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[1] We have conducted high-resolution paleomagnetic and rock magnetic studies, in
addition to stable isotope analyses of the Massignano sedimentary section, which is the
Global Stratotype Section and Point (GSSP) for the Eocene-Oligocene boundary. Our
research builds upon the many past studies of the Massignano section in seeking to
understand the timing and nature of the paleoenvironmental variations that occurred
during the transition for the Earth’s climate system from greenhouse to icehouse. The new
paleomagnetic results provide a refined magnetostratigraphy of the section and new age for
the Eocene-Oligocene boundary at 33.7 Ma. Abrupt and large alternations in magnetic,
concentration, composition, and grain sizes that occur in the high-resolution rock magnetic
record are interpreted to be the result of rapid bimodal shifts in deep-sea circulation
that affect sediment sources or transport. We speculate that currents flowing through the
gateway between the Atlantic and Indo-Pacific Oceans may have turned on and off as the
gateway was progressively closing, resulting in the deposition of two different
assemblages of magnetic minerals at Massignano. Finally, stable isotope (d18O and d13C)
data collected on ostracod valves also suggest significant changes in sea bottom
circulation in the Neo-Tethys Ocean at and about 2 m.y. before the Eocene-Oligocene
boundary.
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1. Introduction

[2] A transition in the Earth’s climatic system occurred
from the middle-late Eocene to early Oligocene, when the
greenhouse climate that characterized most of the Cretaceous
evolved to icehouse conditions [e.g., Zachos et al., 1994,
2001; Lear et al., 2000;Miller et al., 2005a, 2005b]. In close
proximity to the Eocene-Oligocene (E/O) boundary, the ‘‘Oi-
1’’ cooling event [Miller et al., 1991] at �33.55 Ma marks a
significant deterioration of the global climate in the Cenozoic.
This event is part of a long-term increase in d18O reflecting a
combination of global cooling and ice growth in Antarctica
[e.g., Zachos et al., 1996; Kennett and Shackleton, 1976].
The Oi-1 event has been attributed to changes in atmospheric
CO2 concentration during the greenhouse-icehouse transi-

tion [DeConto and Pollard, 2003; Pagani et al., 2005]
or, alternatively, to the opening of the Southern Ocean
Gateways [Barker and Thomas, 2004; Barker et al.,
2007; Livermore et al., 2005, 2007; Lawver and Gahagan,
2003].
[3] The climate proxy records throughout the Eocene

indicate warm and stable tropical sea surface temperatures
[Pearson et al., 2001; Tripati et al., 2003, 2005] with the
exception of short and abrupt cooling steps at 48, 45, and
42 Ma recorded from planktonic foraminiferal Mg/Ca data
[Tripati et al., 2003]. Nannofossil and foraminifera assem-
blages, dinoflagellate cyst, palynology, clay mineralogy,
and oxygen isotopes indicate that the foremost cooling
event at the Eocene-Oligocene boundary was preceded by
separate cooling pulses in the Eocene [e.g., Diester-Haass
and Zahn, 1996; Vonhof et al., 2000; Bohaty and Zachos,
2003; Jovane et al., 2004], prorated by relatively stable
warming periods. These cooling pulses may have marked
the initial stages toward modern thermohaline circulation.
[4] The Massignano section represents the Global Stra-

totype Section and Point (GSSP) for the Eocene-Oligocene
boundary [Premoli Silva and Jenkins, 1993; and discussions
of Brinkhuis and Visscher, 1995], where many multidisci-
plinary studies have been carried out [see Jovane et al.,
2004, 2006 and references therein]. Previous magnetostrati-
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graphic interpretations [Bice and Montanari, 1988; Lowrie
and Lanci, 1994; Lanci et al., 1996; Lanci and Lowrie,
1997; Lanci et al., 1998] contain intervals that were poorly
resolved and some conflicting interpretation. Similarly,
isotope data collected throughout the section by Bodiselitsch
et al. [2004] were determined on bulk samples that may
reflect signals from many different sources, making them
more difficult to interpret directly in terms of paleoceano-
graphic and paleoclimate conditions.
[5] In this paper, we present new high-resolution magne-

tostratigraphic data and a stable isotope record (collected
from moderately well-preserved ostracod valves) in order
to: (1) enlarge the age model for the stratotype section,
(2) recognize the most relevant sedimentary and environ-
mental variations that occurred in the late Eocene and
the early Oligocene at Massignano, and (3) interpret the
variations in terms of changes in paleoceanographic and
paleoclimate conditions.

