A Cyclostratigraphic Analysis of the Eocene-Oligocene Boundary GSSP, Massignano,
Italy

Rachel Brown
Senior Integrative Exercise
March 10, 2006

Submitted in partial fulfillment of the requirements for a Bachelor of Arts degree from
Carleton College, Northfield, Minnesota



Table of Contents

Abstract
INntroduction......... ... 1
Back@round...... ... 3
Milankovitch Cycles
Geologic Setting. .........ooiiiii i 5
Field and Laboratory Methods............... ..., 6
Sample Collection
Calcium Carbonate and Magnetic Susceptibility
Stable Isotopes
Spectral Analysis
ReSUlts. ... 12
Calcium Carbonate, Magnetic Susceptibility and Stable Isotope Data
Spectral Analysis
DIESCUSSION. ... 22
Magnetic Susceptibility
Calcium Carbonate and Stable Isotopes
Stable Isotopes and Orbital Cycle Strength
Correlation with the Astronomical Time Scale
Impacts, Comet Showers and Climate Cycles
ConCIUSIONS. ... 35
ACKNOWIEdEMENTS. ...... ...t 35
References Cited................oo i 37
APPENAiX L. ... e 41

APPENAIX 2. ... e 48



A Cyclostratigraphic Analysis of the Eocene-Oligocene Boundary GSSP,
Massignano, Italy

Rachel Brown
Carleton College
Senior Integrative Exercise
March 10, 2006

Advisors:
Mary Savina, Carleton College
David Bice, Pennsylvania State University
Alessandro Montanari, Osservatorio Geologico di Coldigioco

Abstract

High-resolution spectral analyses of four climate proxies from Massignano, Italy
(Eocene-Oligocene Boundary GSSP) indicate that the deposition of the upper portion
(meter levels 15-23) of the rhythmically bedded sedimentary sequence was eccentricity
forced. An inverse relationship exists between the magnetic susceptibility record and the
co-varied calcium carbonate and stable isotope records. This is indicative of a climate
model in which limestones represent dry/cold periods while marly limestones represent
warm/wet periods. Through pattern matching constrained by three radiometrically dated
volcanic ashes, an astronomical correlation is achieved between Laskar’s eccentricity
curve and low-frequency variations in magnetic susceptibility and calcium carbonate
data. This correlation yields a refined date for the Eocene-Oligocene boundary of 33.9 +
0.01 Ma as well as precise ages for the three volcanic ash layers (34.32 + 0.01 Ma, 34.55
+0.01 Ma, 35.13 + 0.01 Ma), all of which fall within the reported errors of the original
radioisotopic ash dates. Orbital forcing is less evident in the lower portion of the
Massignano section (meter levels 0-15), which contains evidence of three impact events
and a 2.2 My comet shower. It is likely that climate alterations caused by these
extraterrestrial events obscure the longer-term Milankovitch climate cycles.

Keywords: Milankovitch theory, Eocene, Oligocene, pelagic, impact phenomena,
climate, stable isotopes, magnetic susceptibility, calcium carbonate



Introduction

The Milankovitch cycles of eccentricity (123 and 95 ky), obliquity (41 ky) and
precession (19 and 23 ky) affect global climate by altering the distribution of sunlight at
different latitudes (Milankovitch, 1941). Like other climatic variations, these cyclical
patterns may in turn, influence the rate and type of sedimentary deposition. Therefore,
pelagic sedimentary rocks can potentially provide a stratigraphic record of paleoclimate,
documenting changes in temperature as well as precipitation. Within the past two
decades, the relationship between lithology and cyclical orbital variations has been
increasingly explored through the technique of spectral analysis (e.g. Hilgen, 1991;
Hilgen et al., 1999; Shackelton et al., 2000; Cleaveland et al., 2002; Mader et al., 2004),
confirming orbital forcing as the fundamental cause of ice ages in the Quaternary, and
even as far back as the Miocene (Hays et al., 1976).

Ice sheets are important in understanding paleoclimate, particularly in the Late
Eocene, a period characterized by accelerated global cooling coincident with the
appearance of Antarctic polar ice sheets (Fig. 1) (Prothero, 1994; Zachos et al., 1994).
This long-term climate cooling trend is reflected by both an increase in marine oxygen
isotope values (Mackensen and Ehrmann, 1992; Zachos et al., 1994) and the occurrence
of significant biotic turnovers (Berggren and Prothero, 1992). The cooling trend,
however, is further complicated by the occurrence of multiple bolide impact events
(Glass and Koerbel, 1999) related to an extensive Late Eocene comet shower (Farley et
al., 1998), which may also have influenced global climate (Vonhof, et al., 2000;

Bodiselitsch et al., 2004).






