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ABSTRACT

The early-middle Eocene (ca. 5641 Ma)
is recorded in the pelagic Scaglia Rossa and
Variegata Formations of the Umbria-Marche
Basin (central Italy). Geochemical and mag-
netostratigraphic alignment between the
Bottaccione section (Gubbio, central Italy)
and the Smirra core (Cagli, central Italy)
allows us to generate a continuous and well-
preserved new record that, combined with
previously published data from the same
area, creates a continuous high-resolution
record from the Paleocene-Eocene thermal
maximum (ca. 56 Ma) to the lower part of
chron C21n. Comparison with carbon iso-
tope records from Ocean Drilling Program
Sites 1258 and 1263 reveals a satisfactory
match, providing further evidence of the
global significance of the long-term trend and
superposed perturbations captured by the
6C records. The identification of astronomi-
cally forced geochemical cycles allows us to
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develop a 405 k.y. tuned age model, thereby
extending the astrochronology from ca. 56.0
to ca. 47.5 Ma. Marine magnetic anomaly
profiles from major oceanic basins charac-
terized by high seafloor spreading rates were
used to independently test the astronomical
polarity time scale associated with our tun-
ing, as well as other polarity time scales. Our
age model suggests the existence of periods of
relatively constant seafloor spreading rates
separated by rapid changes, while the other
time scales generate more gradual variations
and also include large and short-term devia-
tions in spreading rates that occur simulta-
neously in different oceanic basins, implying
errors in polarity reversal ages. The Umbria-
Marche age model further contributes to the
closure of the middle Eocene gap in the astro-
nomical time scale.

INTRODUCTION

The early-middle Eocene (ca. 5641 million
years ago or Ma) time interval was character-
ized by a series of transient global warming
events, recorded in both marine and continental
settings. These short-lived (10*-10° yr) events,
known as hyperthermals, were linked to large
perturbations in the global carbon cycle, marked
by carbon isotope excursions (CIEs), which
track the injection of massive amounts of iso-
topically light carbon into the exogenic carbon
pool (Lourens et al., 2005; Zachos et al., 2005,

2010; Nicolo et al., 2007; Westerhold and Rohl,
2009; Galeotti et al., 2010, 2017). The most
important of these events was the Paleocene-
Eocene thermal maximum, or Eocene thermal
maximum 1 (ETMI1) at ca. 56 Ma, ETM2 at
ca. 54 Ma, and ETM3 at ca. 52.8 Ma (Kennett
and Stott, 1991; Rohl et al., 2004; Lourens et
al., 2005; Tripati and Elderfield, 2005; Zachos
et al., 2005; Westerhold et al., 2007; Sluijs et
al., 2008; Galeotti et al., 2010, 2017; Dunkley-
Jones et al., 2013). CIEs are associated with
increased temperature, recorded as negative
excursions in oxygen isotope records, and con-
comitant CaCO; dissolution/dilution observed
in deep-sea and shallow-marine successions.
The records show a remarkable imprint of as-
tronomically forced geochemical and lithologi-
cal cycles (Galeotti et al., 2010, 2015, 2017;
Sexton et al., 2011; Kirtland Turner et al., 2014;
Lauretano et al., 2015, 2016; Westerhold et al.,
2017). These cycles have provided a robust as-
trochronological framework for the early Paleo-
gene through their calibration to eccentricity
target curves calculated by means of the new-
est La2010 and La2011 solutions (Laskar et al.,
2011a, 2011b; Westerhold et al., 2012, 2017). A
robust astrochronological time frame is critical
for fully understanding the dynamics related to
hyperthermal events and to aid in closing the
Eocene gap in the astronomical time scale, or
ATS (Pilike and Hilgen, 2008). However, un-
certainties still affect the time scale, partly due
to the scarcity of well-exposed and continuous
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geochemical and magnetostratigraphic records,
in particular across the silica-rich (McGowran,
1989) early Eocene climatic optimum interval
(see also Lauretano et al., 2016; Galeotti et
al., 2017). The bathyal pelagic Scaglia Rossa
Formation in the Umbria-Marche Basin has
produced an exceptionally well-preserved and
continuous  magnetobiostratigraphic  record
of the entire Paleogene. Astronomically con-
trolled cycles provide a robust cyclochronol-
ogy for the early Paleocene, corresponding to
magnetochrons C29r to C27n (Galeotti et al.,
2015), and the early Eocene, corresponding
to magnetochrons C24r-C23n (Galeotti et al.,
2010, 2017). Here, we extend the already avail-
able cyclochronological record of the continu-
ous Scaglia Rossa Formation by analyzing the
interval spanning magnetochron C22r to C21n
(ca. 50.5-47.5 Ma) in the Bottaccione section
(Gubbio, Italy) and in the newly drilled Smirra
core (Turtu et al., 2017). Our results, together
with previous data from the Contessa Road—
Bottaccione composite section (Galeotti et al.,
2010, 2017), provide a continuous 9-m.y.-long
astrochronological record of the Scaglia Rossa
Formation spanning from the Paleocene-Eocene
thermal maximum to the lower part of C21n.
Finally, we compare the temporal variations of
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seafloor spreading in different oceanic basins
estimated from the resulting polarity time scale
and from other time scales. For this purpose, we
used a database of chron widths derived from
sea-surface magnetic anomaly profiles (Bouli-
gand et al., 2006) and recently published sea-
floor spreading curves (Cande and Patriat, 2015;
Wright et al., 2016b). The minimization of sea-
floor spreading variations at multiple localities
has long been used as a tool for constructing,
refining, or correcting the polarity time scale
(e.g., Cande and Kent, 1992; Huestis and Acton,
1997; Malinverno et al. 2012; Cande and Patriat,
2015). Here, we prefer to use seafloor spreading
rates as a test of the polarity time scale, with the
idea that large and short-term deviations in sea-
floor spreading rate that occur simultaneously in
all the basins point to an error in the time scale.
This approach has previously been successfully
applied in constructing the Neogene ATS (e.g.,
Wilson, 1993; Krijgsman et al., 1999).

GEOLOGICAL SETTING
Bottaccione Section

In the Umbria-Marche Basin (Italy), the
Lower to Middle Eocene is locally preserved

in the pelagic Scaglia Rossa Formation, char-
acterized by the alternation of well-bedded
pink to reddish pelagic limestones and marly
limestones. In this study, we extend previously
published results from the original sample set
of Galeotti et al. (2017), focusing on the well-
known Tethyan succession of the Bottaccione
(BTT) section at Gubbio (lat. 43°21’56”N, long.
12°34’57”E; central Italy; Fig. 1B; Arthur and
Fischer, 1977; Napoleone et al., 1983; Galeotti
et al., 2015, 2017). The studied 15 m interval,
spanning 63.6-78.4 m above the Cretaceous-
Paleogene boundary (level O of the log in Ga-
leotti et al., 2000), therefore extends the avail-
able Lower Eocene stratigraphy of Galeotti et al.
(2010, 2017) to the top of magnetochron C21r,
obtaining an ~48-m-thick continuous and well-
preserved record that spans the interval from the
Paleocene-Eocene thermal maximum to the up-
per part of magnetochron C21r.

Smirra Core

The Lower to Middle Eocene stratigraphic
interval is also well exposed in a small aban-
doned quarry close to the village of Smirra (lat.
43°35’09.40”N, long. 12°40°37.30”E), in the
Umbria-Marche Basin (Fig. 1B). The Lower

180°W 90°W 0° 90°E 180°E
90°N 90°N
60°N 60°N
Umbria-Mar
® basin
30°N 30°N
ODP Site 1258
°
0° 0°
30°S . 30°S
DDP Site 1263
60°S 60°S
90°S 90°S
180°W 90°W 0° 90°E 180°E

Figure 1. (A) Paleoceanographic reconstruction for the early Eocene (50 Ma) showing the position of the Umbria-Marche Basin,
Ocean Drilling Program (ODP) Site 1258, and ODP Site 1263. Paleogeographic map is from the Ocean Drilling Stratigraphic Network
Plate Tectonic Reconstruction Service (http://www.odsn.de/odsn/services/paleomap/paleomap.html). (B) Location map of Gubbio (lat.
43°21’56"N; long. 12°34’57”E) and Smirra (lat. 43°35'09.40”N; long. 12°40’37.30”E).
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Eocene succession is represented by the Scaglia
Rossa Formation, while the Middle Eocene is
recorded by the overlying Scaglia Variegata For-
mation, composed of whitish to reddish marly
limestones and marls with a significant increase
in the siliciclastic fraction (~20%-30%). In this
work, we focus on the succession recovered in
hole 1, hereinafter referred to as Smirra 1, or
S1, consisting of 41 m of rock drilled from the
top of the exposed outcrop of the quarry, corre-
sponding to level O in the log (for more details,
see Turtu et al., 2017).

