15

10

5 E

0

F

wt. %o
r1.0

-0.5

G

0.0

--0.5

Figure 3. (A) Panoramic view of the upper Monte dei Corvi Beach section as it was excellently exposed in 2009, showing the location of
the Tortonian-Messinian boundary, and the succession of lithostratigraphic members described in the text. The sample-to-sample se-
ries of He abundance is plotted over the detailed lithologic log of Hiising et al. (2009). (B) Extraterrestrial (ET) *He (in 10-12 cm® per
gram of bulk sample [ppc/g]). (C) Magnetic susceptibility (MS), (D) CaCO, (wt%), (E) loss on ignition (LOI) Corg Wt%), (F) 80 (%o),
and (G) 8C (%o) series are plotted according to the same lithologic log of Hiising et al. (2009). MES—Messinian; TOR—Toronian.
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al. (2004). The rationale for matching maxima
in MS with maxima in eccentricity is based on
the fact that marly sediments contain a higher
component of magnetic terrigenous material
than limestones, thus reflecting warm and wet
climate conditions in a glacio-eustatic climate
system such as the one of the midlatitude west-
ern Tethys, and these warm and wet conditions
occur during eccentricity maxima (e.g., Cleave-
land et al., 2002).

LITHOLOGICAL, CHEMICAL, AND
MAGNETIC DATA: RESULTS

Lithostratigraphic and
Sedimentologic Analysis

The Monte dei Corvi Beach section was well
exposed (cleaned and completely uncovered)
along the straight and flat-surfaced littoral bluff
at the foot of Monte dei Corvi until the summer
of 2009, allowing Hiising et al. (2007, 2009) to
carry out an extremely detailed lithologic log,
which greatly facilitated our effort to obtain
accurate, closely spaced sampling (Fig. 3A).
The overall Monte dei Corvi Beach section is
devoid of soft sediment slumping or tectonic
deformations, such as faulting, kink folding,
pressure-solution cleavage, or pseudobedding
stylolitization (sensu Alvarez et al., 1985). In a
few places, fibrous-calcite slickenside surfaces
parallel to bedding (or at a very low angle to
it) indicate mild shearing due to flexural slip
folding (see fig. 2 in Hiising et al., 2009). Be-
cause of the ideal exposure conditions in the late
2000s, it was possible to subdivide what was
originally termed the Tortonian Marly Member
of the Schlier Formation by Montanari et al.
(1997) into a succession of lithostratigraphic
members based on the detailed lithologic logs
of Hilgen et al. (2005), and Hiising et al. (2007,
2009). Taking as reference level the GSSP for
the Tortonian in the upper part of the Calcareous
Member of the Schlier Formation at meter level
63.2 (Hilgen et al., 2005), the base of the Marls-
Sapropels Member can be placed at meter level
83.0, where dark, recessive sapropelic horizons
start to rhythmically alternate with gray, promi-
nent marl and marly limestone layers (Fig. 3A).
These lithologies represent midbathyal pelagic
sediments, the carbonate component of which
is mostly made up of high-Mg biogenic calcite
from planktonic foraminifera and coccoliths,
with minor benthic calcareous foraminifera and
rare ostracods, whereas the siliciclastic compo-
nent is made up of hemipelagic, terrigenous silt
and clay of probable eluvial origin; i.e., it origi-
nated from the erosion and runoff of the emerg-
ing Alpine orogen. Marls and marly limestone
layers are strongly bioturbated, showing con-
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spicuous fossil traces of Planolites, which sug-
gest a fairly well-oxygenated and nutrient-rich
paleoseafloor. Good preservation of planktonic
foraminiferal tests and calcareous nannofossils
in these carbonate sediments, including sap-
ropelic marls, through the Tortonian and early
Messinian portion of the Monte dei Corvi suc-
cession (Montanari et al., 1997) suggests high
pH conditions in the depositional and diagenetic
environments.

At meter level 116, the last visible sapro-
pelic marl marks the top of the Marls-Sapropels
Member, which is overlain by a 7-m-thick plain
Marly Member (Fig. 3A). In this interval, Hiis-
ing et al. (2009) reported only four thin sapro-
pelic horizons between 117.9 and 119.7 m. From
meter level 119.7 to 122.9, the Marly Member
loses evident bedding and is completely devoid
of visible sapropelic horizons.

Clear bedding, as defined by alternating,
more or less recessive marls, reappears above
meter level 122.9, where these sediments as-
sume a light-brown tinge, which Hiising et al.
(2009) referred to as the “brownish interval”
up to meter level 127.8. The lower part of this
Brownish Member actually consists of an al-
ternation of gray-blue and brown marly layers,
whereas the upper part is made up of practically
homogeneous or very faintly bedded brown
marls (see fig. 3b in Hiising et al., 2009).

Above the Brownish Member, an ~7.5-m-
thick package of well-bedded, hard, whitish
marly limestones, called the Rossini Member by
Montanari et al. (1997), contains eight volcano-
sedimentary layers (Hiising et al., 2009; Wot-
zlaw et al., 2014), some of which have abundant
biotite. An equivalent unit is also present in Up-
per Tortonian—Lower Messinian sections in the
Romagna Apennines near Faenza, some 160 km
NW from Monte dei Corvi (Vai, 1997; Odin
et al., 1997a; Laurenzi et al., 1997; for loca-
tion, see Fig. 1A). Although the provenance of
the Rossini tephra is not yet known, it provides
evidence of rather intense explosive volcanism
in the vicinity of the Umbria-Marche Basin.
The Tortonian-Messinian chronostratigraphic
boundary was traced by Hiising et al. (2009)
along the sixth volcanosedimentary layer at
meter level 132.5, and approximated to the first
regular occurrence of planktonic foraminifer
Globorotalia miotumida (Globorotalia cono-
miozea group). At about the same stratigraphic
level in the Sardella section, Montanari et al.
(1997) placed the Tortonian-Messinian bound-
ary at the first occurrence of G. conomiozea. Vai
(1997), Odin et al. (1997a), and Laurenzi et al.
(1997) did the same in their Faenza sections.