The pelagic sediments of the Umbria-Marche basin, Italy, deposited during the
period of Eocene-Oligocene cooling, provide insight into the manner in which local
sedimentation and regional climate patterns were affected by both ice sheet development
and impact events. The 23m sequence of limestone and marly limestone exposed at the
Massignano Quarry (GSSP for the Eocene-Oligocene boundary), located in the
easternmost part of the basin (Fig. 2), is ideal for cyclostratigraphic analysis, as it is both
continuous and undisturbed (Cotillion, 1995). Furthermore, the sequence contains three
radiometrically dated volcanic ashes, which provide time constraints for the section,
thereby allowing for correlation of the stratigraphic climate record with mathematically
predicted orbital variations (e.g. Laskar, 2004) and determination of precise astronomical
ages for stratigraphic horizons. In this study, I analyze four different high-resolution
climate proxies in the Massignano section, including calcium carbonate content, magnetic
susceptibility, and oxygen and carbon stable isotope composition, in order to provide
insight on orbital forcing on the Eocene-Oligocene climate system and astrochronology

during this important time period.

Background
Milankovitch Cycles

Milankovitch cycles, first discovered by Serbian climatologist and astrophysicist
Milutin Milankovitch (1941), describe the variation in the earth’s orbit about the sun. The
three cycles, including precession, obliquity and eccentricity, involve the earth’s axial
wobble, its angle of tilt, and its variation in orbital shape. While Milankovitch

hypothesized a connection between these orbital cycles and climate variation, it was Hays






et al. (1976) who provided the data and analysis that led to the first real test of the
hypothesis. Ultimately, the three Milankovitch cycles control climate by altering the
distribution of sunlight at different latitudes. The precessional cycle (19 and 23 ky) alters
the angle of insolation on the Earth’s surface, such that the North or South Hemisphere
will experience a year of extreme seasons while the other will experience a milder
summer and winter. The obliquity cycle (41 ky), which incorporates the Earth’s
fluctuation in tilt angle from 22 to 24°, also alters the angle of insolation on the Earth’s
surface. A low tilt angle is synonymous with low seasonality, just as a higher tilt angle
corresponds with higher seasonality. A unique characteristic of the obliquity cycle is that
it simultaneously has the same effect on both the Northern and Southern Hemispheres.
Finally, the distance between the Earth and sun is altered by the eccentricity cycle (95
and 123 ky). The Earth’s orbit is not consistent in its shape, but fluctuates between a
more circular ellipse to a more elongated shape. Depending on the shape of the orbit, the
Earth will be closer or further from the sun. Alone, the eccentricity cycle has little impact
on insolation, but it is still climatically important, as it controls the amplitude of the
precessional cycle. All three of these orbital variations appear to have major effects on
climatological factors, altering surface temperature, seasonal duration and intensity, and

atmospheric and oceanic circulation.

Geologic Setting
The Massignano Section, which became the GSSP for the Eocene-Oligocene
Boundary in 1993 (Premoli Silva and Jenkins, 1993), is an ideal location for a

cyclostratigraphic study. The 23-meter thick outcrop consists of alternating pale green-



and pink- colored pelagic limestones and marly limestones (Fig. 3). As the type section of
the Eocene-Oligocene boundary, it has been the subject of a number of detailed studies
integrating litho-, bio-, magneto-, and chemostratigraphy (see Premoli Silva et al., 1988,
Montanari and Koerbel, 2000, Jovane at el., 2004, and references therein). Three
radiometrically dated volcanic ashes are contained within the section at meter levels 7.2,
12.7 and 14.7, providing independent age constraints necessary for compelling
astronomical dating. In addition, the section contains several other biotite-rich volcano-
sedimentary layers as well as impactoclastic layers marked by Ir anomalies and shocked

quartz grains (Bodiselitsch et al., 2004).

Field and Laboratory Methods
Sample Collection

The Massignano section was logged, following the work of Coccioni et al. (1988)
and sampled at a five-centimeter resolution between meters 0.5 and 23 (Fig. 3). Because
the Massignano Quarry is now an interactive science park, the meter levels are marked
with plaques, which we utilized during the measuring and sampling process. Limestone
samples were primarily collected using a Bosch PbH 200 RE masonry drill with a size 12
bit, which allowed for greater sampling precision, while marly limestone layers were
collected as hand samples. Each sample weighed a minimum of 20 grams. Upon return to
the laboratory, the samples were dried and those that were not already powdered were
crushed using a brass mortar and pestle and coarse sieved to remove possible root

material and then sieved to two millimeters to ensure homogeneity.






