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Abstract 

 
 A forty meter section of Scaglia Cinerea was sampled for paleomagnetic 
stratigraphy across the Eocene-Oligocene boundary at Monte Cagnero, Piobbico, 
Italy.  Ninety-two oriented cores were obtained and progressive alternating field and 
thermal demagnetization isolated distinct ChRM components in most samples.  Stable 
endpoint components with coercivities from 15-40 mT and unblocking temperatures 
from 300-340°C or 550-580°C indicated carriers of pyrrhotite and magnetite 
(primary), and a stratigraphic plot of these components defines distinct normal and 
reversed magnetozones.  These magnetozones create a polarity sequence which 
directly correlates to chrons C13r to C12n of the geomagnetic polarity timescale, 
including two short cryptochrons C13r-1 and C12r-8.  The magnetostratigraphy is 
also consistent with the Massignano GSSP.  Virtual geomagnetic pole plots (λ= 71°, 
φ=209°) indicate correlation to the synthetic apparent polar wander path for the 
Adrian Promontory/African Plate during the Eocene and Oligocene.  Anisotropy of 
magnetic susceptibility data indicates some inclination shallowing in Scaglia 
sediments.  This study provides preliminary support for the viability of Monte 
Cagnero as a site for the relocation of the Eocene-Oligocene global stratotype section 
and point.           

 
 
 
 

Keywords: magnetostratigraphy; paleomagnetism; Eocene; Oligocene; Scaglia 
Cinerea; Massignano GSSP, Italy; apparent polar wander. 
 
 
 



Introduction 

The Eocene-Oligocene transition records a period of major geologic change 

including profound evolutions in worldwide climate, oceanography and geography 

(Prothero, 1994).  The transition occurred over a period of a few hundred thousand 

years during which the planet’s climate system deteriorated from a “greenhouse” 

climate, or warm, humid period, to an “icehouse” climate, characterized by 

accelerated global cooling and formation of significant polar ice sheets (e.g. Zachos et 

al., 2001; van Mourik et al., 2007).  This climatic transition is responsible for major 

changes in both marine and terrestrial biodiversity, and is considered one of the most 

extreme global changes of the past 50+ million years (Prothero, 1994).  

The Eocene-Oligocene boundary is currently defined as the extinction/last 

occurrence (LO) of the planktonic foraminifera Hantkenina and Cribrohantkenina 

(Eocene genera of the Hantkeninidae), occurring at approximately 33.7 ± 0.01 Ma 

(Brown, unpublished; Jovane et al., 2006).  The Global Stratotype Section and Point 

(GSSP) is located 19m above the base of the section at the Massignano quarry outside 

of Ancona, Italy (Premoli-Silva and Jenkins, 1993; Fig. 1).  Recent studies suggest the 

possibility that the Eocene-Oligocene boundary may be better defined as a longer 

transitional period involving bolide impacts (c.f. Bodiselitsch et al., 2004; Montanari 

and Koeberl, 2000), comet showers (c.f. Farley et al., 1998) and major global isotope 

excursions of δ18O and δ13C (c.f. Salamy and Zachos, 1999; Zachos et al., 2001). 

These global isotope excursions, including the Oi1 event, a δ18O shift of ~1.2‰ 

occurring between 33.48 and 33.6 Ma that suggests massive glaciations (Zachos et al., 

2001), are indicators of extreme climate change, which might provide a more 

legitimate and globally recognizable epoch boundary (Montanari, 1988; Bohaty et al., 

2007; van Mourik et al., 2007).   
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Complete sequences of the rock record for this time period are exceedingly 

rare.  However, in the Umbria-Marche basin of the Northeastern Apennine mountains, 

the boundary is well-preserved within the Scaglia Cinerea Formation in a number of 

locations (Fig. 1).  Further, integrated stratigraphic data (including lithostratigraphy, 

biostratigraphy, magnetostratigraphy and cyclostratigraphy) are available for 

exposures such as the Contessa Valley (Lowrie et al., 1982), Monte Cagnero 

(Coccioni et al., in press), and the Massignano quarry GSSP (Alvarez and Montanari, 

1988, Napoleone, 1988, Coccioni et al., 1988, Odin et al., 1988a,b, Bice and 

Montanari, 1988,  Premoli Silva and Jenkins, 1993).  The Scaglia Cinerea Formation 

falls near the top of a complete and primarily undisturbed pelagic carbonate 

succession, and is characterized by fossiliferous marly limestone and calcareous marl.  