At about meter level 135.3, some 40 cm be-
low the eighth volcanosedimentary layer, the
first black shale layer, actually a planktonic fo-
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raminiferal marl with a relatively high concen-
tration of organic carbon (kerogen), marks the
base of the Euxinic Shales unit. This unit con-
sists of a rhythmic alternation of more or less
biogenic carbonate-rich sapropelic marls, giv-
ing it the visual appearance of a striped black-
and-white succession.

Extraterrestrial Signatures

The extraterrestrial *He profile in Figure 3B
shows a fairly regular background abundance
around a mean of 0.06 + 0.04 10> cm® per gram
of bulk sample (pcm?/g) up to meter level 119.5
and then a sharp increase in the next sample at
120.0 m up to 0.35 pcm?/g. It is in between these
two samples, thus at 119.75 = 0.25 m in the
Monte dei Corvi Beach section, where we place
the inception of the high influx of interplanetary
dust particles. After a return to background level
in sample 120.5 m, *He concentration shoots
up again, reaching a peak of 0.55 pcm®/g, at
121.5 m and then gradually descend to a low of
0.2 pcm*/g at 124.0 m, which is still higher than
the mean background value of ~0.06 pcm?/g.
This low is followed by yet another sharp in-
crease reaching a third peak of 0.45 pcm®/g at
125.0 m and then return to a value of 0.1 pcm®/g
at meter level 128.0, which is close to but not
quite at background level. At 129.5 m, the *He
concentration rises up again to a small peak of
1.5 pcm?/g and then descends again at 130.0 m
to a mean of 0.1 pcm®/g all through the Rossini
Member (see Fig. 2B). At 135 m, coinciding
with the base of the Euxinic Shales Member,
the mean *He concentration returns definitively
to the initial background level of ~0.06 pcm?/g.
In summary, the inception of the extraterrestrial
SHe anomaly can be confidentially placed at
119.75 £ 0.25 m in the Monte dei Corvi Beach
section, whereas the end of it is tentatively
placed at ~135.0 m.

After confirming the anomalously high *He
concentration through the Monte dei Corvi
Beach section, which indicates a higher-than-
normal flux of extraterrestrial matter to Earth, we
attempted to detect the proverbial (extraterres-
trial) needle in the (sedimentary) haystack (e.g.,
Montanari et al., 1998; Montanari and Koeberl,
2000) by analyzing a suite of 23 samples for
trace-element contents. The aim was to detect a
possible chondritic signature, i.e., elevated con-
centrations of platinum group elements (PGEs)
such as iridium, and other siderophile elements,
including nickel and cobalt, but also chromium
and gold. These trace elements are significantly
more abundant in meteorites than they are in
terrestrial crustal rocks and are thus often used
as proxies for a meteoritic component (see
review by Koeberl, 2014). Iridium and gold
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concentrations turned out to be below the detec-
tion limit in all the analyzed samples (Table DR3
in the GSA Data Repository [see footnote 1]),
whereas Ni, Co, and Cr concentrations mimic
fairly well the concentration of the terrigenous
component (i.e., 100 — [CaCO, + LOI] wt%) in
each sample, and that of Scin fact serves as a good
tracer for terrestrial composition (Fig. 4A). On
the other hand, when Ni, Cr, and Co are normal-
ized to the terrigenous component, i.e., Ni/Sc,
Cr/Sc, and Co/Sc, their excess abundance is em-
phasized (Fig. 4B). In particular, the sample at
120.0 m, which corresponds to the first peak of
extraterrestrial *He, shows a clear excess in Ni,
although no apparent excess in Co or in Cr seems
to be present. On the other hand, the Ni/Sc,
Cr/Sc, and Co/Sc ratios all peak in samples
121.5 m and 122.0 m, where *He shows the sec-
ond and largest peak in the main extraterrestrial
He anomaly interval. We note that Ni/Sc and
Co/Sc, and to a minor extent Cr/Sc, show dis-
tinct peaks at 128.05 m and 129.5 m in samples
from the first two volcanic ashes of the Ros-
sini Member, while *He/Sc is at a relative low
in these samples. All this suggests that the Ni
excess at 120.0 m and 122.0 m may be due to
addition of meteoritic material, perhaps Ni-rich
spinel, which is often used as a tracer of cosmic
events in the sedimentary record (e.g., Ferriére
and Robin, 2009, and references therein). On
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the other hand, the excess concentrations of Ni
and Co in the two volcanic ashes are more likely
due to Ni- and Co-rich mineral phases contained
in the fallout tephra. In any case, we did not find
the extraterrestrial PGE needle in the Monte
dei Corvi Beach section, which suggests to us
that the cascade of interplanetary dust particles
during the presumed Veritas breakup event, as
represented by the *He anomaly, was not ac-
companied by large meteoritic impacts, such
as the ones recorded in the late Eocene in the
GSSP section of Massignano (Montanari et al.,
1993; Farley et al., 1998), nor extensive mi-
crometeorite showers. Eventually, a search for
trace amounts of PGEs on more closely spaced
samples may reveal the presence of impacto-
clastic layers or the influx of meteorites during
the Veritas interplanetary dust particle cascade.