Calcium Carbonate and Magnetic Susceptibility

Both the calcium carbonate and magnetic susceptibility analyses were completed
on all 450 samples at the Osservatorio Geologico di Coldigioco. Calcium carbonate
content was measured using a Dietrich-Fruling water calcimeter with +2% precision.
Samples of 300.0 to 320.0 mg were reacted in excess 10% HCI for two minutes.
Atmospheric temperature and barometric pressure were recorded along with sample mass
and the volume of water displaced by the carbon dioxide for the calculation of percent
calcium carbonate. Carrara marble served as the standard of pure CaCOs3, as it
consistently attains calcium carbonate values of ~100%, and was run after every twenty
samples to ensure proper calibration of the calcimeter. Every twentieth sample was also
repeated for the same purpose.

Mass specific magnetic susceptibility measurements were carried out on a
Bartington MS2 and a Bartington MS2B dual frequency sensor on low frequency
(0.465kHz) and x0.1 sensitivity. Samples were measured at a constant volume and their
masses were noted. Air measurements were made between samples to correct for
thermally induced drift.

Stable Isotopes

Oxygen and carbon stable isotopic compositions were obtained from bulk rock
carbonate at five-centimeter intervals in two smaller portions of the Massignano section:
meter levels 5.25-7.1 and 15-20 (Fig. 3). The first of these intervals was selected because
it is known to contain an impactoclastic layer, while the second contains the Eocene-
Oligocene boundary at meter level 19. The use of bulk carbonates in stable isotope

analysis is convenient, as it requires very little sample material and allows for the rapid



analysis of numerous samples. However, one concern with this method is that, because
the bulk samples represent a mixture of carbonates from different sources, the §'°0 of
seawater will not be accurately represented (Stoll and Schrag, 2000). While this concern
is valid, comparisons of single species foraminiferal §'*O records with those of bulk
carbonates show that bulk carbonates do in fact accurately represent changes in both sea
surface temperature and the 8'°0 of seawater when environmental changes are universal,
affecting species throughout the water column (Shackelton et al., 1993; Schrag et al.,
1995). Another potential problem with using bulk carbonates is that weathering and
diagenesis may alter the original carbon and oxygen isotopic compositions (Banner and
Hanson, 1990). At Massignano, there are few indications of weathering. The quarry cut is
relatively fresh and well maintained, as the quarry is now part of an interactive science
park. Furthermore, Odin et al. (1988) found no evidence of carbonate recrystallization at
Massignano, though SEM analysis has revealed that foraminifers from the section contain
secondary, blocky calcite (Vonhof et al., 1998). As long as sediments in the same section
experience recrystallization at the same rate through time, they will contain about the
same amount of secondary calcite. If this is the case, the mean 8'°0 values may be shifted
in either direction, but the important primary variations are preserved (Stoll and Schrag,
2000).

Stable isotope analyses were carried out at Pennsylvania State University. About
50pg of each sample was transferred into copper boats and set into a drying oven
overnight to remove excess H,O. Analysis was performed by reacting samples with
phosphoric acid for 20 minutes at a constant reaction temperature of 90°C on a

Commonbath Fairbanks Autocarbonate Device coupled to a Finnigan MAT 252 Isotope
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Ratio mass spectrometer. Each sample run consisted of thirty-eight samples and nine
standards, including both the carbonate standard NBS-19 and the internal University
standard, Biogeochem. The isotope data are reported in per mil deviations from the
international PDB carbonate standard, to which the data have been calibrated with NBS-
19.
Spectral Analysis

Spectral analyses of the four proxy datasets were conducted in Matlab 5.2, using
algorithms modified from Muller and MacDonald (2000). While the sample interval
through the section was 5 cm, a linear interpolation was applied to provide a regular
interval where the ash deposits were removed, thereby improving Fast Fourier Transform
(FFT) results. The FFT procedure distinguishes the frequencies and relative powers of
cycles appearing in the raw data by comparing the data set to various sine and cosine
functions. To determine the statistical significance of the spectral peaks, 1000 sets of
random numbers, which were the same size as the proxy data sets, were generated in
Matlab. A curve was then plotted two standard deviations above the spectral powers of
the frequencies found in the data. Peaks rising above this curve can be attributed to
cyclicity with 95% certainty. Prominent, statistically significant peaks related by ratios
that fit the expected range of ratios between Milankovitch cycles are assumed to
represent precession, obliquity, and eccentricity, making it possible to correlate meter
level to age through the calculation of an average sedimentation rate. For the Massignano
section, an average sedimentation rate of 10.6 m/My was calculated, which is consistent
with the possible range of sedimentation rates (4.2 m/My to 37.8 m/My) calculated from