In addition, it contains a handful of radiometrically dated volcanic ash and biotite-rich 

volcaniclastic layers (Montanari et al., 1988), which provide independent age 

constraints for detailed stratigraphic studies. 

The Massignano section continues only 8m beyond the recognized E/O 

boundary, and therefore does not contain the entirety of the Oi1 isotope excursion 

which could provide a more correlatable and appropriate epoch boundary.  The 

section at Monte Cagnero, unlike Massignano (~27m), is continuous for a few 

hundred meters and contains the entirety of the upper Eocene and the Oligocene, 

including the full extent of the isotope shift.  The base of this section appears to 

correlate to the base of the Massignano quarry (Coccioni et al., in press), but no 

further research had been done, aside from basic lithostratographic analysis, 

biostratigraphy, and marking (Lowrie et al., 1982; Parisi et al., 1988), in the section 

containing the Eocene-Oligocene shift.  However, Coccioni et al. (in press)  

 

2



 

 
 
Figure 1. Location map of the Marche region of Italy, with important Scaglia Cineria 
Formation sections marked in blue, and this study in yellow.  Landsat image from 
GoogleEarthPlus.  
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have completed litho-, bio-, chemo-, and magnetostratigraphy of the section from 

meters 145 to 225.   

Magnetostratigraphic studies conducted successfully in various marine 

sedimentary rocks, including the pelagic limestone sequences of central Italy, allow 

definitive correlations to the geomagnetic polarity time scale (GPTS) and 

paleontological stage boundaries for the Eocene/Oligocene boundary (Contessa: 

Lowrie et al., 1982, and Nocchi et al., 1986; Massignano/MassiCore: Bice and 

Montanari, 1988, Lowrie and Lanci, 1994, and Lanci et al., 1996).   

A full paleomagnetic study performed for this site provides accurate dating of 

the section based on the geomagnetic polarity time scale (Cande and Kent, 1992, 

1995), allows correlation of this section to well-known exposures, and establishes the 

groundwork for future work on stable isotopes, mineralogy, and biostratigraphy in the 

region to determine whether the Monte Cagnero site is a viable option for relocating 

the Eocene-Oligocene boundary GSSP.  

 

Geologic Setting and Methods  
 

Forty meters of the Scaglia Cinerea Formation at Monte Cagnero (Fig. 2) was 

logged for rock type and color predicated on previously established section markers 

and stratigraphic succession.   Coccioni et al. (in press) indicate an approximate 

stratigraphic equivalency between meter level 100 at Monte Cagnero and meter level 

0 at Massignano based on preliminary lithologic and contextual comparison.  

The section (including from a fault/slump at meter level 108 to the base of the 

section studied in Coccioni et al., in press, at meter 145), is mostly green-brown or 

pink marly limestones/calcareous marls.  The section contains two significant biotite-

rich volcaniclastic layers at meters 142.8 (dated by Montanari et al., 1988) and 144.8,  

4



 
 

Figure 2. (A) Location of Monte Cagnero section (modified from Coccioni et 
al., in press).  (B) Outcrop photo with meter levels and important features 
shown.    
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which provide tie-points for accurate chronostratigraphy.  The section also contains 

the last occurence (LO) for the genera Hantkeninidae at approximately meter level 

114.5 (Montanari et al., 2007; Tori and Monechi, 2007), serving as a marker for the 

currently recognized E/O boundary.            

Samples for the analysis of calcium carbonate content and magnetic 

susceptibility were taken every 0.05m for meters 133-150 (meter system from 

Coccioni et al., in press).  The calcium carbonate content and magnetic susceptibility 

samples were powdered in a brass mortar and analyzed with a Dietrich-Fruling water 

calcimeter (±2% error), in a 10% HCl solution; and a Bartington MS2/MS2B dual 

frequency sensor on low frequency (0.465kHz) and sensitivity (x0.1), calibrated for 

thermal drift.   

Oriented paleomagnetism hand-samples were taken at 0.5m intervals 

throughout this segment of the Monte Cagnero section (meters 108-145).  The 

paleomagnetic samples were then cut down and oriented in concrete with respect to 

the horizontal bedding plane and cored (while maintaining orientation) using a 2.5 

cm-diameter drill press at the Osservatorio Geologico di Coldigioco (OGC) in 

Coldigioco, Italy.  