Magnetic Susceptibility

The MS profile of the Monte dei Corvi Beach
section (Fig. 3D) shows an overall monotonic
increase from ~4 SI m® kg™! to ~8 SI m® kg™!
up to meter level 127.8 (the base of the Rossini
Member). At exactly 127.8 m, the MS sharply
shifts down to initial values of ~4 SI m® kg
all through the lower part of the Rossini Mem-
ber. Through the Marls-Sapropels Member up
to 116 m, the MS profile is characterized by
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Figure 4. (A) Stratigraphic plot comparing the abundance of extraterrestrial *He (in
10-12 cm?® per gram of bulk sample [ppc/g]), terrigenous component (siliciclastic + Corg),
scandium (terrigenous), and possibly chondritic nickel, cobalt, and chromium through the
Monte dei Corvi Beach section. (B) Plot of the ratios of *He, Ni, Co, and Cr over Sc.
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relatively low-amplitude excursions of about
+1.5 SI m® kg, whereas through the Marly
Member up to meter level 127.8, MS excursions
show higher amplitudes of about +2.5 SI m? kg™'.
However, in the short interval between 118.3
and 119.7 m, the MS signal has mean values
of ~5 SI m® kg™, with relatively low-amplitude
excursions of about +1 ST m?® kg™'. Our high-
resolution MS profile is remarkably similar to
the more sparsely sampled MS profile of Hiising
et al. (2009) through the same Monte dei Corvi
Beach section (Fig. 5), suggesting that MS mea-
surements were accurate.

MCB Section (Husing et al., 2009)

(MS SI m®/kg)

2 4 8 10
m \ \ \ J

MCB Section (this work)

¢ ] (MS SI m3kg)
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Figure 5. The Monte dei Corvi Beach
(MCB) magnetic susceptibility (MS) series
of Hiising et al. (2009) compared to the one
measured at 5 cm resolution in the same sec-
tion for this work.
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Calcium Carbonate

The overall CaCO, weight percent profile
shown in Figure 3C exhibits variations that
mimic fairly well the differences among the
various lithostratigraphic members. Up to meter
level 117.6, carbonate content in what Hiising et
al. (2009) visually defined as gray marls, varies
between 45 wt% and 73 wt%. This indicates that
they are, technically speaking, marls and calcar-
eous marls. On the other hand, more or less dis-
tinct (i.e., relatively more or less dark) sapropels
have generally lower carbonate content down
to ~37 wt%, and so they can also be defined
as marls, although they may vary in composi-
tion independently from their more-or-less-dark
visual appearance. For instance, some distinct
sapropels, like those at 110.10 m, 112.65 m,
114.60 m, and 116.00 m, have CaCO3 composi-
tions varying between 50 and 62 wt%, whereas
the barely visible sapropel at meter level 115.70
has a composition as low as 37 wt%.

At 117.6 m, the mean CaCO, composition
drops down from ~60 wt% to ~50 wt% up to
120.0 m. Within this interval, a couple of lay-
ers at 118.7 m have a composition rising back
up to ~60 wt%, whereas a prominent sapropel
at 118.35 m has a carbonate composition of 38
wt%. Three other thin sapropelic horizons vary-
ing from distinct to visible (according to the vi-
sual lithology of Hiising et al., 2009) all have
CaCO, compositions around 48 wt%. Then at
120.0 m, the carbonate profile shows another
sharp positive shift of the mean composition,
rising up to calcareous marls with 65 + 5 wt%
CaCO, all through the rest of the Marly Member.

With the beginning of the Brownish Mem-
ber, mean carbonate composition drops again
to ~55 wt% and then rises back up to ~60 wt%
at 126.0 m through the upper, visually homoge-
neous part of the unit, where the mean compo-
sition returns around 62 wt%, with six distinct
excursions of +8 wt%. A slight increase in mean
CaCO, composition around 66 wt% character-
izes the lower part of the well-bedded Rossini
Member, up to meter level 131.0.

LOI Organic Carbon

As expected, the concentration of organic
carbon (Corg), as measured by LOI at 360 °C
(Fig. 3E), yielded high values ranging between
~8 and 14 wt% in the sapropelic horizons logged
by Hiising et al. (2009), but the absolute value of-
ten does not reflect the visually estimated promi-
nence. For instance, distinct sapropel at 113.7 m
has about the same Corg abundance as the promi-
nent sapropel at 114.3 m, but it has much more
C_than a visually defined distinct sapropel at

org

110.3 m. Moreover, some horizons (i.e., at me-
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ter levels 113.5, 115.1, 117.1, and 121.35) with
relatively high Cmg contents do not correspond to
any visible sapropelic marl. On the other hand,
prominent sapropel at 122.95 m yielded a rela-
tively low COrg composition of ~4.5 wt%.

Carbon and Oxygen Stable Isotopes

The 80 and 8"“C profiles through the
Monte dei Corvi Beach section are shown in
Figures 3F and 3G, respectively. Both profiles
exhibit a series of positive and negative shifts
between 0.3%o0 and 0.8%o, which are remark-
ably similar to shifts recorded in deep-sea cal-
careous benthos through the same time interval
(i.e., between ca. 8.5 and ca. 7.3 Ma) by Zachos
et al. (2001), and in time-equivalent records of
terrestrial leaf wax (C,, n-alkene) 8D and §“C
from ODP Site 722 (Arabian Sea) of Huang et
al. (2007), as shown in Figure 6. It is noteworthy
to point out that 80 in the time interval across
the Tortonian-Messinian boundary evolves in a
long-term positive trend, as already defined in the
La Sardella section by Montanari et al. (1997),
in the oceanic record of Zachos et al. (2001), as
well as in the 8D of Huang et al. (2007), which
suggest a gradual cooling of global climate.
This general positive trend seems to be inter-
rupted by a negative shift at ca. 8.7 Ma in the
records of Zachos et al. (2001) and Huang et al.
(2007), and then it is followed by an interval of
brief shifts up to ca. 7.2 Ma, where these profiles
resume their general positive trend all through
the early Messinian. The same relevant shifts
are also recorded in the Monte dei Corvi Beach
section at meter level 117.5, ~2 m below the in-
ception of the *He anomaly (see Figs. 3B and 6).
Similarly, the 8"C value, which exhibits a gen-
eral negative trend (Zachos et al., 2001) in the
oceanic deep-sea record through the same mid-
Tortonian to mid-Messinian time interval (and
also in the La Sardella section; Montanari et al.,
1997), shifts quickly in a negative sense by as
much as 0.6%o at around 8.6 Ma. This negative
shift of the 8'°C, which interrupts the general
positive trend through the Tortonian-Messinian
time interval, is also recorded in the terrestrial
leaf wax series of ODP 722 in the northwestern
Indian Ocean (Huang et al., 2007; see Fig. 6).