the independently dated volcanic ashes found at meter levels 7.2, 12.7, and 14.7
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(Montanari et al., 1988). The 23-meter section, therefore, spans a time period of 2.39 My,
with an average time interval of 4.7 ky between sediments as sampled every 5 cm.
Further analysis incorporated a sliding window technique, in which FFT’s are
performed on a specified portion or “window” of the data that shifts incrementally
through the time series. The sliding window technique is useful because it allows us to
see the stratigraphic changes in spectral power, which are the result of likely variations in
environmental conditions and sediment accumulation rates during the 2.39 My of
deposition. By looking at the continuity of peaks through time, we can establish whether
they represent long term cyclicity or whether they are the result of random variations and
climatic noise (Muller and MacDonald, 2000). However, this technique is somewhat
subjective, as the choice of window size will affect which cycles appear important, with
high frequency cycles standing out in smaller windows and low frequency cycles
appearing only in larger windows. This problem can be overcome by using a variety of
window sizes for the analysis and noting which frequencies are present, at least in part, in
multiple windows. Frequencies that are both continuous over time and observed in a
range of window sizes are considered to reflect actual cyclic trends in the data, while
frequencies that are resolved sporadically and discontinuously are attributed to noise
within the climate system (Cleaveland, 2001). Finally, prior to the sliding window
analysis, a broad band-pass filter was employed to smooth the raw magnetic
susceptibility and 8'"°C data so as to remove long-period, low frequency contributions that
may be swamping the higher-frequency signals. Spectral peaks with periods greater than
~800 ky are not significant in the Massignano section because the whole section studied

spans 2.39 My.
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Astronomical dating was similarly accomplished through the use of broad
bandpass filtering. Variations in the raw carbonate and magnetic susceptibility data
between 140 and 85 ky were isolated so as to emphasize the variance in the eccentricity
band. This smoother data was then used for correlation with the Laskar et al. (2004)

theoretical eccentricity curve.

Results
Calcium Carbonate, Magnetic Susceptibility and Stable Isotope Data

The calcium carbonate contents of the limestones and marly limestones of the
Massignano section range in value from 47.4% to 96.09%, with an average of 76.86%
(Fig. 4, see Appendix 1 for the complete data table). A persistent trend in the data is not
apparent across the section. This is not, however, true for the magnetic susceptibility
data, which fluctuates between 1.42 and 122.93 (SI Units), averaging 4.72 SI, and
exhibits an upward trend of decreasing variability with an absence of the very high values
associated with ashes (Fig. 4). Both proxy curves correspond well with lithology, as the
limestone beds primarily exhibit higher calcium carbonate values and lower magnetic
susceptibility values. Furthermore, magnetic susceptibility spikes are located in
stratigraphic layers known to contain ash deposits. The two data sets are inversely
related, such that calcium carbonate highs correspond with magnetic susceptibility lows.

The oxygen and carbon isotopic data are also listed in Appendix 1 and illustrated
in Figure 5. For meters 15-20, the §'°0 values range from —0.729%o to —1.51%o
(averaging -1.05%o), and are characterized by a slightly decreasing trend. For meters 5.35

to 7.10, the values vary between —0.843%o and —1.43%o (averaging -1.16%o) and also
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exhibit a decreasing trend upward through time. In the upper section (meters 15-20), a
marked increase is seen in the 8'°C record, with a significant jump at about meter level
17.5. The values range from 0.837%o to 1.60%o (with an average of 1.28%o), while in
meters 5.35 to 7.10, the 8°C values fluctuate between 1.53%o and 1.83%o (averaging
1.7%o). In the upper section in particular, the "0 and §'"°C records appear to co-vary,
with 8'°0 highs corresponding with 8'°C highs and similarly lows with lows. This
relationship is less clear in the lower section.

By combining the isotope data from this study with that of Bodiselitsch et al.
(2004), we can see a decreasing trend in the '"°C data through the majority of the section
followed by an increasing trend from about meter level 17 to the top (Fig. 5). Trends in
the §'*0 data are less pronounced, but there appears to be a general decrease in values
from meter level 3 to 8, followed by an increase and a subsequent decrease from about
meter level 15 to 21.