2. Geological Setting and Stratigraphy

[6] The Massignano section (http://www.stratigraphy.
org/eocoli.htm) is located in the Monte Conero area on
the Adriatic coast of central Italy. The GSSP section
(43�3201300N; 13�3503600E) is exposed in an abandoned
quarry on the ‘Strada Provinciale del Conero’ near the
village of Massignano, a few kilometers south of Ancona.
The Massignano sedimentary succession belongs to the
Umbria-Marche sedimentary basin, which was deposited in
a lower bathyal depositional setting of the Neo-Tethys
realm at a paleodepth of 1000–1500 m [Coccioni and
Galeotti, 2003].
[7] The Monte Conero promontory lies in the outer and

younger part of the Umbria-Marche Apennines, that is an
arcuate fold-and-thrust belt developed during the Neogene,
following the closure of the Mesozoic Tethys Ocean and the
deformation of the Adria (i.e., African) passive continental
margin.
[8] The Massignano Section is 23 m-thick and composed

of the Scaglia Variegata Formation in the lower part and of the
Scaglia Cinerea Formation in the upper part. The Scaglia
Variegata Formation consists of alternating reddish/greenish-
gray marls and calcareous marls from the top of the early
Eocene to the end of the late Eocene. In the Umbria-Marche
Basin, the Scaglia Variegata Formation is composed of three
members: the lower consists of 50 m of red-violet limestone
layers that are 15–100 cm thick and violet marl layers that are
20–200 cm thick with intercalations of white marl layers; the
middle member contains 20 m of marly limestones and
yellow-green and gray marls that are 15–35 cm thick; the
upper member consists of 7 m of red calcareous marl layers,
each about 15 cm thick. The Scaglia Variegata Formation
grades upward into gray marls and marly limestones of the
Scaglia Cinerea Formation, which was mostly deposited
during the Oligocene. The boundary between the upper
member of the Scaglia Variegata Formation and the Scaglia
Cinerea Formation occurs at 12 msl (meters stratigraphic
level from the base) [Coccioni et al., 1988]. Note that all the
positions in the section are measured from the base in msl.
[9] The geological record spans the interval from the latest

Eocene to the early Oligocene [e.g., Lowrie and Lanci, 1994;
Lanci and Lowrie, 1997]. The Eocene-Oligocene boundary

occurs in the lower part of the Scaglia Cinerea Formation, at
a stratigraphic level of 19 msl [Premoli Silva et al., 1988;
Premoli Silva and Jenkins, 1993]. Several biotite-rich levels
of volcanic origin (e.g., 5.90, 6.20, 7.30, 7.70, 12.00 msl)
occur through the section and three iridium-rich layers occur
at 5.65, 6.17 and 10.28 msl, which are related to impacto-
clastic events [Montanari et al., 1988, 1993; Montanari and
Koeberl, 2000; Bodiselitsch et al., 2004]. Biostratigraphi-
cally, the Massignano section spans the planktonic forami-
niferal Zone P15 to P18 [Coccioni et al., 1988, 2000;
Spezzaferri et al., 2002] and calcareous nannoplankton
Zones from NP18 to NP21 [Coccioni et al., 1988, 2000;
Monechi et al., 2000].