In summary, the 80 and 8"C stable isotope
record in the Monte dei Corvi Beach section
shows trends and shifts similar to stable isotopes
in the global deep-sea record and the terrestrial
plant record of southwestern Asia through the
same time interval. An important negative shift
at 117.5 m in both stable isotope records pre-
ceded the inception of the *He anomaly by ~2 m,
and it is followed by an interval of rapid trend
shifts lasting through the whole stratigraphic
interval with elevated *He. This suggests a pos-
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sible link between the Veritas event and global
climatic and environmental changes.

MULTIPROXY
CYCLOSTRATIGRAPHIC ANALYSIS:
RESULTS AND INTERPRETATIONS

The five high-resolution proxy series through
the Upper Tortonian Monte dei Corvi Beach sec-
tion provide the basis for a spectral cyclostrati-
graphic analysis via FFT, which is aimed at as-
sessing whether or not these pelagic sediments
have recorded global climatic changes, and also
local environmental changes induced by orbital
cycles, i.e., the so-called Milankovitch cycles
(eccentricity, tilt or obliquity, and precession
[ETP]). As seen from a different perspective,
these proxy series may not record regular or
rhythmic changes, but they may instead reflect
environmental changes induced by local ran-
dom phenomena such as regional volcanism
and/or tectonics, or possibly atmospheric pertur-
bations provoked by extraterrestrial events such
as impacts or, as in our Veritas case, an excep-
tional influx of extraterrestrial matter following
an asteroidal breakup.

The results of the spectral analysis for each
proxy series are illustrated individually in Fig-
ure 7, and therein compared with the FFT out-
puts of the ETP solution of Laskar et al. (2004)
through the Tortonian—early Messinian time in-
terval from 11.5 to 6.5 Ma, including the result-
ing June insolation as calculated for a northern
latitude of 65° (Figs. 7A1 and 7A2).

Magnetic Susceptibility (MS) Series

The upper 3 m of the MS series was normal-
ized to the mean of the fairly linear record of the
lower part of the section in order to eliminate
the effects on the power spectrum of the sharp
negative shift of the mean MS intensity mea-
sured through the Rossini Member (see Fig. 5).
In other words, this was done to prevent a strong
low-frequency component from overwhelming
the power spectrum and thus dampening the
relative power of higher-frequency components.
Both periodogram and sliding window spectra
exhibit four significant components reaching
or surpassing the 95% C.L., with stratigraphic
wavelengths of A =23.7 cm, B =483 cm, C =
109.6 cm, and D = 475 cm (Figs. 7B1 and 7B2).
The ratios of frequency period A to the other fre-
quency components of the periodogram in the
stratigraphic domain, i.e., A/B = 0.491, A/C =
0.216, and A/D = 0.050, are very similar to the
ratios of the mean precession (P = ~21 k.y.) over
the tilt (T = ~41 k.y.), the mean short eccentricity
(SE = ~100 k.y.), and the mean long eccentric-
ity (LE = ~400 k.y.) from the ETP solution of
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Laskar et al. (2004) shown in Figure 7A1, i.e.,
P/T = 0.512, P/SE = 0.210, and P/LE = 0.052.
This suggests that the main frequency compo-
nents of the MS proxy series from the Monte dei
Corvi Beach section represent ETP Milankovitch
cycles. By migrating this MS stratigraphic series
into a time series using a conversion function in
the MATLAB routine, a mean sedimentation
rate of 11.8 m m.y.”! was obtained (Fig. 7B1).
This inferred mean sedimentation rate for the
uppermost Tortonian Marly Member—Brownish
Member interval is consistent with estimates of
the sedimentation rate for the Schlier Formation,
which, in the composite Monte dei Corvi section,
decreases from a mean of ~37.7 m.y.”! through
the 49-m-thick Serravallian Calcareous Member
(Cleaveland et al., 2002) to a mean of 15.7 m.y.”!
through the Lower Tortonian Marls-Sapropels
Member, between the base of chron5Cn and the
top of chron C4An (Hiising et al., 2007).

The precession signal is both relatively power-
ful and stationary, with just a barely perceptible,
gradual shift toward higher frequencies in the
lower half of the section, suggesting a slight de-
crease in mean sedimentation rate, and a clearer
shift to lower frequencies in the uppermost part
of the section. This indicates a slight increase
of sedimentation rate in the Rossini Member.
Next, we verified whether or not the precession
component bears an amplitude modulation by
eccentricity, as one expects from astronomical
theory. A Hilbert transform was performed on
a precession band-pass, with a broad filter be-
tween 17 and 27 k.y. The power spectrum of
the Hilbert amplitude demodulated signal was
then compared to the power spectrum calculated
for the Hilbert transform performed on the ETP
series from Laskar et al. (2004). The MS Hil-
bert periodogram yielded weak frequency peaks
compatible with ~100 k.y. short eccentricity
frequencies, and a strong sharp peak at the ex-
pected frequency of ~405 k.y. long eccentricity.
The Hilbert periodogram of the precession cy-
cles, as recorded by MS, exhibits two other rela-
tively powerful modulation peaks with periods
of 141 and 196 k.y., which do not correspond
to frequencies of precession modulation. They
may represent noise contained in the MS series.

