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This dissertation investigated the possible connection between orbital variations 

and the Earth's magnetic field, and the origin of orbital periods in sedimentary relative 

paleointensity (RPI) records, using previously published data. Circular statistic methods 

were utilized to test whether there is any consistent relationship between the phase of 

orbital parameters and the timing of geomagnetic reversals or excursions. The results 

indicate no discernable tendency, disagreeing with orbital forcing on the geodynamo. 

Numerical simulations further indicate that precision of the current polarity timescales 

need to be improved for any firm relationship to be established. Wavelet analyses 

methods were employed to investigate the origin of orbital periods in the RPI records. In 

some records, significant coherence at orbital periods occurs between RPI and a 

particular magnetic grain-size proxy. Therefore, orbital periods in some RPI records are 

attributed to lithologic ‘contamination’ resulted from incomplete normalization of the 

natural remanent magnetization (NRM) record. Comparison of RPI records from 

different regions of the world in both the time and time-frequency domains imply that the 

‘contamination’ does not debilitate most RPI records as a global signal that is primarily 
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of geomagnetic origin. Calibrated RPI and oxygen isotope stack records (PISO-1500) 

were developed by simultaneously matching and stacking both RPI and oxygen isotope 

data for 13 pairs of high-resolution global records. Wavelet analyses on the PISO-1500 

RPI stack record failed to show significant orbital periods, and no tendencies were 

found for RPI minima in the stack to occur at particular phases of orbital variations.  

The generation of high-resolution paleomagnetic data is often associated with 

processing large volumes of measurement data. MATLAB™ software with graphical 

user interfaces was developed in this dissertation work to improve the efficiency of 

processing large volumes of paleomagnetic data and facilitates the calculation of 

paleomagnetic directions and RPI proxies. This new software incorporates new 

methods of analysis, particularly in the generation of RPI proxies. 

U-channel NRM measurements at Integrated Ocean Drilling Program (IODP) Site 

U1304 yield continuous high resolution paleomagnetic records for the last ~1.5 Ma. 

Sediments from IODP Site U1304 clearly recorded the Brunhes/Matuyama boundary, 

the Jaramillo subchron, and the Cobb Mountain subchron, as well as the Kamikatsura 

excursion and the Gardar excursion. Age model for the site is established by correlating 

IODP Site U1304 RPI record to the PISO-1500 RPI stack using automated dynamic 

programming method with limited number of tie points.  No significant orbital periods 

were detected in RPI record from the site. Various evidences indicate that the episodic 

deposits of laminated diatom ooze throughout the IODP Site U1304 sediments, appear 

to dilute the magnetic concentrations of the sediments with elevated sedimentation 

rates, but do not debilitate the reliability of the acquired paleomagnetic direction and 

intensity data.  
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Rock magnetic experiments carried out under various temperature ranges, along 

with scanning electron microscopy (SEM) and X-ray energy-dispersive spectroscopy 

(EDS) observations as well as X-ray diffraction (XRD) analyses, on bulk Arctic deep-sea 

sediments and magnetic extracts from seven cores collected by the Healy-Oden Trans-

Arctic Expedition 2005 (HOTRAX05), indicate that (titano)magnetite and 

titanomaghemite are the magnetic remanence carriers. It appears that the 

titanomaghemite carries a chemical remanent magnetization (CRM) that is partially self-

reversed relative to the detrital remanent magnetization (DRM) carried by the host 

titanomagnetite, causing the apparent magnetic ‘excursions’ in the Arctic deep-sea 

sediment records. The partial self-reversal could have been accomplished by ionic 

ordering during oxidation, thereby changing the balance of the magnetic moments in the 

ferrimagnetic sublattices that characterize titanomagnetite and titanomaghemite. The 

partial self-reversal process appears to have affected all the studied cores from different 

regions of the Arctic Ocean, with less alteration in core from the Yermak Plateau located 

at the edge of the Arctic Ocean. 
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CHAPTER 1 
INTRODUCTION 

Recognition of the Earth’s magnetic field can be traced back to the 2nd century AD 

when the ancient Chinese discovered that magnets tend to align themselves in the 

north-south direction. Since then, the accumulation of knowledge on the Earth’s 

magnetic has revolutionized means of navigation, and led to further interest on the 

direction and intensity of the geomagnetic field, and the application of the 

paleomagnetic record in the geosciences. Beyond the limited direct measurement or 

documentation of the Earth’s magnetic field, which extend back only a few centuries, 

information on the ancient geomagnetic field relies on the natural remanent 

magnetization (NRM) carried by rocks and sediments. Paleomagnetic direction and 

intensity data acquired from sediments and volcanics have been critical for providing 

continuous high-quality magnetic records that are important for understanding the 

geodynamo as well as for stratigraphic applications.  