 Paleomagnetic measurements were carried out using an automatic cryogenic 

DC-SQuID magnetometer in a magnetically shielded room at the Yale Department of 

Geology and Geophysics (New Haven, CT), under the direction of David Evans.   The 

samples (n= 92) were pre-cleaned with liquid nitrogen in a zero field to preferentially 

reduce multidomain carriers and then treated with low alternating frequency (AF; 0-

10 mT, 2 mT increments) and low thermal (TT; 75˚C-200˚C, 25˚C increments) 

demagnetization processes.  Samples were then split into two populations, with at 

least one core from every stratigraphic level in each; population A-C (n= 51) was 

6



further treated with high AF (15-70 mT at 5 mT increments), while population B (n= 

41) was treated with high thermal (250-580˚C at increments of between 10˚C and 

50˚C depending on proximity to known unblocking temperatures) in a controlled N2 

environment to prevent the accidental oxidation of weakly magnetized sediments 

(most samples had magnetizations of <10-6 G).  The isolated characteristic remnant 

magnetization (ChRM) data from these samples were then determined and analyzed 

using PaleoMag v 3.1b1, where bedding, tilt, and misoriented sample corrections 

were made and statistical models were applied (least squares models, Fisher statistics, 

Bingham test, etc., after Fisher, 1953; Zijderveld, 1967; Kirschvink, 1980).   

After ChRM analysis, samples were chosen to be measured for anisotropy.  

Alternate, untreated samples were selected based on polarity group and on the 

presence of alteration minerals (goethite and pyrrhotite), and then evaluated using an 

AGICO KLY-4S anisotropy of magnetic susceptibility (AMS) system to determine 

overall rock anisotropy with regard to magnetization directions. 

    

Results and Paleomagnetism  
 

 Calcium carbonate content (%CaCO3) is relatively constant throughout the 

outcrop (Fig. 3), generally remaining between 60% and 70%, with a slight upward 

trend corresponding to the up-section lithologic increase in competence of the 

limestone.  Magnetic susceptibility displays, as anticipated, the inverse relationship, 

decreasing in intensity as the section becomes predominantly limestone. These values 

are on average around 35 in the marly section (meters 133-142), with some values 

reaching as high as 90, while higher in the section (meters 142-150), values appear 

much lower, around 10-15.  The calcium carbonate content and  

 

7



 
 
Figure 3.  Integrated stratigraphy of Monte Cagnero, showing lithostratigraphy, 
magnetostratigraphy, and available bio- and chemostratigraphy (Coccioni et al., in 
press; Salamy and Zachos, 1999).  
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magnetic susceptibility data were not analyzed in detail, and are therefore presented 

merely as further information in the preliminary exploration of this outcrop, though 

they could serve as a starting point for the cyclostratigraphic or chemostratigraphic 

analysis of the section.    

The primary objective of paleomagnetic reversal stratigraphy is to discern the 

timing of past geomagnetic field configurations.  This is based on the premise that 

magnetic substances (in this case ferromagnetic minerals) have a remnant 

magnetization, recording the magnetic fields that have acted on them.  Rocks can 

acquire and retain such magnetizations in a number of ways, including thermal 

remnant magnetization (TRM), produced when a mineral cools below the Curie 

temperature in the presence of a magnetic field, and chemical remnant magnetization 

(CRM), a result of either the alteration or precipitation of a ferromagnetic mineral 

from solution, processes.  Usually the most applicable to this type of study is detrital 

remnant magnetization (DRM), which is acquired during the deposition and 

lithification of sedimentary rocks (Butler, 1992).  When ferromagnetic particles 

(usually titanomagnetite or hematite) encounter the sediment/water interface, they 

experience an aligning torque from the ambient magnetic field and, in laboratory 

models, rotate quite rapidly into alignment with the geomagnetic field present at the 

time of deposition (Butler, 1992).   

However, in many cases particles can experience post-depositional 

realignment (pDRM) due to the fact that DRM is not mechanically locked until 

dewatering and consolidation of the sediments causes granular physical contact to 

inhibit motion (Butler, 1992). Realignment can occur as a result of processes like 

sediment compaction, in which inclination errors result from gravitational torque 

(known as “inclination shallowing”; Arason and Levi, 1990), viscous 
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remagnetization, or Brownian motion, a randomizing influence as the thermal energy 

of water molecules jostles smaller submicron to micron sized particles (Butler, 1992).  