3. Previous Studies

3.1. Magnetostratigraphy

[10] Lowrie and Lanci [1994] conducted a paleomagnetic
investigation on theMassignano section refining the previous
magnetostratigraphy [Bice and Montanari, 1988] (Figure 1).
They collected 32 unevenly spaced samples over the entire
section. The samples were subjected to progressive thermal
and alternated field (AF) demagnetization in order to
identify the characteristic remanent magnetizations (ChRM)
components. AF demagnetization revealed multiple compo-
nents, often with overlapping coercivity spectra, and the
presence of an unresolved high-coercivity component. The
ChRM component was generally well defined from different
components [Lowrie and Lanci, 1994] using thermal
demagnetization for 29 samples (Figure 1). The presence
of mixtures of magnetic minerals was observed from
progressive acquisition of isothermal remanent magnetiza-
tion (IRM) and thermal demagnetization of a composite
IRM [Lowrie, 1990]. The results indicated that magnetite
was the main magnetic carrier over the section and that
hematite occurred as a secondary magnetic mineral in the
upper Scaglia Variegata Formation. The same authors in a
different study [Lanci et al., 1996] compared theMassignano
section with the MASSICORE (42� 320 09.600N; 13� 350

34.300E), which is a 39.4 m-long and 10 cm diameter core,
drilled just 110 m south from the Massignano quarry. The
MASSICOREmagnetic polarity zonation [Lanci et al., 1996;
Lanci and Lowrie, 1997; Lanci et al., 1998] obtained from
253 of the 260 samples collected span from C12r to C16n.2n
(Figure 1).
[11] Based on the ‘‘African’’ apparent polar wander

reference path of Besse and Courtillot [1991] the Early
Oligocene expected direction at Massignano has a declina-
tion of 6� (the observed declination was 13�) and an
inclination of 56�. At Massignano, Lowrie and Lanci
[1994] noted a clockwise rotation of 7� and an inclination
that was 11� shallower than expected (the observed incli-
nation was 45�). Lanci et al. [1996] determined a mean
declination of 9.5� and a mean inclination of 39� (a95 = 2.5;
k = 12.67) for MASSICORE, with the normal polarity
samples giving a declination of 4� and inclination of 40�
and the reversed polarity samples giving a declination of
192� and an inclination of �38�.

3.2. Stable Isotopes

[12] The occurrence of impactoclastic layers throughout the
Massignano sedimentary record attracted the consideration
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of several researchers, who sought to understand the role of
these events on the evolution of the Earth’s climate at the
Eocene-Oligocene boundary.
[13] First, Dall’Antonia et al. [2002] and then Coccioni

and Galeotti [2003] used the faunal and geochemical
records to produce a detailed reconstruction of the paleo-
ceanography and climate of the central Tethys region at the
E/O boundary. Although strongly anchored to the problem
of the impactoclastic events as a driver of climate evolution,
the work of Bodiselitsch et al. [2004] provided a new high-
resolution bulk-carbonate isotope record (samples spaced
every 1 to 10 cm) from the Massignano section. Neverthe-
less, the ‘‘bulk-sample’’ approach, due to the generally
imponderable contribution of diagenesis and multiple sed-
iment sources, reduces the reliability of the isotope record as
proxies of environmental condition and limits their use for
qualitative interpretation. Conversely, isotope data from
carbonates of selected organisms, specifically those living
on the bottom sediments, are generally considered to
provide more direct information on the evolution of deep
waters and 3-D ocean circulation.

4. Methods and Materials

4.1. Sampling

[14] Before sampling, a bed-by-bed lithological log was
constructed during several field trips (Figure 1). From 4 up
to 20 msl, we cleaned the outcrop surface in order to remove

the effects of surface weathering, and then collected
304 small unoriented block samples with an average spacing
of 5 cm. In addition, 82 oriented samples were collected for
magnetostratigraphy analysis on the most indurated marl or
limestone beds in the proximity of the chron boundaries from
0 to 13 msl (mostly every 15 cm). We were not able to collect
oriented samples above 13 msl because the lithology was not
suitable (fractures, unconsolidated). We cut all 386 samples
into multiple �8 cm3 cubic specimens and added a letter
suffix (A, B and C) to their sample names. The weight of each
sample was determined for subsequent mass normalization of
magnetic properties.