Magnetic studies on deep-sea sediments have highlighted topical questions that 

need further investigation. For instance, orbital periods have been reported in a number 

of globally-distributed sedimentary relative paleointensity (RPI) records. Do they imply 

orbital forcing on the geodynamo or environmental/lithologic contamination of the RPI 

records? Brunhes-aged deep-sea sediments from the Arctic Ocean often record 

decimeter-scale negative inclination intervals. Are those negative inclination intervals 

due to magnetic excursions and special behavior of the geomagnetic field in the Arctic 

area, or do they represent post-depositional distortions of the paleomagnetic records? 

Continuous sedimentary magnetic records that span the last ~1.5 million years are fairly 

rare, especially in sediments that have mean sedimentation rate of >10 cm/kyr. 
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Instrumental advances that allow rapid data accumulation from deep-sea sediments has 

generated the need for processing data in “real time” through suitable data visualization 

and analytical software.  

This dissertation comprises 8 main chapters that attempt to address the above 

mentioned issues, along with this introduction chapter (Chapter 1) and a conclusion 

chapter (Chapter 10). In chapter 2, statistical methods were utilized to test whether 

there is any consistent relationship between the phase of orbital parameters and the 

timing of geomagnetic reversals or excursions. Numerical simulations were employed to 

understand the possible influence of age uncertainties on the tests. Chapter 2 was 

published in Earth and Planetary Science Letters (Volume 268, Pages 245-254, 2008). 

Using published deep-sea sedimentary records and wavelet analyses methods, Chapter 

3 investigates the origin of the orbital periods reported in sedimentary RPI records. 

Chapter 3 was published in Physics of the Earth and Planetary Interiors (Volume 169, 

Pages 140-451, 2008). In Chapter 4, calibrated RPI and oxygen isotope stack records 

were developed by simultaneously matching and stacking both RPI and oxygen isotope 

data for 13 pairs of high-resolution global records. Chapter 4 was published in Earth and 

Planetary Science Letters (Volume 283, Pages 14-23, 2009).  

A MATLAB™ software (UPmag) with graphical user interfaces designed for easy 

and rapid analysis of NRM and laboratory-induced remanent magnetization data for u-

channel samples or core sections is introduced in Chapter 5. Chapter 5 was published 

in Geophysics, Geochemistry, Geosystems (doi:10.1029/2009GC002584, 2009).  

Chapter 6 presents high resolution paleomagnetic records spanning the last ~1.5 

Ma, acquired from Integrated Ocean Drilling Program (IODP) Site U1304 sediments that 
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contain episodic deposits of laminated diatom ooze. Reliability of paleomagnetic records 

acquired from diatom-rich intervals was also discussed in this chapter.  

In Chapter 7, rock magnetic studies as well as X-ray energy-dispersive 

spectroscopy and X-ray diffraction analyses were performed on Core 06 recovered by 

the Healy-Oden Trans-Arctic Expedition 2005 (HOTRAX05) to the Mendeleev Ridge 

(Arctic Ocean), to understand the magnetic mineralogy of the sediments and whether 

partial self-reversal is a possible explanation for the apparent magnetic “excursions” 

recorded in the core. Chapter 7 was published in Earth and Planetary Science Letters 

(Volume 284, Pages 124-131, 2009). Studies on HOTRAX05 Cores 08, 10, 11, 13 

further along the Mendeleev-Alpha Ridge are reported in Chapter 8, to further 

understand the origin of low/negative NRM inclinations that are present in these 

sediments. Chapter 8 is now in press in Geophysics, Geochemistry, Geosystems 

(doi:10.1029/2009GC002879, in press).  

Chapter 9 extends the study areas to the Lomonosov Ridge (central Arctic Ocean) 

and the Yermak plateau located at the edge of the Arctic Ocean, to gauge the regional 

importance of the possible self-reversal mechanism.  