MATERIALS AND METHODS
Magnetostratigraphy

A high-resolution magnetostratigraphic re-
cord of the Contessa Road—Bottaccione com-
posite section (CR-BTT) has already been
analyzed from magnetochron C24r up to the
middle part of magnetochron C22r (Gale-
otti et al., 2010, 2017). In this work, we ana-
lyzed 16 samples aimed at detecting the exact
stratigraphic positions of the C22r/C22n and
C22n/C21r reversals at the BTT outcrop, in
an interval between 63.6 and 78.4 m above the
Cretaceous-Paleogene boundary, where they
were expected to occur according to Lowrie
et al. (1982). The rock-magnetic properties of
the Scaglia Rossa Formation are well known
(e.g., Lowrie et al., 1982), and paleomagnetic
analyses were carried out following standard
procedures (Kirschvink, 1980). The natu-
ral remanent magnetization (NRM), ranging
from 3.665 x 10™* A/m to 5.485 x 10 A/m,
was thermally demagnetized in 15 steps up to
a maximum temperature of 625 °C, where the
samples appeared completely demagnetized.
The remanent magnetization was measured af-
ter each heating step, using a 2G DC-SQUID
cryogenic magnetometer hosted in a mag-
netically shielded room, and the characteristic
magnetization was computed with principal
component analysis using the PuffinPlot soft-
ware package (Lurcock and Wilson, 2012). At
least seven points were used to compute the
characteristic magnetization.

From the S1 core, 143 paleomagnetic sam-
ples were collected at an ~30 cm average reso-
lution. Samples were drilled perpendicularly
to the vertical core axis, and therefore a dip of
0° was assigned to all cylindrical samples, as
downbhole logs indicate that the borehole did not
deviate from the vertical by more than 2°-3°.
Samples were then cut for NRM analysis (for
more details, see Turtu et al., 2017).

All paleomagnetic measurements were con-
ducted at the Alpine Laboratory of Paleomagne-
tism (ALP), Peveragno, Italy.

Geological Society of America Bulletin, v. 131, no. 3/4

Geochemistry and Physical Properties

Bottaccione Section

CaCO; values (wt%) of 500 samples were
analyzed at a 3 cm resolution from the in-
terval spanning 63.6 m to 78.4 m above the
Cretaceous-Paleogene boundary in the BTT
section. Calcimetric analyses were carried out
using a “Dietrich-Fruhling” calcimeter. The pre-
cision of measurements, based on replicate anal-
yses, was within £1%. Stable isotope analyses
were carried out on bulk samples from the same
interval at 6 cm resolution on a total of 250 sam-
ples. Carbon isotope analyses were performed
at the Istituto per I’Ambiente Marino Costiero
del Consiglio Nazionale delle Ricerche (IAMC-
CNR) laboratory (Capo Granitola, Italy) using
an automated continuous-flow carbonate prepa-
ration GasBench II device and a Thermo Elec-
tron Delta Plus V Advantage mass spectrometer.
Analyses were conducted on powdered bulk
rock samples after heating them to 400 °C to
remove organic components. Replicate analy-
ses provided a precision within +0.06%o. Values
were calibrated to the Vienna Peedee belemnite
standard (VPDB) and converted to conventional
delta notation (8"3C).

Smirra 1 Core

The magnetic susceptibility (MS) of the S1
core was measured using a Bartington magnetic
susceptibility system mounted in the X-ray
fluorescence (XRF) core scanner at the Royal
Netherlands Institute for Sea Research (NIOZ).
The MS2E high-resolution point-sensor has a
footprint of 4 x 10 mm. Sensor drift correction
algorithms were implemented in the Avaatech
Magsus acquisition software (avaatech.com).
Carbon stable isotope values were measured
on 548 bulk sediment samples between O and
41 m depth. The cores were sampled at ~10 cm
resolution using an 8 mm rock drill to collect
dry powder sediment core samples in the lime-
stone intervals. Samples from marly layers were
collected by hand and were freeze-dried before
crushing to obtain homogenized dry samples.
Isotope measurements were carried out on 80—
1000 pg of dry material at Utrecht University
using a CARBO-KIEL automated carbonate
preparation device linked to a Thermo-Finnigan
MAT253 mass spectrometer and a Finnigan
GasBench II, with an analytical precision
of 0.04%o.

Spectral Analysis

Wavelet analysis was used to compute the
evolutionary spectra of data series in the depth
domain, using the wavelet script of Torrence
and Compo (1998) and a Morlet mother wavelet
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with an order of 6. In the CR-BTT composite
section, CaCO; content from the lower part of
magnetochron C24r to the upper part of C21r
was evaluated, and for the S1 core, the MS se-
ries was analyzed from the upper part of C22r to
C21n. In addition, power spectral analysis of the
BTT CaCO; record, after a second-order poly-
nomial detrending, and of the MS record from
the S1 core was conducted via the multitaper
method (MTM) with three tapers and a time-
bandwidth product of 2, using the Astrochron
Package (Meyers, 2014); this approach allows
for the identification of periodic components ex-
ceeding the 95% confidence level, according to
the robust noise estimation algorithm of Mann
and Lees (1996).

Seafloor Spreading Rates

The Umbria-Marche (U-M) age model ob-
tained in this study, as well as other published
age models such as that of Cande and Kent
(1995), or CK95, the geologic time scale (GTS)
2004 (Ogg and Smith, 2004), GTS2012 (Ogg,
2012; Vandenberghe et al., 2012), and that of
Westerhold et al. (2017), or Wetall7, were
tested by constructing curves of the seafloor
spreading rate using the database of magnetic
anomaly width from Bouligand et al. (2006).
To construct this database, sea-surface magnetic
anomaly profiles were first corrected for the
main magnetic field, reduced to the pole, and
projected in the direction of seafloor spread-
ing, and they were assumed to be constant in
a given area (for details, see Bouligand et al.,
2006). Geomagnetic reversals recorded by the
oceanic crust were then located by searching for
the maximum gradient along these profiles. The
data used here came from the Indian, North Pa-
cific, and South Pacific Oceans and originated
from six main spreading centers (Fig. 2). For
each spreading center, we estimated an averaged
value and its 95% confidence interval for chron
width (measured in the spreading rate direction)
and then deduced from the age model the same
quantities for the spreading rate. For spreading
centers where data from both conjugate flanks
were available, we first computed the averaged
values and 95% confidence intervals of the half-
spreading rates for each flank and then deduced
the same quantities for the average of both
flank values. This approach takes into account
possible spreading asymmetry (e.g., Miiller et
al., 2008).

The method described here for estimating
seafloor spreading curves is simpler than the
usual method that relies on the estimation of the
rotation parameters (e.g., Hellinger, 1981). We
decided, however, to use the data set of Bouli-
gand et al. (2006) because its temporal sampling
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Figure 2. Location of selected areas (gray polygons) and magnetic profiles (black) over bathymetry from Smith
and Sandwell (1997). Data originating from the same spreading center have been grouped together (see Royer
and Sandwell, 1989; Cande and Patriat, 2015; Wright et al., 2016): CIR—Central Indian Ridge; SEIR—South
East Indian Ridge; WR—Wharton Ridge; PFR—Pacific-Farallon Ridge; PAR—Pacific Antarctic Ridge; PALR—

Pacific Aluk Ridge.

is larger than recently published seafloor spread-
ing curves available for the Indian (Cande and
Patriat, 2015) and Pacific Oceans (Wright et
al.,, 2016b). Although the selected areas were
characterized by a relatively constant spreading
direction during the investigated period, some
of the spreading rate variations deduced from
the database of chron widths of Bouligand et al.
(2006) could reflect small directional changes.
For this reason, we also compared these curves
with published spreading rates based on rotation
parameters (Cande and Patriat, 2015; Wright
et al., 2016b) that we adjusted to the different
time scales.

The resolution of sea-surface magnetic pro-
files is limited by water depth, which is ~5000 m
for the period 53.9-47.7 Ma investigated here
(according to Parsons and Sclater, 1977). This
resolution limit prevents us, using the method
mentioned above, from correctly locating rever-
sals that bound chrons with widths shorter than
~5000 m (i.e., ~125 k.y. for a seafloor spread-
ing rate of 40 km/m.y.). This is due to the fact
that sea-surface magnetic anomalies caused by
such short chrons have a width controlled by
the water depth (5000 m) and not by the true
chron width. For this reason, for the construc-
tion of spreading rate curves, we did not include

502

the reversals from very short subchrons C23n.1r
and C24n.2n, the durations of which (51 k.y.
and 100 k.y., respectively, in the new U-M age
model) are shorter than the resolution of sea-
surface magnetic profiles.