Spectral Analysis

Spectral analysis results of calcium carbonate and magnetic susceptibility data
using a linear sedimentation rate of 10.6 m/My across the entire Massignano section are
shown in Figure 6. The plots are quite noisy, particularly the calcium carbonate, and
while orbital peaks are present, they do not emerge significantly above the noise level.
Prominent spectral power peaks for the %CaCOs occur at 315, 60, 41, 30, and 24 ky and
for MS at 254, 116, 43, and 24 ky, all of which rise above the 95% confidence interval.

Knowledge of the comet shower and multiple volcanic ashes in the lower and
central portion of the section prompted a split analysis of the outcrop. The results of the

spectral analysis of the four proxies for the split section are shown in Figures 7 and 8.
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The plots for the upper portion (meters 15-23) are considerably less noisy. Common
elements to all four proxies include a peak or cluster of peaks at 36-43 ky, and
pronounced peaks at 95 or 97, as well as at 23-25 ky (note that spectral peaks with
periods greater than 250 ky are not considered significant, as the section under scrutiny
spans just 755 ky). Although neither rise above the 95% confidence interval, a peak at 55
ky is prominent in three of the records, as is a peak at 30 or 31 ky, which, according to
Mix et al. (1995) may be caused by nonlinear coupling of eccentricity and obliquity. The
8'%0 plot is notable, as the peaks at 23 and 19 ky are of much greater significance than in
the other three plots. The spectral plots for the lower portion are reminiscent of the whole
section plots, exhibiting an elevated level of noise (Fig. 8). The most prominent peaks in
the magnetic susceptibility and CaCOs data that are possibly orbital in origin are at 44
and 24 ky. A peak at 58 ky seen in the CaCOs data is not echoed in the magnetic
susceptibility record. In the 8"°C record peaks at 245 and 150 ky are the only to rise
above the 95% confidence interval, though peaks at 123, 86 and 56 ky all seem to stand
out from the rest. Finally, in the 8"%0 record, prominent peaks at 144, 77, 22 and 18 ky
appear significant.

In comparing results from sliding window analyses using both medium and small
window sizes on the upper section, it is apparent that long term cyclic variations are most
prevalent in the CaCOs3, MS and 8"°C data. While all four proxies exhibit coherent
spectral peaks in the medium-sized windows (200-400 ky) (Fig. 9), continuous low
frequency ~95-118 ky peaks are also evident in the CaCO3, MS and §'°C data in the
smaller windows (100-226 ky) (Fig. 10). Furthermore, faintly continuous peaks are also

visible at about 38-42 ky and 23-26 ky. The peaks within the '*O data appear primarily
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discontinuous in the smaller window. Despite this, because three of the proxy records
display coherent spectral peaks in multiple window sizes, it is reasonable to assert that
the cyclicity apparent from the initial spectral analyses is not a result of random

depositional variations, but of repeated climatic or depositional cycles.

Discussion
Magnetic Susceptibility

All materials are susceptible to magnetization when subjected to a magnetic field.
The magnetic susceptibility measurement compares the strength of this acquired
magnetism to that of a temporarily induced magnetic field. The magnitude of magnetic
susceptibility (MS) in a sample will thus reflect the concentration of magnetizeable
materials, including ferrimagnetics, such as iron-bearing minerals, as well as less
susceptible paramagnetics, such as clay minerals and biotite (Ellwood et al., 2000).
Pelagic limestone and marl sequences are generally characterized by low magnetic
susceptibility values, as they contain calcite and/or quartz, which, as diamagnetic
minerals, acquire negative MS in low frequency fields. These diamagnetic minerals serve
to dilute the overall magnetic susceptibility signal, though a small amount of
paramagnetic material is generally enough to outweigh the diamagnetic presence (Richter
et al., 1997).

Variability within the magnetic susceptibility record of a particular rock sequence
can have numerous causes. For one, hematite records a much lower MS value than
magnetite, so a change in MS could be illustrating a change in mineralogy. While the

Massignano section does exhibit packages of reddish-tinted sediments, possibly
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indicative of elevated hematite content, these sections do not correspond with relatively
lower MS values. In fact, the reddish interval from about meter level 2 to 5 exhibits MS
values that are elevated in comparison with the rest of the sequence (Fig. 4). Because
iron-bearing minerals in pelagic sediments are primarily sourced from terrigenous
sediments, magnetic susceptibility variations are also thought to reflect variations in
weathering and erosion caused by sea level fluctuation or alterations in wet/dry climate
cycling (Ellwood et al., 2000). Changes in sea level affect the supply of detrital material
to the marine environment, as drops in base level associated with regressive periods
enhance continental erosion (Crick et al., 1997). The variability in the magnetic
susceptibility signal of the Massignano section could be linked to either climatically
controlled continental erosion, or conversely, to variations in biogenic carbonate
production, which would dilute an otherwise constant sediment supply.
Calcium Carbonate and Stable Isotopes