Chapter 10 concludes the major findings of this dissertation and looks into future 

work that could further our understanding of these research topics.  
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CHAPTER 2 
TESTING THE RELATIONSHIP BETWEEN TIMING OF GEOMAGNETIC 

REVERSALS/EXCURSIONS AND PHASE OF ORBITAL CYCLES USING CIRCULAR 
STATISTICS AND MONTE CARLO SIMULATIONS 

Introduction 

There has been intermittent interest in the influence of orbital periods on the 

geomagnetic field that can be traced back to Blackett's experiments in the 1950s 

(Blackett, 1952). Geodynamos driven by precessional forces were advocated in the 

1960s (e.g. Malkus, 1968) and are still thought to be viable (e.g. Vanyo and Dunn, 

2001; Tilgner, 2005), although Rochester et al. (1975) and Loper (1975) have argued 

that the energy available from precession is insufficient to drive the geodynamo. Orbital 

periods in sedimentary relative paleointensity records have been considered evidence 

for orbital influence on the geodynamo (Kent and Opdyke, 1977; Channell et al., 1998; 

Yamazaki, 1999; Yamazaki and Oda, 2002). Orbital periods in paleomagnetic data may, 

however, be attributed to lithologic/climatic contamination of the sedimentary relative 

paleointensity records (Kent, 1982; Guyodo et al., 2000; Roberts et al., 2003).  

Kent and Carlut (2001) found no discernable tendency for reversals or excursions 

to occur at a consistent amplitude or phase of obliquity or eccentricity by comparing the 

histogram of obliquity and eccentricity values corresponding to ages of the last 21 

reversals and 6 excursions in the Brunhes Chron with the histogram of orbital 

parameters over the same age ranges. These authors used the Lourens et al. (1996) 

polarity timescale for the last 5.5 Myrs, the Brunhes excursion chronologies of 

Langereis et al. (1997), and astronomical solutions from Laskar (1990). Fuller (2006) 

has recently revived the debate by comparing the timing of polarity reversals with 

current orbital solutions for obliquity (Laskar et al., 2004), utilizing the ATNTS2004 
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timescale (Lourens et al., 2004). Fuller (2006) determined the phase of the obliquity 

signal at time of reversal, and, for the last nine reversals covering the last 3 Myr, 

demonstrated that reversals preferentially occurred during decrease from maxima within 

the 41 kyr obliquity cycle (Figure 7 of Fuller, 2006). After comparing the occurrence of 

the last 17 reversals with the smoothed maximum obliquity envelope, he also suggested 

that reversals preferentially occur when the average amplitude of the obliquity signal is 

lower than the mean. In addition, he noted a coincidence of paleointensity minima in the 

Sint-800 relative paleointensity stack (Guyodo and Valet, 1999) with minima in the 

orbital solution for obliquity, and a preferred duration of 30-40 kyr (corresponding to an 

obliquity cycle) for polarity subchrons in the last 13 Myr of the ATNTS2004 timescale 

(Lourens et al., 2004).  

Here, we expand on Fuller's analysis by assessing the relationship of 

reversal/excursion age to the phase of orbital obliquity, the phase of the obliquity 

envelope, and the phase of eccentricity. Through Monte Carlo simulations, we provide 

estimates of the sensitivity of these results to reversal/excursion age uncertainties. 

Data 

The orbital solutions used here are those for obliquity and eccentricity from Laskar 

et al. (2004). This recent La2003 integration (Laskar et al., 2004) has been improved 

with respect to La93 (Laskar et al., 1993) by using direct integration of the gravitational 

equations for orbital motions, and by improving the dissipative contributions. For 

eccentricity, the solution is considered to be precise over the last 40 Myr because 

eccentricity depends on the orbital part of the solution (Laskar et al., 2004; Pälike et al., 

2004). The solution for precession and obliquity is, however, less accurate due to the 

uncertainties that remain from tidal dissipation in the Earth-Moon system, which 
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manifests largely as a small change in precession frequency, and appears in the 

obliquity solution as a time offset. Lourens et al. (2004) provided an estimate for 

uncertainty in the astronomic solution due to tidal dissipation by plotting the differences 

in age of correlative minimum values in the obliquity and precession cycles between two 

La2003 solutions that include the present-day and half the present-day tidal dissipation 

value for the last 25 Myr. According to this analysis, errors in astronomical ages over 

the last 10 Myr should be of the order of 0.1-0.2% (10-20 kyr) and possibly even less. At 

~23 Ma, the differences between the two solutions reach three cycles, which 

correspond to a maximum uncertainty of ~68 kyr in precession, or ~123 kyr in obliquity 

(Figure 21.7 in Lourens et al., 2004). Laskar et al. (2004) expected the solution for 

obliquity to be valid over the last 20 Myr with a 5% error in tidal dissipation; however, 

the error may increase to 10% beyond 20Ma. An uncertainty of 10%in the tidal 

dissipation term corresponds to an uncertainty in the orbital solution of ~16 kyr after 

20Ma, and ~63 kyr after 40 Ma(Laskar et al., 2004). This implies an uncertainty of b16 

kyr due to tidal dissipation in the orbital solution for obliquity during the last 20 Myrs.  