Comparison of Synthetic and Observed
Magnetic Profiles

The durations of the short subchrons in C23n
and C24n were tested by comparing the overall
shape of stacks of observed magnetic anomaly
profiles and synthetic profiles deduced from the
age models with the assumption of a constant
spreading rate and of a magnetized crust with
a constant thickness and magnetization inten-
sity. Before stacking, magnetic profiles were
stretched between tie points (chron boundar-
ies) to match the averaged chron width within
each area. We used C22r,,, C23n.1ng,.,
C23n.1rp,, and C23n.2ny,,, boundaries as
tie points for chron C23n and C23rg,.),
C24n.1ng,., C24n.2r4,., and C24n.3ng,,
boundaries for chron C24n. Synthetic profiles
were computed at the pole (i.e., assuming a ver-
tical direction for the magnetic field and magne-
tization), assuming that the seafloor topography
followed the relation with age of Parsons and
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Sclater (1977), and using the algorithm of Tal-
wani and Heirtzler (1964) with the method of
Tisseau and Patriat (1981) to model off-axis in-
trusions and lava flows. We then shifted and res-
caled the magnetic anomaly values in the stack
to obtain a best fit (in the least-square sense) to
the synthetic profiles, to assist with our compar-
ison. This was needed because observed profiles
were only partially corrected to the pole (correc-
tion of their skewness but not of their amplitude;
for more details, see Bouligand et al., 2006)
and possibly included the effect of a regional
field that had not been corrected for, introduc-
ing a constant shift in the magnetic anomaly
values. Finally, similarities between stacks and
synthetic profiles were quantified by computing
their Pearson correlation coefficients.

RESULTS
Bottaccione Section

Magnetostratigraphy

The results previously published by Gale-
otti et al. (2017) from the BTT section clearly
show two reversals at 51.75-51.8 and 57.02—
57.28 m above the Cretaceous-Paleogene
boundary (Fig. 3A). As already identified by

Geological Society of America Bulletin, v. 131, no. 3/4
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different authors (Arthur and Fischer, 1977,
Napoleone et al., 1983), these two reversals
correspond to the C23r/C23n and C23n/C22r
magnetochron boundaries. In addition to the
three magnetozones detected by Galeotti et al.
(2017), we identified two additional reversals
at 66.24-66.31 and 71.60-72.00 m above the
Cretaceous-Paleogene boundary. In agreement
with the original sampling of Arthur and Fischer
(1977), the ~5.5-m-thick normal polarity inter-
val between these magnetochron boundaries
corresponds to magnetochron C22n. However,
our paleomagnetic analysis does not allow us to
define the top of this polarity chron with a pre-
cision better than ~40 cm, which corresponds
to an ~50 k.y. uncertainty, considering the total
duration of chron C22n (Cande and Kent, 1995).

Geochemistry

Geochemical records show a large variability
across the surveyed interval, with CaCO; con-
tent ranging between ~68 and ~99 wt%, with
an average value of ~92.8 wt% (Fig. 3A), and
carbon isotope values ranging from ~1.0%o to
~1.8%o, with CIEs up to ~0.5%o (Fig. 4). On a
long-term trend, following the rapid increase of
average carbon isotope values in the upper half
of C23n (Galeotti et al., 2017), 8"°C values vary
across an average of ~1.5%o. Both records show
an evident cyclicity, which has already been
shown to be related to astronomical forcing both
in the Umbria-Marche succession and oceanic
records (Westerhold and Rohl, 2009; Galeotti
et al., 2010, 2017; Westerhold et al., 2017). In
particular, periods of depleted 8'*C values and
concomitant impoverishment of CaCO; related
to carbonate dissolution correspond to a maxi-
mal forcing (Lourens et al., 2005; Westerhold
and Rohl, 2009; Galeotti et al., 2010, 2017;
Westerhold et al., 2017).

Smirra 1 Core

Paleomagnetism

A detailed magnetic stratigraphy was ob-
tained by identifying the characteristic remanent
magnetization (ChRM). The newly produced
paleomagnetic record of the S1 core, which
spans from chron C21n to C23n (Turtu et al.,
2017), is in good agreement with records ob-
tained from other deep-sea cores for the same
stratigraphic interval, allowing detailed com-
parison (Westerhold and Rohl, 2009; Galeotti et
al., 2010, 2017; Sexton et al., 2011). In particu-
lar, the magnetostratigraphic record from S1 is
consistent with BTT, and the thickness differ-
ences between magnetozones are generally lim-
ited to ~0.5 m. A larger discrepancy is observed
for magnetochrons C22r and C22n, which are
respectively ~2.5 m shorter and ~1.5 m longer
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compared to the same magnetochrons at the
BTT section (Fig. 3B). These differences might
be related to undetected tectonic deformation
at Smirra, although no evidence of faulting can
be observed in the cores nor in the optical logs
(Turtu et al., 2017).

Bulk &"C and Magnetic
Susceptibility Records

The bulk 8“C record shows a large vari-
ability (Fig. 4). From the interval encompass-
ing C23n.2n, average baseline carbon isotope
values undergo a gradual increase of ~0.5%o,
with heavier values persisting to the top of
C21r, from which we can also observe a transi-
tion toward lighter values up to the top of the
core. Superimposed on the long-term trends,
the Smirra 8'*C record is punctuated by short-
term negative CIEs, as found in coeval deep-sea
records (Galeotti et al., 2010, 2017; Sexton et
al., 2011; Kirtland Turner et al., 2014; Laure-
tano et al., 2016). These CIEs vary in amplitude
between ~0.4%o0 and ~1.0%0 and are associated
with higher MS values.

GEOCHEMICAL CORRELATION OF
THE UMBRIA-MARCHE RECORDS
WITH OCEAN DRILLING PROGRAM
SITES 1258 AND 1263

Carbon isotope records provide a robust
means for intersite geochemical correlation, as
hyperthermal events and dynamics regulating
changes in seawater 6'°C have a global signifi-
cance. We applied this exercise to the carbon
isotope profiles of the S1 and BTT records for a
local comparison, followed by their comparison
with Ocean Drilling Program (ODP) Site 1258
at Demerara Rise (Sexton et al., 2011; Kirtland
Turner et al., 2014) and ODP Site 1263 at Wal-
vis Ridge (Lauretano et al., 2016; Fig. 4). We
labeled prominent CIEs following Cramer et al.
(2003) up to the lowermost magnetochron C23r,
including H1 to L, and used the Lauretano et al.
(2016) nomenclature between the middle C23r
and the lower C22n chron, including M to W. For
the rest of the studied interval (middle C22n to
upper C21r), we followed the labeling of Sexton
etal. (2011), revised by Westerhold et al. (2017).
Comparison of the S1 with the BTT record
shows a very good match of both the long-term
trend and individual CIEs. Moreover, this car-
bon isotope stratigraphy correlation allows us to
test the discrepancies observed in the thickness
of the C22n and C22r magnetochrons between
the two sites. In particular, a very good match of
the 8'*C records is observed within C22n, which
is ~1.5 m longer at Smirra. However, a slightly
higher average sedimentation rate is observed at
S1 (Turtu et al., 2017) compared to Bottaccione
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(Galeotti et al., 2010, 2017), and also for other
magnetostratigraphic intervals. It is more diffi-
cult, thus, to explain the occurrence of a shorter
C22r at Smirra. Furthermore, the carbon isotope
record at BTT is characterized by two prominent
CIEs, correlated with S and T of Lauretano et al.
(2016), which are found at 59.2 m and 60.3 m
above the Cretaceous-Paleogene boundary. De-
spite the easy recognition of these events at Bot-
taccione, we were not able to identify them at
Smirra. Accordingly, the comparison between
the carbon isotope records suggests that a gap
of at least 3 m occurs in S1, even though there is
no direct evidence for tectonic disturbance, but
this does not exclude the possibility of a sedi-
mentary hiatus or slump scar. By contrast, the
U event (Lauretano et al., 2016), characterized
by a prominent CIE that occurs in the upper
part of magnetochron C22r, is well recogniz-
able in both carbon isotope records. From there
upward, the chemostratigraphic correlation be-
tween S1 and BTT is straightforward up to the
middle part of chron C21r, as depicted in Figure
4. For this reason, the spectral analysis of S1 was
performed only on the stratigraphic interval that
spans 2.3-33 m. This still allowed us to build
a composite and continuous cyclochronological
record of CIEs from the Umbria-Marche Basin
up to magnetochron C21n. Moreover, compari-
son of the Umbria-Marche record with ODP
Site 1258 at Demerara Rise (Sexton et al., 2011;
Kirtland Turner et al., 2014) and ODP Site 1263
at Walvis Ridge (Lauretano et al., 2016) shows
a remarkably good match between the carbon
isotope profiles, including both longer-term
trends and CIEs within individual magneto-
chrons (Fig. 4). Minor differences are observed
in the positions of a few CIE events with respect
to the magnetostratigraphy at each site. Fol-
lowing the integration with the S1 record, we
reexamined the stratigraphic position of each
magnetochron in the CR-BTT composite re-
cord of Galeotti et al. (2017). This inspection
revealed that all the magnetochrons have been
correctly located in the spliced succession, with
the exception of magnetochron C23n, which has
been restudied and for which the upper limit oc-
curs ~50 cm below the estimate of Galeotti et
al. (2017), based on a splice with the record of
Galeotti et al. (2010). Accordingly, C22rH1 or
Q (Kirtland Turner et al., 2014; Lauretano et al.,
2016) now consistently falls in the lowermost
part of magnetochron C22r both at Smirra and
Bottaccione, similar to what is observed at Sites
1258 and 1263 (Westerhold et al., 2017). How-
ever, C22nH1 or V (Kirtland Turner et al., 2014;
Lauretano et al., 2016), which coincides with
the C22r/C22n magnetochron boundary in the
Umbria-Marche records, falls in the lowermost
part of C22n at ODP Site 1263 (Lauretano et