Consequently, sedimentary deposits contain a combination of DRM and pDRM, 

though timescales for consolidation and grain-size attributes in fine-grained marine 

sediments are generally such that these differences are indiscernible within the bounds 

of polarity intervals. These facts and the observation that formations such as the 

Scaglia Cinerea are continuous rock records makes them useful for paleomagnetic 

reversal investigations, which involves tying geomagnetic field configurations to 

corresponding stratigraphic levels, and correlation to the geomagnetic polarity 

timescale (GPTS).  

For the Monte Cagnero samples, nearly all possessed a low-stability 

overprinting close to the present local field (PLF) probably due to viscous 

remagnetization (VRM). This field was universally removed (i.e. unblocked) by either 

controlled-atmosphere thermal demagnetization to around 300°C (250°C to 340°C), 

or alternating frequency demagnetization to 15 mT, as depicted in the Zijderveld, J/Jo 

and equal area projections (Figs. 4, 5, 6).  An unblocking temperature in this range is 

indicative of Fe-sulfides such as pyrrhotite (Wehland et al., 2005), which is a common 

alteration mineral in the pelagic sequences of Italy (Freeman, 1986).  Some samples 

also contained a low-stability overprint that had unblocking temperatures between 

100°C and 125°C, indicative of alteration and weathering to goethite (McElhinny and 

McFadden, 2000) , which is visible as brown staining in the effected cores and hand 

samples.  The primary ChRM in all samples appears to be carried by a component 

with unblocking temperatures between 570°C and 580°C (some as low as 550°C), and 

coercivities around 40 mT, above which all thermal (TT) samples and some AF 

samples became directionally unstable (see Fig. 6), though many AF samples  
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Figure 4.  Zijderveld vector diagrams for selected representative Scaglia cinerea  
samples (A) thermal demagnetization of reversed sample 109.4B, (B) alternating 
frequency demagnetization of reversed sample 109.4, (C) thermal demagnetization of 
normal sample 118.5B, and (D) alternating frequency demagnetization of normal 
sample 118.5C. Numbers on graph indicate demagnetizing field in mT or heating 
temperature in °C.  All projections are on vertical E-W planes.  
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Figure 5. J/Jo plot for thermal sample 114.0B. Shaded bars indicate magnitude (%) 
change in magnetization, while points indicate total magnetization of the sample.  
Dotted lines with corresponding temperature markings delineate zones with a high 
rate of demagnetization, indicative of unblocking points for ferromagnetic minerals.   
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Figure 6.  Equal-area stereograms of stepwise thermal demagnetization in (A) normal 
sample 118.5B and (B) reverse sample 131.5B.  Numbers  on plot indicate heating 
temperature in °C.   
 

 

 

 

 

 

 

 

 

 

 

 

13



remained stable through the endpoint at 70 mT.  This is indicative of a primary ChRM 

carrier of (titano)magnetite, with the possibility of the minimal presence of another 

higher-stability/coercivity carrier (such as hematite, unblocking temperature 675°C) 

in some samples (Freeman, 1986).  For both thermal and AF groups, the high-stability 

component was interpreted as the ChRM vector, and least-squares models were forced 

through the origin as they decayed (Fig. 4), resulting in reverse and normal polarity 

stable components.    

Progressive thermal and alternating frequency demagnetization steps defined 

stable ChRM endpoint groups (Fig. 7) of reverse and normal polarity at magnetic 

intensities of ~10% NRM (<10-6 G).  These endpoint clusters have a fairly small 

scatter for both polarity groups (Fig. 7), with few samples displaying declinations or 

inclinations that are intermediate between normal and reverse, meaning that the 

interpretation of the magnetozones is straightforward.  A few samples experienced 

misorientation during the sampling and handling processes, but these samples were 

pre-identified and corrected during the analysis and plotting (all samples were 

corrected for bedding tilt during the sampling and orientation processes). The ChRM 

polarity clusters form two nearly antipodal groups (Fig. 7), and the confidence ellipses 

do not overlap, indicating that the mean directions are statistically different (Fisher, 

1953).  An F-ratio test reaffirms that they are statistically different at a 95% 

confidence level (all F-ratios were greater than the proposed null hypothesis; Watson, 

1956, 1960).  The vector mean directions for the polarity clusters (Appendix 1) from 

dataset A-C (AF demagnetization) are D= 343°, I= 51° (a95= 5.9) and D= 169°, I= -