The imprint of obliquity appears somewhat
blurred and less sharp than that of precession.
Rather than a steady periodicity around 41 k.y.,
we observe shifts to higher frequencies through
the lower part of the section, and to lower frequen-
cies through the uppermost part of the section. As
for the short ~100 k.y. eccentricity component,
the peak with a period of 109.6 cm, equivalent to
a period of 94.3 k.y. with a mean sedimentation
rate of 11.8 m m.y—1, is weak, barely reaching
the 95% C.L. Yet, this frequency peak has the ex-
act same period of 94.3 k.y. as the dominant short
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eccentricity frequency of Laskar et al. (2004). In
the periodogram of the MS series in Figure 7B1, a
sharp and powerful peak emerges well above 95%
C.L. at a period of 475 cm, equivalent to a period
of 403 k.y. in the time domain, which likely rep-
resents the ~405 k.y. long eccentricity cycle. This
signal is particularly strong in the lower part of the
Monte dei Corvi Beach section, up to meter level
119, as seen in the sliding window FFT output in
Figure 7B2. A Hilbert test for short eccentricity
yielded FFT power spectra dominated by strong
power in the low frequencies, masking the higher-
frequency spectral peaks, which suggests a strong
amplitude modulation of the short eccentricity
cycle by the expected frequency of ~405 k.y. rep-
resenting the long eccentricity cycle.

In summary, a spectral analysis of the high-
resolution MS series reveals significant fre-
quencies (exceeding the 95% C.L.) consistent
with the ETP frequencies predicted by Laskar
et al. (2004), notwithstanding the fact that this
series bears some degree of noise. This sug-
gests that the influx of terrigenous (magnetic)
material into the Umbria-Marche synorogenic
pelagic basin was mainly controlled by wet-
dry, orbitally forced climatic cycles affecting
the source area, presumably the midlatitude Al-
pine orogen, from which fine-grained magnetic
material contained in the soil was washed out
by the runoff preferentially during soil-forming
wet (and presumably warm) periods.

Calcium Carbonate Series

The calcium carbonate (CaCO,) series
yielded FFT power spectra dominated by strong
low-frequency signals, which mask the higher-
frequency signals (see sliding window output in
Fig. 7C2). To overcome this problem and search
for possibly significant signals in the broad
band of ETP frequencies, a FFT was performed
on the data series filtered with a band-pass of
0.1-1.6 m, as an attempt to eliminate the effect
of overwhelming very low frequencies, and thus
focus on the higher-frequency components of
this proxy. The periodogram of the filtered se-
ries in Figure 7C1 still shows a noisy spectrum
of frequencies, out of which only weak signals
in the high-frequency band with periods of 22.2
and 26.9 cm could be ascribed to precession cy-
cles. Other than these, relatively strong signals
in the frequency band with periods of 50-60 cm
(44-50 k.y. in the time domain) do not quite
match the tilt cycle with a predicted period of
~41 k.y., whereas strong signals with periods of
126-148 cm (107-125 k.y. in the time domain)
are fairly close to the periods for short eccen-
tricity of ~94-123 k.y. as calculated by Laskar
et al. (2004). A Hilbert test of the CaCO, pre-
sumed precession band revealed a weak ampli-
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tude modulation by eccentricity. However, we
could not detect an amplitude modulation of the
~100 k.y. short eccentricity cycles, which we
directly filtered from the CaCO, record, by the
~400 k.y. long eccentricity cycle (Fig. 8B2).

In principle, the calcium carbonate content
in these pelagic sediments should be, to a cer-
tain degree, inversely proportional to the ter-
rigenous (insoluble and magnetic) component,
so it seems unusual that the spectrum of the
CaCoO, series differs so strongly from the MS
spectrum. In the Serravallian Monte dei Corvi
section, for instance, which represents a clear
pelagic limestone-marl rhythmite successfully
tuned to the eccentricity cycle by Cleaveland
et al. (2002) on a statistical basis, CaCO, com-
positions of 354 individual samples collected at
5 cm intervals (from Cleaveland, 2001; see raw
data in Table DR4 in the GSA Data Repository
[see footnote 1]) correlate inversely with MS in-
tensity, with a significant R? coefficient of 0.549.
The stratigraphic variation in the correlation be-
tween the MS and CaCO, here was examined
using a 4 m sliding widow calculation of the p
value correlation coefficient through the section,
which revealed an excellent correlation between
0.5 and 1.0 x 10 (Fig. 9A). Band-pass curves of
the Monte dei Corvi data with a broad filter en-
compassing the precession frequency band (i.e.,
17-27 k.y.), show an almost perfect antiphase
correlation between the MS and CaCO3 series,
as well as corresponding amplitude variations,
as one might expect (Fig. 9B). On the contrary,
the 420 samples collected through the 21-m-
thick Monte dei Corvi Beach section (Fig. 10A)
have a variable R correlation coefficient for the
4 m sliding window calculation that is generally
negative through most of the section (as one may
expect) but positive in the intervals comprising
the main peaks of *He concentration. As for an
estimate of correlation between the two series, p
values >0.1 in the intervals comprising the main
peaks of *He concentration suggest poor (i.e.,
statistically insignificant) correlation. Through
the lower 8 m of the section, the MS and CaCO,
eccentricity band-pass curves show a fairly con-
sistent antiphase relation of cycles 1-7, as one
may expect (Fig. 10A), but then, through the
following *He interval, cycles 9-17 are either
off-phase or in-phase. A return to an antiphase
relation is observed in the Rossini Member, at
the top of the section and out of the *He interval.

In summary, cyclostratigraphic spectral analy-
sis of the high-resolution CaCO, proxy series
through the Monte dei Corvi Beach section leads
to the perception that, unlike the MS series, this
proxy series does not bear a strong imprint from
astronomical components. This could suggest that
the ETP forcing is blurred by some random exter-
nal forcing mechanism affecting the local primary
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plankton carbonate production relative to the dis-
tal influx of hemipelagic terrigenous material.