Geological Society of America Bulletin, v. 131, no. 3/4
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al., 2016; Westerhold et al., 2017) and at ODP
Site 1258 (Sexton et al., 2011; Kirtland Turner
et al., 2014). Despite these minor differences in
the position of the C22nH1/V event, the good
alignment of the Umbria Marche record with
those of ODP Site 1258 (Sexton et al., 2011;
Kirtland Turner et al., 2014) and ODP Site 1263
(Lauretano et al., 2016; Westerhold et al., 2017)
evidently results from the global significance of
factors controlling the carbon cycle.

CYCLOSTRATIGRAPHY
Bottaccione Record

The wavelet spectrum of CaCO; content from
the CR-BTT section reveals high spectral den-
sity above the 95% confidence limit correspond-
ing to wavelengths of ~50 cm and ~2 m between
32 and 57 m (Fig. 5). These cycles have been
linked to the short and long eccentricity cycles,
respectively, by Galeotti et al. (2017). Much of
the spectral power is centered at a longer wave-
length of ~4.5 m, which, based on the analysis
of the same succession, has been interpreted

Francescone et al.

to track the long-term (~1.2 m.y.) modulation
of obliquity (Galeotti et al., 2010; DeConto et
al., 2012). This component is also evident in the
amplitude modulation of the short eccentricity,
which shows maxima at ~35, ~40, and 45 m,
i.e., between ca. 55 and 52 Ma. A similar long-
term modulation of the short eccentricity has
been reported to occur in sedimentary cycles
from various ODP sites across the same interval,
possibly suggesting a transition from libration
to circulation (Westerhold et al., 2017), which
is contemplated in the La2010b and La2010c
astronomical solutions (Laskar et al., 2011a).
A large increase in sedimentation rate is clearly
indicated in the wavelet spectrum at 57 m, ob-
served as a shift in the wavelength of the domi-
nant spatial cycles, corresponding to the C23n/
C22r magnetochron boundary. From there up-
wards the interpreted astronomical components
shift to lower frequencies, in line with an aver-
age sedimentation rate of ~0.85 cm/k.y. in the
8.5-m-thick C22r magnetochron, compared to
~0.5 cm/k.y. in the C23n magnetochron, based
on the Cande and Kent (1995) geomagnetic po-
larity time scale. The wavelet spectrum shows a
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strong amplitude modulation of both the ~50 cm
component up to ~57 m above the Cretaceous-
Paleogene boundary and the ~90 cm component
for the interval from 57 to 78.4 m above the
Cretaceous-Paleogene boundary. Assuming that
the ~50 cm cycles below 57 m and the ~90 cm
cycles above represent short eccentricity, the
observed amplitude modulation can be ascribed
to the 405-k.y.-period eccentricity cycles be-
ing expressed by a wavelength of ~2 m up to
the base of C23n and of ~3.5 m in the interval
spanning the lowermost C22r to middle C21r
magnetochron. Due to this, spectral analysis
was conducted using only a little overlap with
the interval analyzed by Galeotti et al. (2017),
which was entirely characterized by an average
sedimentation rate of ~0.5 cm/k.y.

MTM spectral analysis of the interval
spanning 57-78.4 m above the Cretaceous-
Paleogene boundary confirmed the interpreta-
tion of the wavelet analysis, with a spectral peak
corresponding to a frequency of 0.265 cycles/m
(wavelength of 380 cm) and a double peak at
frequencies of ~0.85 and 1.15 cycles/m (wave-
lengths of 118 and 87 cm, respectively; Fig.

C23n

Wt.% CaCO,

Wavelength (m)

C23r

Height above K/Pg boundary (m)

Figure 5. Evolutionary wavelet analysis for CaCO; content (wt% ) from the Contessa Road—Bottaccione composite section for the interval
spanning from 32 to 78.4 m above the Cretaceous-Paleogene boundary (K/Pg boundary) and magnetostratigraphy. White contours indicate
the 95% confidence level for a red-noise model. “E” identifies the interpreted short eccentricity terms, and “O” identifies the interpreted
obliquity terms.
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6A). Based on an average sedimentation rate
of ~0.85 cm/k.y., these frequencies are inter-
preted to represent the long eccentricity E1 term
and the short eccentricity E2 and E3 terms, re-
spectively. Astrochronological testing through
the evolutive average spectral misfit technique

(E-ASM; Meyers and Sageman, 2007; Meyers
et al., 2012) on the Lower Eocene part of the
CR-BTT composite section (Laurin et al., 2016)
confirmed this interpretation.

On this basis, the spectral peaks occurring
at frequencies of 2.15 and 2.62 cycle/m, corre-
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Figure 6. Results of multitaper method (MTM) spectral analyses
carried out on the (A) CaCO; content from the Bottaccione sec-
tion for the interval spanning 57-78.4 m above the Cretaceous-
Paleogene boundary, (B) magnetic susceptibility (MS) values from
Smirra 1 for the stratigraphic interval from 9 to 33 m, and (C) MS
values from Smirra 1 for the stratigraphic interval from 2.3 to 9 m.
Dashed lines represent the 90%, 95%, and 99 % confidence levels
for robust red noise (Mann and Lees, 1996).

sponding to wavelengths of 46 cm and 38 cm,
might represent the two main terms of obliquity
(54 and 41 k.y.), although the 54 k.y. term is
predicted to be weakly expressed in sedimen-
tary records (Laskar et al., 2004). Spectral peaks
are also present in the frequency range expected
for precession, but these are not as clearly ex-
pressed as the peaks associated with eccentricity
and obliquity.

Smirra 1 Core Record

The wavelet analysis of the MS record from
the 2.3-33 m interval shows components, above
the 95% confidence level, similar in frequency
to the upper part at BTT. In particular, these
components have wavelengths centered at ~100,
~40, and ~20 cm up to the lower part of C21n
(Fig. 7). According to Cande and Kent (1995),
the C22n—C21r magnetochron interval has an
average sedimentation rate of 1.09 cm/k.y. On
this basis, the observed components represent
the sedimentary expression of the astronomical
forcing related to short eccentricity, obliquity,
and precession. A shift toward shorter wave-
lengths is observed at ~9 m up to the top of the
record, within magnetochron C21n, suggesting
a substantial decrease in sedimentation rate.
Based on results from wavelet analysis, MTM
analysis was carried out on two distinct strati-
graphic segments spanning from 2.3 to 9 m and
from 9 to 33 m (Fig. 6).

The MTM spectrum for the stratigraphic seg-
ment spanning from 9 to 33 m confirmed the
interpretation of the wavelet analysis, provid-
ing evidence for distinct peaks exceeding the
95% confidence level with frequencies centered
at ~0.278 and ~1.03 cycles/m, and five peaks
centered at ~5.79 cycles/m (Fig. 6B). These
frequencies correspond to cyclic components
with wavelengths of 360, 97, and 17 cm, re-
spectively. Based on the average sedimentation
rate, this implies periods of ~400, ~100, and ~20
k.y., respectively. The best-fit sedimentation rate
obtained using the TimeOpt routine (Meyers,
2015) on the MS record was ~1 cm/k.y., which
provides further evidence that the periodic com-
ponents revealed by MTM were astronomically
controlled (Fig. 8).

MTM analysis of the upper segment (2.3—
9 m) revealed distinct peaks exceeding the
90% confidence level at ~1.18 cycles/m (wave-
length of 84 cm) and a dominant component
exceeding the 99% confidence level centered at
~7.18 cycles/m (wavelength of 14 cm; Fig. 6C).
The decrease in sedimentation rate detected
by wavelet analysis suggests that these signals
could be ascribed to the short eccentricity and
precessional components, respectively. How-
ever, we did not include this interval in the final
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MS
(SI Units [x10-9])

Wavelength (m)

Depth (m)

Figure 7. Evolutionary wavelet analysis for magnetic susceptibility (MS) values from the Smirra 1 for the interval
spanning from 2.3 to 33 m. White contours indicate the 95% confidence level for a red-noise model. “E” identifies
the interpreted short eccentricity terms.

astrochronology because of its limited thickness
and because the available record does not reach
the top of C21n.