54° (a95= 5.0), while from dataset B (TT demagnetization) they are D= 343°, I= 53° 

(a95= 7.6) and D= 164°, I= -40° (a95= 4.0).   
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Figure 7.  Equal-area stereograms of stable endpoint (ChRM) directions for (A) 
dataset MCA-A/C, alternating frequency demagnetization, and (B) dataset MCA-B, 
thermal demagnetization.  Ellipses indicate Fisher confidence intervals for endpoint 
groups.  All samples corrected for simple bedding tilt.    
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The two datasets show slight differences in both declination and inclination, 

some of which were found to be statistically significant, so for virtual geomagnetic 

pole (VGP) and associated calculations, thermally demagnetized dataset B (n=41) was 

used as the primary source due to anticipated inaccuracies resulting from unresolved 

high-coercivity components present in samples from the AF demagnetized samples 

from dataset A-C.  

When plotted stratigraphically as a local magnetic polarity scale (Fig. 8), the 

vectors from individual samples within the polarity groups define four distinct 

magnetozones and at least two shorter reversal periods in the Monte Cagnero section.  

Each of the magnetozones is supported by numerous data points, and corroborated by 

both datasets in terms of position and duration, while the smaller polarity periods are 

supported by either one or two data points in each dataset (also coincident in space 

and time between sets).  Resolution of magnetostratigraphy is poor between meters 

126 and 145 due to lithologic complications (soft, wet marl), making their 

interpretation somewhat ambiguous, though data on either side is distinct and 

appropriate for good correlations.        

A virtual geomagnetic pole (VGP) was calculated for each data point after the 

model of Kirschvink (1980).  These points (Fig. 9) show a clear, consistent latitudinal 

(λ°) trend with an average pole position of 71° N (a95= 2.4°).  The longitudinal (φ°) 

data is far more scattered and unclear, though there does appear to be a directed trend 

with an average position of 209° E (a95= 32.0°).    

Due to technical issues with coordinate system calibrations of the AMS 

system, we were unable to calculate stereographic poles (after Barton and McFadden, 

1996) for the axes of anisotropy or quantify bulk susceptibility (k) for the samples 

throughout the stratigraphy, and therefore do not have data on the direction of  
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Figure 8.   Stratigraphic variation of inclination, the interpreted polarity zones for the 
Monte Cagnero outcrop, and its correlation to the defined magnetozones of the 
geomagnetic polarity timescale (GPTS) of Cande and Kent (1992, 1995).  In the 
timescale of Cande and Kent (1992, 1995), short bars indicate identified 
“cryptochrons”, and numbers indicate interpolated ages (Ma).  
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Figure 9.  Spherical geographic projections of virtual geomagnetic poles (VGP).  (A) 
VGPs plotted in gray with confidence intervals for 40 Ma- 25 Ma (Besse and 
Courtillot, 2002), and in yellow for Monte Cagnero data time-averaged from 34 Ma- 
31 Ma. (B) 1. VGP for African Plate from Eocene-Oligocene transition (Marton, 
2006) and 2. VGP for Adrian microplate from Early Oligocene (Marton, 2006).  VGP 
for Monte Cagnero replotted in yellow, corrected data (removal of Late-Eocene 
outliers) displayed in green.    
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 Table 1.  Prim

ary A
M

S data on principle susceptibilities and calculated (after Jelinek, 1978; Ferre et al., 2005) anisotropy factors.  
     

19



 

 

 

preferential magnetization.  The principle axes and basic information calculated on 

anisotropy are shown in Table 1, but further results will require reanalysis of at least 

one sample from each identified magnetozone and for each lithology.     

 
 
Discussion 
 

Four distinct magnetozones and two “cryptochrons” (e.g. Lanci et al. 1996) 

are identified at Monte Cagnero (Fig. 8)  throughout the 40 meter section for a 

complete local magnetic polarity scale (LMPS) which is comparable to the official 

geomagnetic timescale as assembled by Cande and Kent (1992, 1995).  When the 

LMPS is tied to known ages within the section, such as the E/O boundary (as defined 

by Parisi et al., 1988; Premoli Silva and Jenkins, 1993, and identified by Montanari et 

al., 2007; Tori and Monechi, 2007) and volcaniclastic layers (dated by Montanari et 

al., 1988), and extrapolated based on the assumption of constant deposition rates 

throughout the section, it matches the geomagnetic polarity timescale very closely 