Organic Carbon Series

The organic carbon content in the Monte dei
Corvi Beach section is generally higher in dark
sapropelic marls than in gray calcareous marls
(see Fig. 3E), where sapropels reflect moments
of reducing conditions on the seafloor that al-
lowed for the preservation of organic matter.
Changes in these environmental conditions on
the seafloor may well be controlled by changes
in the climate affecting the Umbria-Marche
Basin, such as vertical mixing, as opposed to
stagnation of deep-marine waters and/or eutro-
phication of superficial waters with consequent
excess production of organic matter. Neverthe-
less, slight undulations of the paleoseafloor to-
pography, as in the example of the Upper Ceno-
manian Scaglia Bianca Formation (Beaudoin et
al., 1996), may cause reducing conditions in de-
pocenters, with consequent localized accumula-
tion of sapropelic sediment, and more oxidizing
conditions on relatively higher, winnowed parts
of the seafloor, which would prevent preserva-
tion of organic matter (M’Ban, 1996).

The rhythmic alternation of gray calcareous
marls and dark sapropelic marls in the Lower
Tortonian Marls-Sapropels Member was in-
terpreted by Hiising et al. (2007, 2009) as the
expression of the precession cycle where
more or less dark sapropelic marls represented
maxima in insolation, as opposed to gray cal-
careous marls, which represented insolation
minima. This interpretation would allow for
the astronomical tuning of the lithologic series
with the astronomical solution of Laskar et al.
(2004). However, in the upper part of the Monte
dei Corvi Beach section, which includes the
Marly, Brownish, and Rossini Members, sapro-
pelic layers are rare, rendering tuning on visual
lithologic inspection difficult, if not impossible.
Aware of all this, we performed a FFT spectral
analysis of a high-resolution series of the total
organic carbon content of the Monte dei Corvi
Beach section as obtained from LOI of pow-
dered dry samples at 360 °C (Figs. 7D1 and
7D2). Similar to the results for CaCO3, the Cmg
series yielded FFT power spectra overwhelmed
by relatively strong low-frequency power, mask-
ing higher-frequency signals (Fig. 7D2). De-
spite filtering the series with a broad band-pass
of 0.1-1.6 m, the periodogram in Figure 7D1
still shows an overall noisy spectrum. We ob-
serve spectral peaks exceeding the 95% C.L.
in the high-frequency band that are compatible
with precession. However, equally strong peaks
have periods of 29.7, 35.1, and 73.6 cm and
cannot be ascribed to any of the Milankovitch
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astronomical parameters. No significant signals
above noise level are found in the short eccen-
tricity band. A Hilbert test of the Cmg presumed
precession band reveals a strong modulation by
~100 k.y. short eccentricity, and possibly also
by ~405 k.y. long eccentricity. However, no
modulation of the filtered (85-150 k.y.) short
eccentricity cycles by long eccentricity can be
deduced from Figure 8C2.

A sliding window p value test of the MS ver-
sus the Corg series (Fig. 10B) indicates poor cor-
relation between the two series through most of
the section, with just a few intervals, i.e., 113.0—
1145 m, 120.5-124.0 m, and 126.5-127.5 m,
having a significant p value <0.1 and positive R
coefficient. Surprisingly, not even the apparently
rhythmic Marls-Sapropels Member in the lower-
most part of the section bears any statistically sig-
nificant correlation between the two series.

A comparison between the eccentricity band-
pass curve of the MS series (filter of 1.0-1.8 m)
and that of the Corg series reveals a consistent
antiphase relation through the Rossini Member,
an in-phase relation through most of the *He
interval (i.e., from 122 to 127 m), and incon-
sistent phase relations through the pre-Veritas,
lower part of the section (Fig. 10B). This sug-
gests that organic matter through the Rossini
Member was preserved on the seafloor pref-
erentially in times of low terrigenous influx or
high calcareous plankton production, equivalent
to dry and possibly cold orbitally forced peri-
ods (i.e., eccentricity minima). On the contrary,
through the *He interval, the opposite seems to
have occurred: relatively reducing conditions on
the seafloor leading to preservation of relatively
high concentrations of COrg during wet and pos-
sibly warm periods. As for the part of the sec-
tion preceding the *He anomaly, no consistent
relation seems to exist between orbitally forced
climatic changes and accumulation of C__ on
the seafloor. More specifically, in the interval
110-116 m, which expresses the characteristic
rhythmic alternation of sapropels and calcar-
eous marls of the Sapropels-Marls Member,
cycles 3, 4, and 5 show an antiphase relation
between the MS and C__ series, whereas cycles

<
<

Figure 8. Hilbert fast Fourier transform
(FFT) outputs for the precession and short
eccentricity from the eccentricity, tilt or
obliquity, and precession (ETP) solution
of Laskar et al. (2004; La04 in the figure)
compared to those for the Monte dei Corvi
Beach section magnetic susceptibility (MS)
(A1-A2), CaCO, (B1-B2), loss on ignition
Loy C,, (C1-C2), 80 (D1-D2), and §"C
(E1-E2) proxy series.
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Figure 9. (A) Plot of a 4 m sliding window calculation of the R correlation coefficient and
p value of the CaCO, vs. magnetic susceptibility (MS) for 5-cm-resolution series from the
lower Serravallian Calcareous Member of the Schlier Formation in the Monte dei Corvi
section analyzed by Cleaveland (2001) and Cleaveland et al. (2002). (B) Precession-filtered
band-pass curves for the CaCO, and magnetic susceptibility (MS) series from the same

Monte dei Corvi section.

1 and 2 show off-phase and in-phase relations,
respectively (Fig. 10B). In summary, the FFT
spectral analysis of the C _ series suggests that
orbitally forced climatic changes were not the
sole cause of environmental changes in the deep
sea in this part of the western Tethyan Ocean
during the latest Tortonian, when incipient re-
striction of the Mediterranean Sea may have
affected efficient mixing with the global ocean.