ASTROCHRONOLOGY AND THE
UMBRIA-MARCHE AGE MODEL

C22r-C21r Magnetochron Interval

To conduct the eccentricity-based cycle
counting within the stratigraphic interval en-
compassing the C22r—C21r magnetochrons in
the Umbria-Marche Basin, we used the cycle
component corresponding to the long eccentric-
ity (E1) term with a duration of 405 k.y. Based
on the MTM spectral analysis results, a compo-
nent with a wavelength of ~4 m was extracted
from the CaCO; record of the BTT section and
the MS record of S1 using the AnalySeries
program (Paillard et al., 1996) and applying a
Gaussian filter with a bandwidth of +15%. This
allowed us to establish a floating cyclochronol-
ogy for the studied interval. Based on the ob-
tained floating cyclochronology, we counted
2.75 and 1.75 405-k.y.-long cycles in magne-
tochrons C22r and C22n at BTT, respectively
(Fig. 9). The same result was obtained for mag-
netochron C22n at S1, where we also counted
2.75 405-k.y.-long cycles in magnetochron
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C21r (Fig. 10). Filtering of the E2 and E3 short
eccentricity components (~1 m wavelength)
showed the expected amplitude modulation by
the 405 k.y. eccentricity in both records. A very
good match between the two sites was also ob-
tained when comparing short eccentricity cycles
across the overlapping interval, i.e., C22n, pro-
viding further evidence of the robustness of the
cyclochronological interpretation. Assuming an
average duration of 100 k.y. for the short ec-
centricity cycles, we obtained a total duration of
1010 k.y. and 700 k.y. for magnetochrons C22r
and C22n, respectively. Because of uncertainty
in the stratigraphic position of the top of C22n
at BTT, the estimated duration of C22n is based
only on the S1 record, where we counted seven
complete short eccentricity cycles, for a total
of 710 k.y. The S1 record allowed us to extend
the cycle counting up to include magnetochron
C21r, where we counted 12 short eccentricity
cycles for a total of 1200 k.y.

The obtained cyclochronology provides the
basis for an astronomical tuning of the Umbria-
Marche record from the C22r to C21n magne-
tochrons. For this goal, we tuned the 405 k.y.
eccentricity filtered component to the most re-
cent astronomical solution of La2010b (Laskar
et al., 2011a), allowing an optimal comparison
with recently published results from the same
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time interval (Westerhold et al., 2017). Because
of the absence of a clear long eccentricity cycle
from the uppermost part of C23r to the upper-
most part of C22r, we tuned the long eccentricity
maxima identified from the amplitude and fre-
quency modulations of the short eccentricity cy-
cle, following the method reported by Laurin et
al. (2016) and adopted by Galeotti et al. (2017).
As a tie point, we used the age of the C23r/
C23n magnetochron boundary, i.e., 51.78 Ma
(Galeotti et al., 2017), corrected to 51.72 Ma,
following a new linear age interpolation based
on the observation of the maximal amplitude
and frequency modulation interval of the E2 +
E3 terms of eccentricity (Figs. 11 and 12).

Seafloor Spreading Rates

The U-M age model was tested by plotting
seafloor spreading rate curves associated with
different spreading centers in the Indian, North
Pacific, and South Pacific Oceans (Fig. 13). Al-
though the U-M age model encompasses only
chrons C21n to C24n, spreading curves were
computed for chrons C19r to C26n after merging
our new age model with the ages from Wetall7
(from chrons C19r to C20r) and GTS2012 (from
chrons C24r to C26n; see Table 1). For com-
parison, we also present similar spreading rate

Geological Society of America Bulletin, v. 131, no. 3/4
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Figure 8. TimeOpt analysis on the magnetic susceptibility (MS) at Smirra 1 for the interval spanning from 9 to 33 m. (A) Squared Pearson
correlation coefficient for the amplitude envelope fit (r> envelope, black dots) and the spectral power fit (r? spectral, gray line) at each
evaluated sedimentation rate. (B) Comparison of the data amplitude envelope (gray) and the TimeOpt-reconstructed eccentricity model
(black). (C) Cross plot of the data amplitude envelope and the TimeOpt-reconstructed eccentricity model in panel B. (D) Combined enve-
lope and spectral power fit (r%,,) at each evaluated sedimentation rate. (E) Comparison of the band-passed eccentricity signal (black) and
the data amplitude envelope (gray) determined via Hilbert transform. (F) Periodogram spectrum for the Bottaccione section, given the
TimeOpt-derived sedimentation rate of ~1 cm/k.y. (black line—linear spectrum; gray line—log spectrum). Gray dashed lines indicate the

eccentricity target periods.

curves using the CK95, GTS2004, GTS2012,
and Wetall7 (merged with GTS2012 from
chrons C24r to C26n) age models.

Figure 13 shows that spreading rates de-
duced from the chron width database of Bou-
ligand et al. (2006) are generally consistent
with spreading rate curves based on rotation

Geological Society of America Bulletin, v. 131, no. 3/4

parameters (Cande and Patriat, 2015; Wright
et al., 2016b), where 95% confidence intervals
generally overlap. Differences are nevertheless
observed and may be due to the higher tem-
poral sampling in the Bouligand et al. (2006)
database, to small changes in spreading direc-
tion not taken into account in Bouligand et al.
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(2006), to the small number of profiles avail-
able for some chrons and areas in Bouligand et
al. (2006; see Table 2), or to the distance be-
tween the flow lines used to predict the spread-
ing rates from rotational parameters and the ar-
eas selected in Figure 2. For instance, data used
for the Pacific Antarctic Ridge in Figure 2 are
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Figure 9. Long eccentricity (gray line) and short eccentricity (black line) filters for the interval spanning 50-78.4 m at Bottaccione (BTT)
section plotted against the La2010b (Laskar et al., 2011a) astronomical solution. Long eccentricity maxima are labeled following the num-
bering of Galeotti et al. (2017). For the interval spanning the uppermost part of C23r to the uppermost part of C22r magnetochrons, we
identified long eccentricity maxima and minima from the amplitude and frequency modulations of the short eccentricity term (Galeotti et

al., 2017). VPDB—Vienna Peedee belemnite.

located north of the data and flow line used by
Wright et al. (2016b). Note that spreading rate
curves deduced from Cande and Patriat (2015)
and Wright et al. (2016b) show only minor dif-
ferences when computed for the recent U-M or
Wetall7 age models, but they show significant
differences when computed with previous age
models (CK95, GTS2004, GTS2012). On the
other hand, spreading curves obtained using
the database of Bouligand et al. (2006) show
significant differences for the U-M and Wetal17
age models, due to the higher temporal sam-
pling. In the following, we will therefore only
discuss the curves deduced from Bouligand et
al. (2006).
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Large temporal variations in seafloor spread-
ing rates (by up to a factor of ~4) and in their
uncertainty (represented by the 95% confidence
intervals) are observed for all spreading centers
(Fig. 13). The spreading rate uncertainty might
be due to both uncertainties in reversal location
and local variability in the seafloor spreading
rate. Abrupt changes in spreading rates and
larger than 95% confidence intervals are also
often observed for short chrons, because their
width and duration are characterized by larger
relative uncertainties, and also because short-
term variability in spreading rates may not have
been averaged out due to the short duration of
the chron. As noted earlier, our method for lo-
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cating geomagnetic reversals is inadequate for
reversals bounding chrons that are shorter than
the spatial resolution of the sea-surface mag-
netic profiles (~5000 m). For such chrons, our
method would tend to artificially increase the
apparent chron width and spreading rate. We
note, however, that the spreading rates in Figure
13 associated with short chrons, such as C25n
or C26n, do not appear to be systematically
higher, suggesting that these polarity events
are not below the resolution of our sea-surface
magnetic profiles.

Although the evolution of seafloor spread-
ing rates shows significant differences among
the different spreading centers (especially when

Geological Society of America Bulletin, v. 131, no. 3/4
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considering different oceans), we observe the
existence of large deviations in spreading rates
that are synchronous for all spreading centers,
suggesting that these variations are not real,
but instead reflect errors in the polarity time
scale, which will be discussed further below.
The spreading rate evolution deduced from the
U-M age model shows significant differences
from the evolution predicted by other polarity
time scales. In particular, the new age model
suggests the existence of periods of relatively
constant spreading rates separated by rapid
variations of spreading rate, while other age
models suggest a rather gradual evolution of
spreading rates (see, for instance, the C22n—
C24n.1n interval for the Pacific Farallon Ridge
and C22r-C24n.1n interval for the South East
Indian Ridge).