For the last 15 years, the Cande and Kent (CK95) polarity timescale (Cande and 

Kent, 1992, 1995) has been the standard for stratigraphic studies dealing with the last 

80 Myr. The 1995 version of this timescale utilized astrochronologically determined 

reversal ages for the last 5 Myrs (Shackleton et al., 1990; Hilgen, 1991) and 

radiometrically-calibrated marine magnetic anomaly (MMA) spacings prior to 5 Ma. The 

ATNTS2004 timescale (Lourens et al., 2004) for the Cenozoic incorporates many of the 

astrochronological timescale calibrations that have become available since 1995. Since 

the publication of ATNTS2004, the timescale of Billups et al. (2004) provides alternative 
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age constraints in the 15-25 Ma interval from tuning of the oxygen isotope record at 

ODP Site 1090 (South Atlantic). Astronomically calibrated reversal ages from equatorial 

Pacific at ODP Site 1218 (Pälike et al., 2006) also cover the 15-25 Ma interval. Recently 

assigned astronomical ages with very small estimated uncertainties for reversal 

boundaries between 8.5 Ma and 12.5 Ma are based on the Monte dei Corvi section in 

northern Italy (Hüsing et al., 2007). Additional estimates of reversal ages for part of this 

interval (9.3-11.2 Ma) are available for eight polarity chron boundaries recorded at ODP 

Site 1092 from the South Atlantic (Evans et al., 2007).We utilize these six polarity 

timescales spanning different time intervals, and a compilation of excursion ages (Table 

2-1), to test the relationship between the ages of reversals and excursions and the 

phases of obliquity, of eccentricity, and of the envelope of obliquity. 

The main uncertainties in astronomically tuned reversal ages depend on the 

accuracy of the astronomical solution from which the target was derived, the accuracy 

of the tuning, and any lag between orbital forcing and response. To gauge uncertainties 

in polarity timescales, we plot the age differences between the six polarity timescales 

cited above, including the Shackleton et al. (1995) timescale from ODP Leg 138 

(equatorial Pacific), and the ATNTS2004 timescale (Figure 2-1). For the last ~5 Myrs, 

differences among ATNTS2004, CK95, and the Shackleton et al. timescale are quite 

small (<50 kyr). Reversal ages in CK95 prior to 5 Ma were not astronomically 

determined, and differences between CK95 and ATNTS2004 exceed 800 kyr in the 

early Miocene. Differences among astronomically calibrated reversal timescales 

(Lourens et al., 2004; Billups et al., 2004; Pälike et al., 2006; Hüsing et al., 2007; Evans 

et al., 2007) reach 200 kyr in the Miocene (Figure 2-1). 
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Methods 

Phase Calculation 

To determine if the reversals and excursions occur at a preferred phase of orbital 

cycles (obliquity or eccentricity), we calculate the phase corresponding to reversals and 

excursions since 25 Ma with the definition of ‘phase’ as follows. The local maximum of 

obliquity or eccentricity is defined as 0°, the following local minimum is defined as 180°, 

and the following local maximum as 360°. If a reversal or excursion occurs at time , 

which is between a local maximum at time  and a local minimum at time  (Figure 2-

2), the phase  corresponding to that reversal or excursion can then be calculated using 

Equation 2-1. 

180° /                              
180° 180° /                         (2-1) 

Circular Statistics 

Mardia and Jupp (2000) describe the Rayleigh test as a simple and powerful way 

to test for uniformity in circular distributions. The null hypothesis of a Rayleigh test is 

that the sample was derived from a circular-uniform distribution, versus the alternative 

that the distribution is not uniform. A circular uniform distribution would imply no 

preferred orientation of the phase angle. As discussed by Mardia and Jupp (2000), it is 

useful to take the Rayleigh test statistic as 
2

2N R , where N  is the number of phase 

data i , and R  is the mean resultant length defined by Equation 2-2.  

2 2

1 1

1
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N N

i i
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Mardia and Jupp (2000) report that the Rayleigh test statistic 
2

2N R  is distributed 

as chi-squared with two degrees of freedom. The upper tail probabilities of 
2

N R  (the p-

value of Rayleigh test) can be approximated using Equation 2-3. 