Oxygen Isotope Series

In a global glacio-eustatic climatic system,
such as the one of the late Miocene, the isotopic
composition of oceanic water expressed by 8'*O is
the most direct signature of Milankovitch climatic
oscillations, where relatively high 60 in ma-
rine biogenic carbonate indicates glacial periods
(i.e., cold and generally dry) and vice versa, i.e.,
relatively low 80 indicates interglacial periods
(i.e., warm and wet). In a glacio-eustatic system,
relatively warm and wet periods in the Northern
Hemisphere occur at precession and eccentricity
maxima, whereas cold climate conditions occur at
precession and eccentricity minima. Therefore, a
4'80 proxy series from a Tethyan marine pelagic
carbonate succession is expected to record cyclic
excursions with periods compatible with orbital
precession and eccentricity frequencies.

Through the Monte dei Corvi Beach section,
the 8'30 proxy series yielded noisy spectra dom-
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inated by low-frequency signals (Fig. 7E2), The
filtered periodogram in Figure 7E1, which was
meant to eliminate the effect of overwhelming
very low frequencies and highlight the higher-
frequency components in the ETP band, shows
a most powerful and rather stationary signal
with a period of 119.2 cm (102.2 k.y. in the time
domain, given our assumed sedimentation rate
of 11.8 m m.y.—1), compatible with short eccen-
tricity. Powerful signals with periods of 28.8 cm
(=24.6k.y.) and 23.2 cm (= 19.7 k.y.), are close
to precession frequencies, whereas a weak sig-
nal with a period of 44.1 cm (= 37.3 k.y.) is
close to, but not quite, the expected frequency
of ~41 k.y. of obliquity. A strong signal with a
period of 63.5 cm (= 55.5 k.y.) may represent
noise contained in the 3'®0 series. The periodo-
gram of a Hilbert transform for the precession
band shows weak frequency peaks with periods
of ~101 and 120 k.y. (Fig. 8D1), which suggest
a weak eccentricity modulation. However, the
same Hilbert test for the eccentricity band pro-
duces a peak with a period of 361 k.y., which is
close to, but not quite, the expected long eccen-
tricity frequency of ~405 k.y. (Fig. 8D2).

A sliding window correlation between the
MS and the 8"0 series (Fig. 10C) reveals a rela-
tively high coefficient of negative correlation
in the Rossini Member, indicating that samples
with a high 80 have a low magnetic terrige-
nous component (or a relatively high biogenic
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carbonate component), as one may expect. The
same is observed in the lower part of the section
up to meter level 114. Through the central part of
the Monte dei Corvi Beach section, which com-
prises the *He anomaly, the correlation between
MS and 8'%0 switches to positive values, but p
values through the intervals 114.0-119.5 m and
122.0-126.5 m are greater than 0.1, indicating
poor or no statistically significant correlation.
A comparison between the eccentricity band-
pass curve of the MS series and that of the 6'%0
series reveals an almost consistent antiphase
relation through most of the section, with the
exception of in-phase cycles 9 and 10 in the up-
per part of the massive Marly Member, which
correspond to the lower part of the *He anomaly
(Fig. 10C). Assuming that maxima in MS corre-
spond to maxima in short eccentricity (warm and
wet climate conditions), the antiphase relation
between the two proxy series is what one might
expect considering that high 80 is indicative
of global glacial conditions in a glacio-eustatic
climate system. Therefore, the in-phase cycles 9
and 10 are suggestive of an anomalous climatic
event, which happens to have occurred at the be-
ginning of the abnormally high influx of extra-
terrestrial *He-rich interplanetary dust particles.

Carbon Isotope Series

The 8"C signature in marine carbonates re-
flects the complex interplay of biological, sedi-
mentological, and physical-chemical factors
influencing the primary organic carbon produc-
tivity. Living organisms take up 12C easier than
the heavier 13C, so they get enriched in 12C
compared with the global availability in nature.
Consequently, the 8'*C signal gives information
about the carbon cycle, which is itself the result
of a number of factors, such as biological produc-
tivity on land and in the oceans, weathering rates,
oceanic circulation, carbonate cycle, and the
relationship with pCO, in the atmosphere (e.g.,
Wendler, 2013). In general, it can be said that in
the open-ocean domain, carbon isotopic fraction-
ation is controlled by global climatic conditions,
which vary through time in response to orbitally
forced, and thus cyclic, climate changes. How-
ever, the orbital cyclicity of the 8"C signature
in a marine carbonate succession may be blurred
or in any case altered in basins that are poorly
connected with the open-ocean domain, and/or
that are strongly influenced by the influx of ter-
rigenous material derived from surrounding tec-
tonically active orogens, as is the case for the late
Miocene Umbria-Marche Basin. In fact, the 8*C
proxy series from the Monte dei Corvi Beach
section yielded noisy spectra dominated by very
low-frequency signals just as for the 3'*0 se-
ries, whereas a filtered periodogram managed to
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ogy patterns and shadings as in Fig. 2.
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highlight higher-frequency components referable
to the precession band, and a relatively strong
signal with a period of 105.3 cm (92.2 k.y. in
the time domain) possibly representing short ec-
centricity, which seems to be more evident in the
lower and upper parts of the section (Figs. 7F1
and 7F2). A Hilbert test for the presumed preces-
sion band shows weak frequency peaks with peri-
ods of ~98 and 125 k.y. (Fig. 8E1), which suggest
a weak short eccentricity modulation, whereas a
strong signal with a period of 406 k.y. from a Hil-
bert test for the short eccentricity band reveals the
expected amplitude modulation referable to long
eccentricity (Fig. 8E2).

A sliding window correlation between the
MS and the 8"C series reveals poor or no cor-
relation throughout most of the section from
114.5 m up to 126.5 m, with a positive R coeffi-
cient (Fig. 10D), and significant negative corre-
lation with p values <0.1 in the intervals 112.5—
114.5 m (upper part of the Marls-Sapropels
Member), 120.0-121.5 (inception of the *He
anomaly), and 126.5-129.5 m (comprising the
homogeneous upper part of the Brownish Mem-
ber and the lower part of the Rossini Member).