Both alone and in conjunction with magnetic susceptibility, the calcium carbonate
content of pelagic sediments has also been broadly used as a proxy for paleoclimate.
Calcium carbonate highs are thought to represent periods of increased carbonate
production, decreased carbonate dissolution, or periods in which a steady supply of
carbonate is periodically less diluted by fluxes in terrigenous input (Einsele and Ricken,
1991). Generally the calcium carbonate content and magnetic susceptibility records of
unconsolidated marine carbonates are inversely related, as is seen throughout the majority
of the Massignano section (Fig. 4). MS is essentially a function of the amount of iron-
bearing minerals deposited compared with the total amount of deposited material. Any

increase, then, in CaCOs will proportionally decrease the magnetic susceptibility value of
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a particular sedimentary layer, such that MS lows correspond to CaCOs highs. This
relationship implies that to some extent, MS increases at the expense of CaCOj; and vice
versa, which is consistent with Einsele and Ricken’s (1991) proposed dilution cycle.

A dilution cycle of this sort is inextricably linked to the oscillations of wet/dry climate
cycles, as wet periods are associated with increased fluvial transport of detrital material
and dry periods are marked by enhanced wind erosion. While the amount of terrigenous
input may not change across these wet/dry periods, presumably the type of detrital matter
is altered, as is the distribution. Continental erosion, along with ocean circulation, is also
linked to productivity, as variations in these parameters will affect the nutrient supply.
Finally, dissolution cycles are linked to sea level change. Greater saturation
concentrations of COs> are found under conditions of higher pressure, meaning that
carbonate dissolution is enhanced at greater depths (Rithlemann, 1999). The degree of
carbonate dissolution will therefore be reduced during periods of regression and
increased during transgression.

Greater insight into which interpretation of calcium carbonate highs might best fit
the upper portion of the Massignano section can be found by comparing the calcium
carbonate content with the stable isotope data. At Massignano, there is a generally
persistent covariance in the CaCO3, 8'"°C and 8O records, which implies that the
fluctuation in these parameters might be linked to a common paleoenvironmental cause
(Fig. 11). High carbonate accumulation corresponds with high planktonic productivity,
evidenced by heightened 8'"°C values resulting from the preferential fractionation of

oceanic '“C by marine photosynthesizers (Bickert, 2000). High carbonate accumulation is
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simultaneously matched with increased 8'°0 values, implying high salinity conditions or
cold water temperatures at the time of limestone deposition. Salinity conditions are
elevated when the rate of sea water evaporation exceeds that of precipitation, and their
correspondence with highs in 8'°0 results from the preferential transfer of lighter '°O to
the atmosphere during evaporation (Faure, 1977). Similarly, ocean waters are enriched in
80 during cool, glacial periods, as lighter '°O is sequestered in developing ice sheets
(Ruddiman, 2000). Following Mader et al. (2004), I interpret the correspondence of
stable isotope highs with calcium carbonate highs as an indication that Eocene-Oligocene
Mediterranean limestone formation occurred during dry, cold periods marked by higher
productivity. Increased ice volume with the appearance of small ephemeral ice sheets in
the late Eocene caused a sea level drop and a corresponding slight increase in continental
erosion, providing the nutrients necessary for high planktonic productivity. Also, an
increase in deep water formation tied to ice sheet expansion is balanced by increased
upwelling in other parts of the oceans. These upwelling waters are similarly nutrient-rich,
thus leading to high productivity. In light of the inverse relationship between CaCOj; and
magnetic susceptibility, it is reasonable to imagine that marly layers were deposited
during relatively wet (and possibly warm) periods with a greater fluvial influx of detrital
matter. It is important to note however, that while ice sheet development is a global
phenomenon, productivity changes in a site like the Mediterranean probably occurred on
a more local scale. Cold periods, therefore, may not be equated with high productivity at

other latitudes.
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Stable Isotopes and Orbital Cycle Strength