2 2 3 4
2

2

2 24 132 76 9
Pr( ) {1 }

4 288
K K K K K K K

N R K e
N N

    
     (2-3) 

By setting a significance level for the test (for instance, 0.05), we can decide to 

accept the uniform distribution hypothesis (p-value ≥ significance level) or reject it (p-

value < significance level). The p-value of different datasets are calculated and listed in 

Table 2-2. For phase data that are not uniformly distributed, we can estimate the 

preferred phase angle or phase angle interval by assuming a Von Mises distribution. 

Jones (2006) developed a MATLABTM program for the statistical analysis of circular 

data that includes Von Mises distribution fitting. Note that results from the Rayleigh tests 

(Table 2-2) are all based on the assumption that there is no age uncertainty in 

reversals/excursions or in orbital solutions.  

Monte Carlo Simulation 

It is obvious that age uncertainty from both the reversal/ excursion timescales and 

the astronomical solution will directly influence the phase value of the orbital cycle at the 

time of the reversal/excursion, and hence the p-value from the Rayleigh tests. As can 

be seen from Equation 2-3, the size of the population of phase data used in the 

Rayleigh test will also influence the p-value. The following procedure is designed to 

estimate these influences.  

1. Following Fuller (2006), we assume that phases are preferentially distributed 
between 0° and 180°, which is the decreasing part (maximum to minimum) of 
orbital cycles.  
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2. We generate  points (numbers of reversals/excursions used in Table 2-2, i.e. 8, 
9, 22, 37, or 89) of phase data 1, 2, 3, … , , which are evenly distributed 
between 0° and 180°, and calculate the Rayleigh test p-value .  

3. We choose an age uncertainty level  (e.g. ±5 kyr) and the orbital cycle  for 
testing (e.g. 41 kyr obliquity cycle).  

4. For each phase point  in 2), we add the age uncertainty using Equation 2-4. 
, / 360°   (2-4) 

( , )rand u u  means a uniform distributed random number between u  and u .  

5. We calculate the Rayleigh test p-value for the phase dataset ' ( 1, 2,3,..., )i i N  . 

6. We repeat steps 4) and 5) 1,000,000 times, sort the calculated 1,000,000 p-
values into an increasing series.  

7. We find the maximum index of the sorted p-value series, corresponding to p-
values that are less than +0.05. 8) We calculate the percentage of p-values 
that are bigger than +0.05 in the sorted p-value series: 
((1,000,000 ) /1,000,000) 100%n  , where n  is the maximum index number 
acquired from step 7.  

This percentage value gives an estimate of the likelihood that such an age 

uncertainty would cause a change of the Rayleigh test p-value by >0.05. Percentage 

values for different age uncertainty levels, and for different numbers of data points in 

different orbital cycles, are calculated and listed in Table 2-3. 

Results 

In Figure 2-3, we show the phases of actual orbital obliquity corresponding to ages 

for: (1) the eight best-established excursions in the Brunhes and Matuyama Chrons 

(Table 2-1); (2) the last 9 reversals (i.e. base of Brunhes, top and base of Jaramillo, top 

and base of Cobb Mountain, top and base of Olduvai, and top and base of Réunion) in 

CK95 (Cande and Kent, 1995) and ATNTS2004 (Lourens et al., 2004); (3) reversals of 

the last 5 Myr in CK95 and ATNTS2004; (4) reversals in the 12.5-8.5 Ma interval in 

CK95, ATNTS2004, Hüsing et al., (2007), and Evans et al., (2007); (5) reversals in the 
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25-15 Ma interval in CK95, ATNTS2004, Billups et al. (2004), and Pälike et al. (2006); 

and (6) reversals of the last 25 Myr in CK95 and ATNTS2004. Assuming no age 

uncertainty in reversal/excursion ages or in the astronomical solution, the p-values of 

the Rayleigh tests (Table 2-2) indicate that none of the data groups show any preferred 

phase distribution in the obliquity cycle at the 5% significance level, although reversal 

ages for the last 5 Myr have borderline significance (p-value=0.157 or 0.103 depending 

on timescale used, see Table 2-2). The Monte Carlo simulation indicates that a reversal 

age uncertainty of 5-15 kyr (depending on the number of reversal ages) causes large 

changes in the percentage values (Table 2-3), implying that reversal/excursion ages 

would have to be known within these tight constraints in order for a phase relationship 

to be resolvable. This conclusion is intuitively obvious in view of the brevity of the 41-kyr 

cycle relative to a reversal age uncertainty of 5-15 kyr. Uncertainties in 

reversal/excursion ages in current timescales exceed 5-15 kyr (with the exception of the 

two excursions known to have occurred in the last 50 kyrs) in part because the duration 

of the reversal transition itself probably exceeds 5 kyr. It is, therefore, very unlikely that 

a relationship between reversal age and orbital obliquity, were it to exist, would be 

resolvable.  