(Fig. 8).  Murphy (unpublished) reports sedimentation rates of 12.7 m/m.y. for the 

outcrop based on cyclostratigraphic analysis, while Tori and Monechi (2007) report a 

higher rate of 13.6 m/m.y.; however, for interpretations in this paper, a sedimentation 

rate of 15.2 m/m.y. was used.  This rate was calculated based on independent time 

constraints within this section of the outcrop, specifically; the E/O boundary, dated 

via cyclostratigraphy at the Massignano GSSP by Jovane et al. (2006) and recognized 

at the Monte Cagnero outcrop by Tori and Monechi (2007), and a pair of biotite-rich 

volcaniclastic layers near the top of the outcrop which were 40Ar/39Ar dated by 

Montanari et al. (1988).  

Stratigraphically, the first short reversal, or cryptochron, labeled A2+ in the 

LMPS (Fig. 8) occurs roughly 1.3 meters up-section of the E/O boundary (C13r.14), 
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which gives it a calibrated age of 33.615 Ma, slightly younger than the reported age of 

its interpreted correlation to identified cryptochron C13r-1 which lasts from 33.694 

Ma to 33.677 Ma.  The start of the longer normal polarity interval, referred to as zone 

B+ in the LMPS (Fig. 8), is interpreted as C13n because it is present at meter level 

117.4, or 2.9 meters up-section of the boundary, providing a calibrated age of 33.509 

Ma, less than 0.05 Ma younger than the start of C13n as reported by Cande and Kent 

(1995).  Polarity zone C1- occurs approximately at meter 124.6, with an age of 33.033 

Ma, and is interpreted as chron C12r, due to the fact that its reversal age is once again 

less than 0.05 Ma younger than that of Cande and Kent (1995).  LMPS zone C2+ 

(Fig. 8) is then extrapolated to 32.873 Ma, equivalent to the geomagnetic timescale 

reported age of 32.782 for cryptochron C12r-8.  The final reversal, zone D+, occurs at 

a stratigraphic level of 146.5m, and when calibrated to the biotite-rich volcaniclastics 

at meter 144.8 in Montanari et al. (1988; dated to 31.1 Ma), provides an extrapolated 

age of 30.972 Ma and allows for its interpretation as the beginning of C12n; only 

slightly different than the geomagnetic timescale reversal age of 30.939 Ma.  

Additionally, the duration of interpreted chron C13n is 0.476 m.y., while the GPTS 

reported length is 0.487 million years.  

With the interpreted correlation to the GPTS, the outcrop at Monte Cagnero 

can effectively be linked to other major sections in Italy, such as the Contessa 

sections, the Massignano Quarry and the MassiCore.  These sections are all of 

different lengths and possess magnetic data of varying resolution, but can be 

correlated to each other and the GPTS (Fig. 10).  When scaled similarly and tied to 

the Eocene-Oligocene boundary (which has been identified at each outcrop to within 

0.5m precision), the local magnetic polarity timescales and their interpreted chrons 

are extremely similar in both position (temporal, stratigraphic) and in duration (based  
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Figure 10.  Comparison between geomagnetic polarity timescale (GPTS) of Cande 
and Kent (1992, 1995) and the magnetostratigraphies of the Monte Cagnero (this 
work), Contessa Highway (Nocchi et al., 1986; Lowrie and Lanci, 1994), Massignano 
(Bice and Montanari, 1988; Lowrie and Lanci, 1994) and MassiCore (Lanci et al., 
1996) sections.  Timescales are scaled and tied to the Eocene-Oligocene boundary, 
short bars indicate identified “cryptochrons” in the timescale.     
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on individual sedimentation rates constrained by alternate chronologies), therefore 

allowing for the unambiguous interpretation of Monte Cagnero as contemporaneous, 

continuous, and correlatable to the other pelagic sequences of the Northeastern 

Apennines.   