The spectral power of the orbital cycles of eccentricity, obliquity, and precession
varies significantly from proxy to proxy. Most notably, the 8'°O spectral plot for meter
levels 15-20 exhibits pronounced high-frequency precessional peaks, which dwarf the
other possible orbital signals and are the only peaks that rise above the 95% confidence
interval. This is in stark contrast with the 8'°C spectral plot for the same interval, in
which the low-frequency eccentricity cycle greatly exceeds the 95% confidence level
(Fig. 7). One possible explanation for this phenomenon lies in the response times of the
environmental cycles to which the proxies are tied. 8'°C is linked to the global carbon
cycle, which, with many reservoirs, including sediments and rocks as well as the
atmosphere, ocean and vegetation, has a slow response time (relative to the hydrologic
cycle). The long-period eccentricity cycle, then, may be the only orbital cycle long
enough to overcome this dampening to significantly impact global carbon cycling. In
contrast, the hydrologic cycle, tied to 8'*0, is characterized by much faster response
times, partly because of the large (relative to carbon) fluxes of water through the different
parts of the system. The shorter, precessional cycles are perhaps amplified by the
hydrologic cycle’s rapid response time. For instance, it is believed that the African
monsoon undergoes large changes in tune with the precessional cycle; a shift in the locus
of precipitations and evaporations associated with the monsoon could lead to significant
salinity changes in the proto-Mediterranean.
Correlation with the Astronomical Time Scale

The spectral analysis results from the upper portion of the Massignano section

indicate that the sequence’s rhythmic bedding reflects orbitally paced climate variations.
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Even though eccentricity weakly affects insolation, the prominent ~95 ky peak common
to all four proxies implies that the late Eocene and early Oligocene climate experienced
eccentricity forcing. Others have similarly found the eccentricity signal to be
disproportionately significant as far back as the Miocene, with strength far greater than its
theoretical contribution to insolation would suggest (e.g. Clemens and Tiedmann, 1997;
van Vugt et al., 2001; Cleaveland et al., 2002). This disproportional relationship of
eccentricity to climate could perhaps be explained by an amplifying mechanism such as
the ice-albedo feedback (Cleaveland et al., 2002). With ice sheets emerging in the
Eocene, it is conceivable that this feedback mechanism would come into play during the
deposition of the Massignano section.

An astronomical correlation between Laskar’s eccentricity curve and
Massignano’s smoothed magnetic susceptibility and calcium carbonate data is achieved
through pattern matching constrained by the dated volcanic ashes at meter levels 7.2, 12.7
and 14.7. Following Cleaveland et al. (2002) eccentricity highs are matched with
magnetic susceptibility highs and calcium carbonate lows. In order to lengthen the span
of time available for pattern matching, I used the smoothed magnetic susceptibility data
from the entire Massignano section (meters 0.5-23), rather than from just the upper eight
meters (meters 15-23) (Fig. 12). Of all four proxies, the magnetic susceptibility data
exhibits the least amount of noise and Milankovitch peaks rise above the 95% confidence
interval in both the whole section and lower section spectral plots (Figs. 6 and 8). In order
to confirm the validity of the match, I similarly matched the smoothed CaCOs data from
the upper portion of the sequence to Laskar eccentricity and found the two correlations to

be in agreement (Fig. 13). The correlation yields a refined date for the Eocene-Oligocene
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boundary of 33.9 + 0.01 Ma, which is just 0.2 m.y. older than the previously proposed
date of 33.7 £ 0.5 Ma (Montanari et al., 1988). Precise ages of 35.13 + 0.01 Ma, 34.55 +
0.01 Ma, and 34.32 + 0.01 Ma are also obtained for the three radiometrically dated
volcanic ashes at meter levels 7.2, 12.7 and 14.7 respectively. All three precise ages fall
within the error bars of the previous radiometric dates.
Impacts, Comet Showers and Climate Cycles

Spectral analysis results from the lower portion of the Massignano section do not
conclusively reveal orbital forcing as the mechanism for rhythmic deposition. Because
orbital forcing is so clearly prevalent in the upper eight meters of the outcrop, it is
difficult to imagine that orbital pacing had no role in the deposition of the lower portion.
The lower section, however, is unique in that it contains evidence of at least two, possibly
three, extra-terrestrial impacts, including the Popigai and Chesapeake Bay impact events
(Bodiselitsch et al., 2004). Evidence of these events has been reported in numerous other
early late Eocene sedimentary records (e.g. Kaye et al., 1961; Glass et al., 1985; Koerbel
and Glass, 1988). At Massignano, an impactoclastic layer at ~5.6 m is marked by an
iridium anomaly (Montanari et al., 1993), shocked quartz (Clymer et al., 1996;
Langenhorst, 1996), extraterrestrial Ni-rich spinel and altered microkrystites (Pierrard et
al., 1998), and finally a *He anomaly (Farley et al., 1998). *He serves as a tracer of fine-
grained interplanetary dust, as extraterrestrial matter is comparatively enriched in the rare
helium isotope (Farley et al., 1998). Impactoclastic layers at meter levels 6.19 and 10.25
are similarly distinguished by *He anomalies as well as increased iridium (Bodiselitsch et
al., 2004). The *He anomaly at Massignano is in fact quite broad, spanning from about

meter level 2 to 15, with its maximum value coincident with the Ir anomaly at 5.6m
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(Farley et al., 1998). Farley et al. (1998) argue that this *He enhancement is attributable
to an early late Eocene comet shower lasting 2.2 My.