As for a comparison of the eccentricity band-
pass curve of the MS series with the 8'*C series,
cycles 1-7 (the pre-*He interval) and cycles 17
and 18 (the post-*He Rossini interval) are in an-
tiphase relation. This suggests that in high-ec-
centricity periods (warm and wet climatic con-
ditions), the availability of 12C in seawater was
higher than in low-eccentricity periods, whereas
through the rest of the section containing the
He anomaly, the cycles have variably in-, anti-,
or off-phase relations (Fig. 10D).

It is interesting to note that the p value profile
of MS versus 6"*C is very similar to the profile of
8"3C versus 8'0, and that the eccentricity band-
pass curves between the two stable isotope series
are almost consistently in an in-phase relation
(Fig. 10E). All this indicates that the changes in
these two stable isotope series through this late
Tortonian time interval had a common forcing
agent, which was acting not just in this part of
the Tethys domain, but globally, if we consider
the very similar pattern of negative and positive
excursions recorded in deep-ocean series and
in the continental series as well, as previously
discussed and illustrated in Figure 6. However,
that common forcing agent was not solely or-
bital climate forcing. As discussed already, we
observed inconsistent phase relations between
the isotopic proxies and MS throughout the *He
interval. The MS series signal was interpreted
to be mainly driven by orbital climate forcing,
which suggests that the isotopic proxies expe-
rienced an additional driver throughout the *He
interval. This additional climatic driver would
thus be the cause of the observed inconsisten-
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cies in the relationship between the isotopic
proxies and MS. It is also interesting to note that
the p value profile of the 8"°C versus the C__ se-
ries (Fig. 10F) indicates a significant negatifle R
correlation through most of the section, with the
exception for the intervals 120.0-122.5 m (the
first main *He anomaly), and 128.5-129.0 m
(the base of the Rossini Member), where p
values >0.1 indicate no statistically significant
correlation. This suggests that the inception of
these two nonoceanographic events, i.e., the
anomalous influx of extraterrestrial *He and the
Rossini volcanism, somehow altered the cyclic,
climate-controlled carbon cycle affecting the
Umbria-Marche pelagic basin.

ASTROCHRONOLOGIC DATING OF
THE VERITAS EVENT

Among the five high-resolution proxy series
through the Upper Tortonian Monte dei Corvi
Beach section, only the MS series yielded FFT
power spectra exhibiting stationary and statisti-
cally significant (95% C.L.) frequency signals
referable to the precession, obliquity, and eccen-
tricity cycles. All the other proxy series, includ-
ing CaCO,, C_, 8"0, and 8"C, yielded noisy
power spectra dominated by low-frequency sig-
nals, which dampened higher-frequency signals
in the ETP band. Moreover, p value correlation
and the comparison of eccentricity band-pass
curves of the MS series with the other proxy se-
ries suggest that inconsistent relations exist, par-
ticularly in the middle part of the section, which
is characterized by an enhanced concentration
of extraterrestrial *He. Therefore, we attempted
an astrochronologic tuning of the Monte dei
Corvi Beach section using short and long ec-
centricity signals from the MS series correlated
with the eccentricity from the solution of Laskar
et al. (2004), as illustrated in Figure 11.

The Monte dei Corvi Beach section can be
anchored to the chronostratigraphic time scale
at the interpolated radioisotopic age of 7.3 +
0.2 Ma for the Tortonian-Messinian bound-
ary, as approximated by the first occurrence
of planktonic foraminifer G. conomiozea by
Vai (1997), Odin et al. (1997a), and Laurenzi
et al. (1997). This chronostratigraphic bound-
ary is found within the Rossini Member in the
Sardella section (Montanari et al., 1997), which
is located up high in the Monte dei Corvi cliff
some 200 m to the northwest from the Monte
dei Corvi Beach section, and would correspond
approximately to meter level 132.5 in the Monte
dei Corvi Beach section of Hiising et al. (2007,
2009). U/Pb dating by Wotzlaw et al. (2014) of
eight volcanosedimentary layers, which span
the whole Rossini Member, yielded an age of
7.32 + 0.02 Ma from zircons contained in a vol-
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canosedimentary layer at meter level 132.46,
thus consistent, within analytical uncertainty,
with the Ar/Ar interpolated age of 7.3 + 0.2 Ma
for the Tortonian-Messinian boundary (e.g.,
QOdin et al., 1997b, and references therein). This
date corresponds, in the astrochronologic scale
of Laskar et al. (2004), to a minimum of the
long eccentricity cycle. The first long eccentric-
ity minimum preceding the one at the Tortonian-
Messinian boundary falls within the upper part
of our Monte dei Corvi Beach section at about
meter level 128.0. Here, two closely spaced U/Pb
dates of Wotzlaw et al. (2014) bracketing me-
ter level 128.0 yielded a mean age of 7.58 +
0.02 Ma, thus ~100 k.y. younger than the as-
trochronologic age of 7.68 Ma for that long ec-
centricity minimum as calculated by Laskar et al.
(2004) (see also Fig. 11). From there, four other
long eccentricity minima, as determined from
the FFT cyclostratigraphic analysis of the MS
series, are recorded in the rest of the Monte dei
Corvi Beach section. The inception of the *He
anomaly, which we interpret as the chemostrati-
graphic signature of enhanced influx of *He-rich
dust produced by the Veritas breakup, is located
at about meter level 119.5, i.e., very close to a
minimum of the long eccentricity band-pass de-
rived from the MS proxy series. A fine-tuning
with the trend of Laskar et al. (2004) for this
stratigraphic level based on short and long ec-
centricity gives an astrochronologic age of 8.47 +