4.2. Magnetostratigraphy

[15] Paleomagnetic measurements were carried out at the
paleomagnetic laboratory of the Istituto Nazionale di Geo-
fisica e Vulcanologia (INGV), Rome. We demagnetized the
‘‘A’’ specimens by stepwise heating (100, 200, 300, 330, 360,
400, 450, 500, 550, 600, 650, 700�C) and the ‘‘B’’ specimens
by stepwise AF demagnetization in 12 steps (5, 10, 15, 20, 25,
30, 40, 50, 60, 80, 100 milliTesla, mT). Natural remanent
magnetizations (NRM) were measured using an automated
pass-through 2G Enterprises cryogenic magnetometer (model
750 R) with internal diameter of 4.2 cm, equipped with
three DC SQUID sensors (noise level 3 � 10�9 A m2 kg�1).
After each thermal demagnetization step, we monitored the
low-field susceptibility in order to detect any thermally
induced rock magnetic variation. The ChRM directions were

Figure 1. Lithostratigraphic column for the interval between 4 and 20 m, stratigraphic variation in the
ChRM inclination and declination (this study), ChRM inclination and declination by Lowrie and Lanci
[1994] and by Bice and Montanari [1988]. VGP latitude from MASSICORE are also showed [Lanci and
Lowrie, 1997]. In the magnetic polarity zonation black (white) represents normal (reversed) polarity
intervals. Numerical ages are from Cande and Kent [1995] (modified from Jovane et al. [2004]).
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determined from interpretation of orthogonal diagrams
[Kirschvink, 1980] and use of principal component analysis
[Zijderveld, 1967]. Mean paleomagnetic directions were
corrected for the structural tilt of the Massignano section,
which tilts 21� degrees to the NW (strike N318�W).

4.3. Rock Magnetic Properties

[16] The magnetic properties were studied on the B
specimens in order to obtain a quantitative inference of
the variation in the composition, concentration and grain-
size of magnetic minerals throughout the section. We built
upon the previous investigation of Jovane et al. [2004],
which presented high- and low-field susceptibilities, artifi-
cial remanences and calcium carbonate content profiles. The
combined observations consist of the susceptibility (c), the
NRM, the anhysteretic remanent magnetization (ARM),
the IRM at 900 mT (IRM@900) and backfield isothermal
remanent magnetization (BIRM) at 100 mT (BIRM@100)
and 300 mT (BIRM@300). From these measurements, we
calculated S-ratios and hard isothermal remanent magnet-
izations (HIRM), both of which provided information about
the magnetic coercivity of the magnetic carriers (see Stoner
et al. [1996] for definitions of the various parameters).
[17] Low-field magnetic susceptibility measurements

were made in laboratory using a KLY 2 (AGICO) Kappa-
bridge with operating frequency of 920 Hz, magnetic
induction of 0.4 mT (noise level 2 � 10�10 m3 kg�1). In
addition, we measured hysteresis properties on 161 selected
samples and first-order reversal curves (FORC) on 31 samples.
In order to assess how compositional variations might
correlate with magnetic properties, Jovane et al. [2004]
determined calcium carbonate content on all samples.
Saturation magnetization (Ms), saturation remanence
(Mrs), and coercive force (Bc) were determined from hys-
teresis loops, and the back field measurements on the
Molspin vibrating sample magnetometer (VSM) yielded
values of remanent coercivity (Bcr). The gradient dM/dB
from the aforementioned properties gives out the high-field
susceptibility (ch) that reflects the paramagnetic minerals
content. FORCmeasurements were made using an alternating
gradient magnetometer (MicroMag Model 2900, with noise
level of 2 � 10�10 Am2) at the University of California,
Davis. FORC analyses were conducted on the intervals
most representative and with sufficiently strong magneti-
zations in order to investigate micro-coercivity and mag-
netic interaction among magnetic particles. The FORC
diagrams were created using the FORCIT software [Acton
et al., 2007]. The saturation field for the IRM was 0.9T,
which corresponds to the peak field used for hysteresis
loops to define the Mrs. Indirect parameters, like S-ratios
(S300 = BIRM@300/IRM@900 and S100 = BIRM@100/
IRM@900) and HIRMs (HIRM300 = (IRM@900 +
BIRM@300) /2 and HIRM100 = (IRM@900 +
BIRM@100)/2), have been established in order to investi-
gate the coercivity of the magnetic minerals. Also the ratio
between ARM and IRM has been used to determine
magnetic grain-size (ARM/IRM@900) [e.g., Opdyke and
Channell, 1996; Venuti et al., 2007]. We also investigated
dependence of magnetic susceptibility up to a maximum
temperature of 700�C on selected samples, measured with
a furnace (CS3) equipped Kappabridge KLY 3 (noise level