Geological Society of America Bulletin, v. 131, no. 3/4

DISCUSSION

We compared the U-M age model to other
radioisotopic and astronomically calibrated age
models. Cyclochronological interpretation of
magnetochron C22r from the Umbria-Marche
Basin is consistent with the estimate proposed by
CKO95, on the basis of anomaly profiles, which,
in turn, agrees with the new estimate of Wetall7
from ODP Site 1258. This number is slightly
different from that in GTS2004 and GTS2012,
which both propose an ~300 k.y. longer duration
for C22r. Cycle-counting across magnetochron
C22n, the duration of which is 710 k.y. at S1
and 700 k.y. at BTT, is slightly shorter with re-
spect to the estimate of GTS2004 (<100 k.y.).
Moreover, in our cyclochronological interpreta-
tion, C21r is in line with the duration proposed
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in GTS2012, but it has an ~100 k.y. longer dura-
tion compared to CK95 and Wetal17, while it is
slightly shorter with respect to GTS2004. The
cyclochronological duration and the astrochro-
nological ages of magnetochron boundaries and
individual CIE events are reported in Tables 3,
4, and 5, along with previous estimates pro-
posed by other authors. Compared to Galeotti
et al. (2017), to which our time scale is tied via
the astronomical age of the C23r/C23n magne-
tochron boundary (i.e., 51.78 Ma in Galeotti et
al., 2017, slightly modified to 51.72 Ma), the
age of some events around the C23n/C22r mag-
netochron boundary are different as the shape of
the 405 k.y. filter changes based on the observa-
tion of a large sedimentation rate increase at the
base of chron C22r. The largest differences with
the most recent astrochronological estimates of
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Figure 11. Astrochronologic calibration of the Contessa Road-Bottaccione (CR-BTT) composite section plotted against
chemostratigraphic and magnetostratigraphic records. The tuning was performed using the ~4 m (E1) component. The
lower panel represents the short eccentricity (black line) and long eccentricity (gray line) components extracted from the
La2010b (Laskar et al., 2011a) astronomical solution. All components are reported in the time domain. Long eccentricity
maxima are labeled following the numbering of Galeotti et al. (2017). VPDB—Vienna Peedee belemnite.

Wetall7 and Lauretano et al. (2016) are lim-
ited to one short eccentricity cycle across the
C23n.2nH1, C22rH3, C21rH1, and C21rH2
events. Considering the good match between
our astrochronology and that of Wetall7 at the
resolution of the 405 k.y. cycles, the slightly dif-
ferent ages of these hyperthermal events can be
ascribed to a slightly different interpretation of
the relative position of individual geochemical
events within each long eccentricity cycle. In
the absence of a stable solution for short eccen-
tricity in the studied time interval, this level of
discrepancy is unavoidable. The astrochrono-
logical ages of the magnetochron boundaries
show a very satisfactory match between our es-
timates and Wetall7, with moderate discrepan-
cies at the C22n/C21r and C21r/C21n magneto-
chron boundaries that, in our astrochronological
model, are 100 k.y. younger than reported by
Westerhold et al. (2017).

In order to identify possible errors in the age
models, we compared the spreading rate curves
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for different spreading centers as calibrated
with different time scales (Fig. 13). In particu-
lar, large variations in spreading rates that are
synchronous for all investigated spreading cen-
ters within the Indian and Pacific Oceans are
unlikely and probably point to errors in the age
models. As shown in Figure 13, chron C23r is
systematically characterized by a higher spread-
ing rate for CK95, GTS2004, and GTS2012,
suggesting that the duration of this chron is too
short in these age models. On the other hand, the
Wetall7 and U-M age models suggest a shorter
duration for chron C23r and do not show such a
systematic increase in spreading rates associated
with C23r. However, these two age models show
rapid changes in spreading rate during chron
C24n among all spreading centers, suggesting
errors in the subchron durations. In particular,
the ages of Wetal17 lead to very fast oscillations
in spreading rate during this chron, whereas the
U-M age model shows a systematic decrease in
spreading rate for chron C24n.3n. However, it
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must be taken into account that these discrepan-
cies in the U-M age model could be due to the
sampling resolution, which is very close to the
short duration of the subchrons.

The duration of subchrons within C24n and
C23n was further investigated through a com-
parison of stacks of magnetic profiles and syn-
thetic profiles deduced from the different age
models (Fig. 14; Table 6). This comparison was
only performed for the South East Indian Ridge,
Central Indian Ridge, and Wharton Ridge in the
Indian Ocean and for the Pacific Aluk Ridge in
the South Pacific Ocean (see locations on Fig.
2), which are the only areas where the spreading
rate was high enough to distinguish the anoma-
lies associated with subchron C24n.2n. We first
note that the synthetic profiles deduced from the
previous polarity time scales, CK95, GTS2004,
and GTS2012, already reproduced very well the
stacks of profiles, especially in the Central In-
dian Ridge and South East Indian Ridge (Pear-
son correlation coefficient > 0.9). This is due

Geological Society of America Bulletin, v. 131, no. 3/4
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Figure 12. Astrochronologic calibration of the Smirra 1 core together with the bulk carbon isotope and magneto-
stratigraphic records. The tuning was performed using the ~360 cm (E1) component. The lower panel represents
the short eccentricity (black line) and long eccentricity (gray line) from the La2010b (Laskar et al., 2011a) orbital
solution. Long eccentricity maxima are labeled following the numbering of Galeotti et al. (2017). VPDB—Vienna
Peedee belemnite; MS—magnetic susceptibility.

to the fact that the durations of short events in
chrons C23n and C24n for these polarity time
scales were derived using the sequence of mag-
netic anomaly widths compiled by Cande and
Kent (1992), which for chrons C23n and C24n
were based on a stack of two profiles from the
Central Indian Ridge and South East Indian
Ridge in the Indian Ocean. However, we no-
tice some differences, the most obvious being
the larger amplitude of anomaly C23n.1r in the
synthetic profiles, suggesting that the duration
of C23n.1r is too long in CK95, GTS2004, and
GTS2012. Such discrepancies are due to the
fact that only two magnetic profiles were used
to constrain the durations of the C23n and C24n
subchrons in these time scales, while we used
stacks composed of a larger number of profiles
(see number of profiles in Table 2). Looking
now at the synthetic profiles deduced from the
U-M age model, we see that this age model best

Geological Society of America Bulletin, v. 131, no. 3/4

reproduces the amplitude and location of the
C23n.1r anomaly observed in the stacks (black
dashed and solid curves) from the Indian Ocean
compared to the other age models (largest Pear-
son correlation coefficient for C23n obtained
with the U-M age model in Table 6). On the
other hand, the synthetic profiles deduced from
the U-M age model for chron C24n show signif-
icant differences with the observed stacks (with
slightly lower Pearson correlation coefficients
for C24n obtained with the U-M age model than
with CK95, GTS2004, and GTS2012). In par-
ticular, we observe that the synthetic anomaly
associated with C24n.2n has an amplitude about
twice as large and is shifted toward younger ages
compared to the stacks from the Indian Ocean.
The difference in amplitude suggests that the
duration of C24n.2n in the U-M age model (100
k.y.) is about twice too long, although this dis-
crepancy could also be partly due to a lower in-
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tensity of Earth’s magnetic field during the short
polarity event C24n.2n. Note, however, that,
because of the sampling resolution of ~30 cm
for magnetostratigraphic samples, the uncer-
tainty is ~25 k.y., which may explain some of
the discrepancies. With respect to the temporal
shift of C24n.2n, we notice that chron C24n
corresponds to a period of increase in spread-
ing rates at the South East Indian Ridge, Cen-
tral Indian Ridge, and Wharton Ridge (Fig.
13). Since synthetic profiles in Figure 14 were
computed assuming a constant spreading rate,
the temporal shift of C24n.2n between the syn-
thetic profiles and stacks might just reflect this
increase in spreading rate. This is confirmed
by the stack obtained for Pacific Aluk Ridge,
in which the location of anomaly C24n.2n is
more consistent with the U-M age model (Fig.
14; Table 6). A better estimation of the duration
of subchrons within C24n would, however, re-
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TABLE 1. MAGNETOCHRON BOUNDARY AGES (MA)

Chron CK95 GTS2004 GTS2012 Wetal17* This study*
C19r (pase) 42.536 41.590 42.301 42.196 42.196
C20N (456 43.789 42.774 43.432 43.507 43.507
C20F (pace) 46.264 45.346 45.724 46.235 46.235
C21N (s 47.906 47.235 47.349 47.834 47.760
C21T (pase) 49.037 48.599 48.566 48.994 48.878
C22n ace) 49.714 49.427 49.344 49.695 49.666
C22r (pase) 50.778 50.730 50.628 50.777 50.767
C23n.1N (o) 50.946 50.932 50.835 50.942 50.996
C23n.11 (pase) 51.047 51.057 50.961 51.025 51.047
C23n.2N (pace) 51.743 51.901 51.833 51.737 51.724
C23r (pase) 52.364 52.648 52.620 52.628 52.540
C24n.1N (o) 52.663 53.004 53.074 52.941 52.930
C24n.1r (pase) 52.757 53.116 53.199 53.087 53.020
C24n.2N (pae) 52.801 53.167 53.274 53.123 53.120
C24N.2r (550 52.903 53.286 53.416 53.403 53.250
C24Nn.3N (pas) 53.347 53.808 53.983 53.899 53.900
C24r (pa5) 55.904 56.665 57.101 57.101 57.101
C25N (pase) 56.391 57.180 57.656 57.656 57.656
C25r (pas) 57.554 58.379 58.959 58.959 58.959
C26N (pss6) 57.911 58.737 59.237 59.237 59.237

Note: CK95—Cande and Kent (1995); GTS2004—Geological Time Scale 2004 (Ogg and Smith,

2004); GTS2012—Geological Time Scale 2012 (Ogg, 2012; Vandenberghe et al., 2012); Wetal17—
Westerhold et al. (2017); this study—Contessa Road—Bottaccione composite section and Smirra 1 core.