Both individual impact events and comet showers have the potential to affect
global climate. An impact occurring on a continental shelf, such as the one at Chesapeake
Bay, is coupled with the release of methane hydrates, which contribute to the greenhouse
effect and induce global warming. A terrestrial impact, such as the Popigai, on the other
hand, is often linked to global cooling with a corresponding decrease in bio-productivity.
Global cooling could also be attributed to the dust particle loading of the atmosphere
associated with the increased levels of planetary dust inherent to a comet shower.
Evidenced by stable isotope variations, Bodiselitsch et al. (2004) propose that the impact
events observed at Massignano were responsible for cooling and warming trends in the
Eocene-Oligocene climate. It is possible, then, that the climate alterations caused by these
impact events served to obscure the longer-term climate cycling events caused by
Milankovitch cycles.

This finding is surprising because impacts are known to affect the climate on
relatively short timescales (Toon et al., 1997). In order for events such as impacts and
comet showers to disrupt the much longer-term Milankovitch cycles, their climatic
effects must somehow be exaggerated. Indeed, evidence of an exaggerated climatic
disruption is visible in the CaCO3; and MS sliding window plots of the lower Massignano
section (Fig. 14). Beginning at a window midpoint of ~4 m and extending to ~7 m, the
CaCOs sliding window plot exhibits a curious undulating pattern that can perhaps be tied
to the impact events at meter levels 5.6 and 6.19. This same undulating pattern re-

emerges at window midpoints of ~9 to ~11 m, also possibly tied to the impact event at
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meter level 10.25. The fact that these disruptions are visible in the plots before the actual
occurrence of the impact events is not necessarily problematic, as the sliding window
plots have somewhat of a smearing effect. Furthermore, the disruption is also probably at
least partially coupled to the ongoing comet shower, evidence for which lies in the *He
anomaly extending from about meter level 2 to 15. Possible mechanisms for the
exaggeration of the impact related climatic changes include the ice-albedo feedback or
the combined effect of impact related atmospheric alterations with the ongoing dust
particle loading associated with the comet shower. Because the increased atmospheric
dust loading related to the comet shower will alter according to the flux of comets in our
part of the solar system, we might expect a more random variation in dust during the
comet shower.

Still, while it is exciting to imagine that impacts and comet showers could be
affecting global climate on such a long time scale, questions remain. Milankovitch
forcing is certainly obscured in the CaCOs, 8'°0, and 8'"°C proxy records of the lower
Massignano section, but the magnetic susceptibility record emerges largely unscathed. It
is curious that this particular proxy would be less susceptible to impact-related climatic
overprinting than the other proxies. Perhaps its perseverance can be attributed to the fact
that even during a comet shower sediment influx continues, with planetary dust replacing
the usual fluvial or wind deposited detrital input. Despite lingering questions, it is
reasonable to assert that impact related climatic changes interacted with the continuous
record of longer term Milankovitch cylces in such a way that they were disrupted or

obscured during the deposition of Eocene sediments at Massignano.
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Conclusions

Spectral analyses of four high-resolution climate proxies indicate that the
deposition of the upper portion (meters 15-23) of the Massignano section was orbitally
controlled. The relationship between these proxies, with stable isotope highs
corresponding to calcium carbonate highs and magnetic susceptibility lows, help to reveal
the paleoclimatic conditions imposed by orbital forcing. Marly limestones are inferred to
represent wet/warm periods while limestones represent dry/cold periods characterized by
enhanced productivity. By means of pattern matching, the presumed eccentricity signal in
the Massignano magnetic susceptibility and calcium carbonate data is correlated to
Laskar’s theoretical eccentricity curve to provide astronomical ages for the entire section.
This correlation yields a refined date for the Eocene-Oligocene boundary of 33.9 + 0.01
Ma.

Unlike the upper portion of the Massignano section, the rhythmic alterations in
the lower portion (meters 0-15) cannot conclusively be attributed to orbital forcing. This
portion of the outcrop, however, contains three possible impact events and a 3He
anomaly indicative of a comet shower 2.2 My in duration. Climate alterations caused by
these extraterrestrial events were most likely exaggerated such that Milankovitch forcing

was overprinted and obscured.
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