 The VGP data allows for the application of the Monte Cagnero magnetometry 

to paleogeography, and the plotting of a rough apparent polar wander (APW) pole for 

Italy across the Eocene-Oligocene transition.  The calculated average VGP pole for 

this section (λ= 71°, φ=209°) for the time interval from roughly 34 Ma to 31 Ma fits 

the synthetic APW path for Adria/northern Africa during this period relatively well 

(Fig. 9); Besse and Courtillot (2002) and Muttoni (2001) report the African pole at λ= 

78.9°, φ=201.7° for 35 Ma, and at λ= 79°, φ=207.7° for 30 Ma.  However, many 

aspects of the Monte Cagnero magnetometry data make the correlation to Besse and 

Courtillot (2002) and Muttoni (2001) suspect.  Primarily, field orientation techniques 

did not sufficiently locate the cores in three-dimensional space, making them less 

appropriate for the plotting of VGPs (though still high-quality magnetostratigraphy 

points).  Regardless of this fact, other important geologic issues complicate the 

explanation of the VGP data, such as tectonic rotation and inclination shallowing.   

The wide spread in the longitudinal data (a95= 32.0°) could be a result of 

tectonic rotation of segments of the Adrian promontory (African Plate), specifically in 

the Umbria region which underwent a 20-25° counterclockwise rotation in the 

Paleocene and Eocene (Lanci et al., 1996; Marton, 2006).  As Monte Cagnero is 

unambiguously part of the Umbria region and the Adrian microplate specified by both 

Lanci et al. (1996) and Marton (2006; despite a good fit to the African pole reported 

in that work), it could have experienced some of this tectonic rotation, skewing the 

longitudinal component.  When outliers are removed from the dataset (interestingly, 
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all of the outliers occur within the first 10m of the outcrop, nearer/during the 

rotational events), the VGP longitude for the section across the Eocene-Oligocene 

transition becomes 241° (a95= 15.5°), similar to the longitude of the rotated Adria pole 

of 270° for the Late Eocene reported by Marton (2006; Fig. 9).     

The unfortunate lack of usable AMS poles makes conclusions on inclination 

shallowing purely speculative.  However, calculated anisotropy factors (Table 1) 

show that the strain ellipses for the Scaglia Cinerea Formation are fairly round (Pj= 

1.07 ± 0.03), indicating they have not undergone much tectonic or other major 

deformation, and are somewhat vertically oblate (Tj= 0.58 ± 0.66), suggesting that 

they could have been compressed/compacted unidirectionally (Arason and Levi, 

1990; Ferre et al., 2005).  While the direction of anisotropy and the orientation and 

magnitude of compression (indicated by strain ellipses) is unknown, these data are 

consistent with sediment compaction, which may be correlated to inclination 

shallowing.  Additionally, the calculated VGP for the Monte Cagnero data is 

approximately 8° shallower than Besse and Courtillot’s (2002) predicted value for the 

time period, again supporting that some inclination shallowing during compaction has 

taken place.  Lanci et al. (1996) report average shallowing in inclinations for various 

Scaglia Cinerea Formation outcrops in the Umbria region (Contessa, Massignano) of 

between 5° and 10°, with as much as 15° shallowing in the MassiCore, which is 

consistent with the difference between this study’s findings in the Monte Cagnero 

outcrop and the predictions of Besse and Courtillot (2002).          

 

Conclusions 

Paleomagnetic data for Monte Cagnero enables the assignment of a relative 

date for the age of the bottom of the section (fault/slump at roughly 34.129 Ma), and 
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more importantly provides an excellent correlation between this section and the GSSP 

at Massignano (chrons C13r through C12n, including some identified cryptochrons).  

Since these two locations have been definitively correlated via magnetostratigraphy, 

the sections can be linked together as a continuous record of the Eocene-Oligocene 

transition and associated environmental/ecological changes in central Italy (also 

providing a continuous section between the Eocene-Oligocene boundary and the Oi1 

and other climatic events).  The tentative fit to a synthetic apparent polar wander 

(APW) path  serves to place the section and Adria as a whole on an otherwise poorly 

constrained paleogeographic map for the Eocene and Oligocene, especially with 

regard to the African Plate.   This study further constrains the section and provides a 

record of the events of the Late Eocene and Oligocene, which could have major 

implications for understanding the processes and results of these global changes.  

Additionally, this work serves as basic chronostratigraphic groundwork for necessary 

in-depth future research on stable isotopes, mineralogy, and chemo- and 

biostratigraphy (or even further magnetostratigraphy) on the section to further support 

that the Monte Cagnero site is a viable option for consideration in the relocation of the 

global stratotype section and point (GSSP) for the Eocene-Oligocene boundary. 
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Appendix 1.  ChRM vectors for Monte Cagnero samples. 
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