2 � 10�8 SI), following the procedure described in Hrouda
[1994]. For the same specimens we studied IRM acquisition
and the stepwise thermal demagnetization of three orthogo-
nal IRM components [Lowrie, 1990]. Fields of 1.2, 0.7, and
0.2 Tesla (T) were applied along the x, y, and z axes of
samples to distinguish between high-, intermediate-, and
low-coercivity magnetic phases, respectively.

4.4. Stable Isotopes

[18] Eighty-six stable isotope analyses were carried out on
2–3 aragonitic valves of the Agrenocythere ostracod genera.
They were measured by an automated continuous flow
carbonate preparation GasBenchII device [Spötl and
Vennemann, 2003] and a ThermoElectron Delta Plus XP
mass spectrometer at the IAMC-CNR (Naples) geochemistry
laboratory. Intense ultrasonic washing inMillipore water was
carried out to clean samples from secondary carbonate
encrustations and clay matrix, then the samples were baked
at 430�C in a vacuum. Acidification of samples was
performed at 50�C. For a typical run with 30 samples, every
sixth sample was an internal standard (Carrara Marble with
d18O = �2.43% vs. VPDB and d13C = 2.43% vs. VPDB)
and, for each run, the NBS19 international standard was
measured. Standard deviations of carbon and oxygen isotope
measures were estimated 0.1 and 0.08%, respectively, on the
basis of �10 repeated samples. All the isotope data are
reported in per mil (%) relative to the VPDB standard.

4.5. Principal Component Analysis and Fuzzy c-mean
Cluster Analysis

[19] We used principal component analysis (PCA)
[Gonzalez and Woods, 1992] to find the number of uncorre-
lated parameters from seven possible correlated parameters
(low field susceptibility, ARM, IRM, HIRM300, S300,
CaCO3, ARM/IRM@900). High values in the PCA demon-
strate similarity and correlation in the variable of the chosen
parameters. We determined the PCA from the mean of the
covariance of the transposed matrix of all the normalized
parameters chosen using Matlab.
[20] We also used fuzzy c-means (FCM) cluster analysis,

which is a multivariate statistical technique requiring no a
priori knowledge, to designate groups (or clusters) with
similar characteristics [Hanesch et al., 2001]. This similarity
is conveyed in a continuous function between zero (com-
pletely different) and one (identical) [Dekkers et al., 1994].
The choice of the cluster number is selected by the user and
is based on the number of groups or clusters of data
occurring in the scattergrams (plots of one variable against
another). We conducted FCM cluster analysis on the same
parameters as used in the PCA.

5. Results

5.1. Magnetostratigraphy

[21] Most samples displayed stable paleomagnetic behavior
upon stepwise thermal demagnetization (Figure 2). Demag-
netization paths in orthogonal vector diagrams are generally
sufficiently good to define a magnetic polarity zonation,
although the paths are noisy enough that we would not
recommend using the paleomagnetic directions for apparent
polar wander, paleointensity or tectonic studies. The noisy
NRM demagnetization paths are attributed to the relatively
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