*Westerhold et al. (2017) merged with GTS2012 from chron C24r to chron C26n.

TCR-BTT and S1 merged with Westerhold et al. (2017) from chron C19r to chron C20r and GTS2012

from chron C24r to chron C26n.

TABLE 2. NUMBER OF PROFILES USED FOR DIFFERENT MAGNETOCHRONS

Chron CIR* SEIR' WR  PFR PAR  PALR
clor 0 2 (2-0) 0 24 6 0
c20n 2 (0-2) 3 (3-0) 1 25 6 0
c20r 2 (0-2) 3 (3-0) 3 35 6 1
c21n 1(0-1) 5 (5-0) 3 36 7 1
c21r 4 (2-2) 8 (7-1) 3 38 7 1
c22n 5 (2-3) 10 (7-3) 3 41 7 1
coor 6 (2-4) 6 (4-2) 2 38 7 1
C23n 10 (3-7) 8 (5-3) 3 34 7 2
C23r 13 (5-8) 10 (5-5) 1 29 6 3
C24n.1n 12 (5-7) 9 (6-3) 3 28 5 3
C24n.1r-C24n.2r 12 (5-7) 9 (6-3) 3 28 5 3
C24n.3n 14 (5-9) 9 (6-3) 2 27 5 3
c24r 9 (4-5) 4 (2-2) 3 23 8 1
C25n 13 (3-10) 9 (4-5) 4 23 10 2
C25r 11 (3-8) 8 (4-4) 5 23 10 2
c26n 12 (4-8) 8 (4-4) 6 29 11 2

Note: CIR—Central Indian Ridge; SEIR—South East Indian Ridge, WR—Wharton Ridge;

PFR—Pacific-Farallon Ridge; PAR—Pacific Antarctic Ridge; PALR—Pacific Aluk Ridge.

*Number of profiles for north and south flank are given in parentheses.

<

quire a detailed magnetostratigraphic study with
a much higher sampling resolution, while the
resulting durations could be tested with the use
of high-resolution near-bottom marine magnetic
profiles (as was done for chron CS, for instance,
by Bowles et al., 2003).

The refinement of the polarity time scale and
of the spreading rate curves during the early to
middle Eocene is important for a better under-
standing of the cause of the seafloor spreading
evolution during this period. Indeed, major
absolute and relative plate motion changes are
documented worldwide around 50 Ma (e.g.,
Miiller et al., 2016). This includes, for instance,
a significant decrease in spreading rates fol-
lowed by a reorganization of spreading centers
in the Indian Ocean near the onset of India-
Eurasia collision (Patriat and Achache, 1984;
Patriat and Segoufin, 1988; Cande and Patriat,
2015) and an increase of the Pacific-Farallon
spreading rates following the complete sub-
duction of the Izanagi plate (Whittaker et al.,
2007; Seton et al., 2015) and the initiation of
Izu-Bonin-Mariana subduction (Arculus et al.,
2015). The bend in the Hawaii-Emperor chain
occurred also near the same period, possibly
reflecting both a change in the motion of the
Hawaiian hotspot and in plate motion (Tarduno,
2007; Wright et al., 2015, 2016a; Wilson, 2016).
Finally, ca. 50 Ma also coincides with the early
Eocene climatic optimum, characterized by very
high temperatures and pCO, values, followed by
a long-term decrease in temperatures and pCO,
during the Eocene (e.g., Zachos et al., 2001).
Refinement of the polarity time scale is there-
fore critical to address important research ques-
tions such as the consequence of the worldwide
plate motion reorganization for ocean chemis-
try, atmospheric pCO,, and global climate on
the long-term (10° yr) time scale (e.g., Kasting
and Richardson, 1985; Rea et al., 1990; Miiller
et al., 2013, 2014; Norton and Lawver, 2014).

The U-M age model suggests a significantly
different evolution of seafloor spreading rates
than other age models (Fig. 13). In the Indian

<

Figure 13. Colored curves and gray bands represent averaged half-spreading rates and 95% confidence intervals, respectively, deduced
from the magnetic profiles located in areas defined in Figure 2 and according to the age model of different authors (ordered from top to
bottom): Cande and Kent (1995, purple line), Geologic Time Scale 2004 (GTS2004; Ogg and Smith, 2004, brown line), Geologic Time Scale
2012 (GTS2012; Ogg, 2012, green line), Westerhold et al. (2017, red line), and this study (Contessa Road—Bottaccione composite section and
Smirra 1, blue line). Numbers of profiles used for each area and magnetochron are reported on Table 2. Note that 95% confidence intervals
deduced from a small number of profiles may be artificially small and not representative of the overall spatial spreading rate variability
and uncertainty. For Central Indian Ridge and South East Indian Ridge, the dark thick curves show the spreading rates associated with
the north (solid line) and south (dotted lines) flanks. Black solid and dotted lines represent published spreading rate curves and their 95%
confidence interval deduced from rotation parameters that have been adjusted to each age model (Central Indian Ridge and South East
Indian Ridge from Cande and Patriat [2015] and Pacific-Farallon Ridge and Pacific Antarctic Ridge from Wright et al. [2016b]).
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TABLE 3. MAGNETOCHRON BOUNDARY DURATIONS (K.Y.)

Standard GPTS

Cycle counting

Astronomically calibrated

Cycle counting*

Astronomically calibrated®

GTS

GTS

Chron CK95 2004 2012 Lau3c’ Wetal17 Galetal17* Bottaccione Smirra 1 Bottaccione Smirra 1
ca1r 1131 1364 1217 N.D.** 1161 N.D.** N.D.** 1200 N.D.** 1110
C22n 677 828 778 N.D.** 700 N.D.** 700 710 770 800
C22r 1064 1303 1284 N.D.** 1082 N.D.** 1010 N.D.** 1100 N.D.**
C23n 965 1171 1205 676 961 1180 1000 N.D.** 950 N.D.**
C23r 621 747 787 1016 890 760 840 N.D.** 820 N.D.**
C24n.1n 299 356 454 458 314 390 420% N.D.** 390* N.D.**
C24n.1r 94 112 125 162 145 90 N.D.** N.D.** 90* N.D.**
C24n.2n 44 51 75 67 36 100 N.D.** N.D.** 1000* N.D.**
C24n.2r 102 119 142 142 280 130 N.D.** N.D.** 130* N.D.**
C24n.3n 444 522 567 561 496 650 630* N.D.** 650 N.D.**
C24n o) 983 1160 1363 1390 1271 1360 1417* N.D.** 1360* N.D.**

Note: GPTS—geomagnetic polarity time scale; CK95—Cande and Kent (1995); GTS2004—Geological Time Scale 2004 (Ogg and Smith, 2004); GTS2012—Geological
Time Scale 2012 (Ogg, 2012; Vandenberghe et al., 2012); Lau3c—three-cycle option of Lauretano et al. (2016); Wetal17—Westerhold et al. (2017); Galetal17—Galeotti et

al. (2017).
*Floating time scale.

fCalibrated to Laskar 2010b astronomical solution (Laskar et al., 2011a).

SThree-cycle option taken from Lauretano et al. (2016).
*Galeotti et al. (2017).
**N.D.—not determined.

TABLE 4. MAGNETOCHRON BOUNDARY AGES (MA)

Chron CR-BTT St Wetal17
C21N fpace) N.D.* 47.76 47.834
C21T (a5 48.89 48.87 48.994
C22n (50 49.66 49.67 49.695
C22F face) 50.77 N.D.* 50.777
C23N e 51.72 N.D.* 51.737
C23r 350) 52.54 N.D.* 52.628
C24n.1n (g0 52.93 N.D.* 52.941

C24n.11 (pae) 53.02 N.D.* 53.087
C24n.2N (pacey 53.12 N.D.* 53.123
C24N.2r (550 53.25 N.D.* 53.403
C24n.3N (pas) 53.90 N.D.* 53.899

Note: Age of magnetochron boundaries are listed according to this study

(Contessa Road-Bottaccione section [CR-BTT] and Smirra 1 core [S1]) and
most recent astrochronological estimates of Wetal17 (Westerhold et al., 2017).

*N.D.—not determined.

TABLE 5. HYPERTHERMAL EVENT AGES (MA)

Event CR-BTT S1 Lau3c Wetal17
PETM 56.10 N.D.t N.D.t 55.93
ETM2 54.09 N.D.* 54.14 54.05
ETM3 52.80 N.D.t 52.83 52.84
L, C23rH1 52.44 N.D.t 52.41 52.46
M, C23rH2 52.00 N.D.t 51.88 51.97
N, C23n.2nH1 51.63 N.D.t 51.55 51.55
O, C23n.2nH2 51.21 N.D.t 51.28 51.23
P, C23n.1nH1 50.85 N.D.t 50.80 50.86
Q, C22rH1 50.76 N.D.t 50.73 50.76
R, C22rH2 50.62 N.D.t 50.63 50.67
S, C22rH3 50.40 N.D.t 50.47 50.48
T, C22rH4 50.29 N.D.t 50.32 50.37
U, C22rH5 49.96 49.96 49.96 49.95
V, C22nH1 49.67 49.67 49.70 49.68
W, C22nH2 49.53 49.52 49.6 49.58
C22nH3 49.29 49.29 N.D.t 49.38
C22nH4 49.19 49.19 N.D.t 49.25
C22nH5 49.08 49.07 N.D.t 49.14
C21rH1 48.76 48.77 N.D.t 48.85
C21rH2 48.66 48.69 N.D.t 48.76
C21rH3 48.41 48.40 N.D.t 48.45
C21rH4 48.32 48.31 N.D.t 48.36
C21rH5 N.D.f 48.08 N.D.f 48.07

Note: Age of hyperthermal events are listed according to this study (Contessa Road—Bottaccione
section [CR-BTT] and Smirra 1 [S1] core) and the most recent astrochronological estimates of the three-
cycle option of Lau3c (Lauretano et al., 2016) and Wetal17 (Westerhold et al., 2017). PETM—Paleocene-
Eocene thermal maximum; ETM2—Eocene thermal maximum 2; ETM3—Eocene thermal maximum 3;

L-W—carbon isotope excursions according to Cramer et al. (2003) and Lauretano et al. (2016).
*Three-cycle option taken from Lauretano et al. (2016).

N.D.—not determined.
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Figure 14. Comparison of stacks of marine
magnetic profiles (black solid curves) from
the Central Indian Ridge (CIR), South East
Indian Ridge (SEIR), Wharton Ridge (WR),
and Pacific Aluk Ridge (PALR) with syn-
thetic anomaly profiles (gray solid curves)
for chrons C23n and C24n. The synthetic
profiles were obtained assuming a constant
spreading rate (see value on the bottom-
right corner of plots) and are predicted
for different age models: Cande and Kent
(1995, CK95), Geologic Time Scale 2004
(GTS2004; Ogg and Smith, 2004), Geologic
Time Scale 2012 (GTS2012; Ogg, 2012),
Westerhold et al. (2017, Wetall7), and this
study (Umbria-Marche Basin [U-M]). The
black dashed curve corresponds to the
stacks after multiplying them by a constant
factor and adding a constant vertical shift to
obtain a best fit to the synthetic profiles in
the least-square sense.
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TABLE 6. CORRELATION COEFFICIENTS

C23n C24n

WR CIR SEIR PALR WR CIR SEIR PALR
CK95 0.86 0.97 0.93 0.85 0.96 0.98 0.91 0.98
GTS2004 0.86 0.97 0.93 0.85 0.96 0.98 0.92 0.98
GTS2012 0.86 0.97 0.93 0.85 0.95 0.98 0.96 0.96
Wetal17 0.85 0.96 0.92 0.87 0.92 0.92 0.90 0.94
U-M 0.94 0.99 0.99 0.85 0.92 0.95 0.85 0.97

Note: Pearson correlation coefficients between stacks and synthetic anomaly profiles are represented in
Figure 14. WR—Wharton Ridge; CIR—Central Indian Ridge; SEIR—South East Indian Ridge; PALR—Pacific
Aluk Ridge; CK95—Cande and Kent (1995) age model; GTS2004—0Ogg and Smith (2004) geologic time scale;
GTS2012—O0gg et al. (2012) geologic time scale; Wetal17—Westerhold et al. (2017) age model; U-M—Umbria-

Marche Basin age model.

Ocean, the new age model suggests a period of
constant spreading rate during chrons C23r to
C22r, followed by a decrease in spreading rates
after C22ny,,, (ca. 50 Ma) for the South East
Indian Ridge and Wharton Ridge. For the Cen-
tral Indian Ridge, spreading rate seems to have
slowly decreased from C23r to C21r, followed
by a faster decrease after C21ny,,, (ca. 48 Ma).
In the North Pacific Ocean, the new age model
suggests stepwise changes in spreading rates for
the Pacific-Farallon Ridge, with the existence
of several periods of constant spreading rates
(chrons C24n.1n to C22n, chrons C21r to C20r,
and possibly chrons C26n to C24r) separated
by rapid changes in spreading rates (around
C211py 1.€., ca. 49 Ma, and C24n.2ry,., 1.€.,
ca. 53 Ma). These results tend to confirm that
large oceanic plates are characterized by short
periods of rapid changes separating long periods
of constant or slowly changing spreading rates,
as suggested by Wilson (1993) and Krijgsman
et al. (1999) for the last 10 m.y. Defining the
timing of changes in spreading rates (long-term
vs. abrupt changes) is of particular interest be-
cause it might be an indicator of the different
mechanisms involved (ridge-plume interactions
vs. tectonic collision events).

CONCLUSIONS

The new integrated stratigraphic analysis
from the Bottaccione section and Smirra core
provides a continuous high-resolution record
of the early to middle Eocene, spanning the Pa-
leocene-Eocene thermal maximum to the lower
part of magnetochron C21n. The carbon isotope
analysis of the Umbria-Marche record allows
the detection of carbon isotope excursions and
their comparison with similar excursions ob-
served in 8"*C records from other deep-sea set-
tings, i.e., ODP Site 1258 and ODP Site 1263.
The alignment of carbon isotope stratigraphies
for the entire interval spanning C24r to C21In
shows a very good match, reflecting the global
dynamics of the carbon cycle, both on short and

518

on long time scales. The lack of the C22rH3 and
C22rH4 events at Smirra is interpreted to reflect
a stratigraphic gap in magnetochron C22r.

Moreover, astronomically induced cyclicity
has been detected in the CaCO; record of the
Bottaccione section (from C22r to C21r mag-
netochron interval) and the MS record of the
Smirra core (for the interval between magneto-
chrons C22r and C21r). The eccentricity-related
cycles in the proxy records of the overlapping
interval between the two Umbria-Marche sites
reveal a very good match. These cycles were
used to develop a floating cyclochronology and
extend the existing astronomically calibrated
age model for the Umbria-Marche Basin by
2.3 m.y. up to 47.5 Ma. This allows a compari-
son of the duration and the age of individual
magnetochrons and events with other radioiso-
topic and astronomically calibrated age models.
The astrochronological estimates across the
C22r and C21r magnetochrons reveal durations
that are in line with the estimates proposed by
CK95 and Wetall7, but that are shorter with
respect to GTS2004 and GTS2012. Magneto-
chron C22n, instead, is slightly shorter than in
GTS2004, but it is in agreement with estimates
in CK95, GTS2012, and Wetall7.

Spreading rates deduced from the Umbria-
Marche model do not display large deviations
that are correlated among the different ocean
basins, with the exception of the subchrons in
C24n, which will require a higher-resolution
magnetostratigraphy to be resolved. We there-
fore conclude that the Umbria-Marche Basin
records provide a valuable cyclochronological
and astrochronological estimate for the duration
of the interval spanning ca. 56 Ma to ca. 47 Ma.

The seafloor spreading rates deduced from
the new age model suggest a significantly dif-
ferent evolution compared to other age models,
and in particular point to the existence of rapid
variations separating long periods of constant
or slowly varying spreading rates. Refining the
timing of these spreading rate changes is very
important because it may help to determine the
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causative mechanism for such changes, espe-
cially around ca. 50 Ma, a period of worldwide
changes in the seafloor spreading, which also
coincides with the beginning of a long-term
decrease in temperature and atmospheric pCQO.,.
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