A similar calculation has been carried out for orbital eccentricity (Figure 2-4) 

assuming no age uncertainty in reversal/excursion ages or astronomical solution. The 

last 9 reversals seem to preferentially occur during the increasing part of eccentricity 

cycles (Figure 2-4B and C) and the distribution of phases (p-value=0.009 or 0.036 

depending on timescale used) is non-uniform at the 5% significance level (Table 2-2). 

This result is, however, not consistent with the Rayleigh test results from the compiled 
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excursion ages or any other groupings of reversal ages (Table 2-2), for which no 

preferred phase angle is observed. The p-values of Rayleigh tests for phases of 

eccentricity and phases of the maximum obliquity envelope corresponding to different 

numbers of reversal ages (last 9 to last 36 reversals) are listed for CK95 and 

ATNTS2004 (Table 2-4). The preferred phase distribution in the eccentricity cycle at the 

5% significance ceases when adding even one more reversal age beyond the last 9 

reversals in CK95, or adding three more reversal ages in ATNTS2004 timescale. The 

Monte Carlo simulations for eccentricity cycles indicate that large changes in the 

percentage values (Table 2-3) occur when the age uncertainty is in the 10-40 kyr range, 

depending on the number of reversal/excursion ages in the simulation. For less than 10 

reversal ages (the last 3 Myrs), age uncertainties of 10-20 kyr are sufficient to inhibit the 

recognition of a relationship between reversal/excursion age and phase of eccentricity. 

This is deduced from the change in the percentage values as reversal/excursion age 

uncertainty increases (Table 2-3). As a test, we replace the Réunion ages (both top and 

base) inCK95 and ATNTS2004, derived from the cylostratigraphies in the Italian 

sections (Zijderveld et al., 1991; Lourens et al., 1996), with more recent Réunion ages 

from ODP Site 981 (Channell et al., 2003). The results indicate that p-values for 

eccentricity phases corresponding to the last 9 reversals change from 0.036 to 0.147 for 

CK95, and from 0.009 to 0.033 using ATNTS2004. This indicates the sensitivity of the 

Rayleigh tests to estimates of the age of (Réunion) reversals that differ by 5-25 kyr. 

According to the simulations, when larger populations of reversal ages back to 25Ma 

are considered, age uncertainties up to 40 kyr are sufficient to inhibit the recognition of 

any phase relationship that may be present. It is unlikely that reversal ages older than 5 



 

28 

Ma in current timescales are known with uncertainties less than 40 kyr. For example, 

differences between polarity chron ages in ATNTS2004 (Lourens et al., 2004) and the 

later Billups et al. (2004) timescale exceed 200 kyr in the Early Miocene (Figure 2-1). 

Any relationship between reversal age and the phase of orbital eccentricity is unlikely to 

be resolvable, at least beyond the last 5 Myrs. For the last nine reversals, the Rayleigh 

test ( p-value=0.009 or 0.036, Table 2-2) indicates a preferred phase distribution in the 

eccentricity cycle at the 5% significance level, however, in view of the simulations, this 

implies that reversal ages for the last 3 Myr are known to within ~15 kyr.  

To analyze the relationship between reversal/excursion age and ~1.2 Myr 

modulation envelope of the orbital obliquity, the envelope data were smoothed using the 

Savitzky-Golay smoothing filter (Savitzky and Golay, 1964), a time-domain smoothing 

based on a least squares polynomial fit across a moving window applied to the dataset. 

From Table 2-2 and Figure 2-5, considering no age uncertainty in reversal/excursion 

ages or orbital solution, we see that the phases corresponding to the last 9 reversals 

(Figure 2-5B and C) and reversals in the last 5 Myr (Figure 2- 5D and E) are not 

uniformly distributed (i.e. have preferential phase) at the 5% significance level (Table 2-

2). A preferred relationship with the maximum obliquity envelope is also indicated for the 

eight best-established excursion ages (Table 2-1) by the relatively low p-value (0.080) 

from the Rayleigh test (Table 2-2), although it is not significant at the 5% level. Note that 

even a manually generated 8-point phase dataset that is evenly distributed between 0° 

and 180° has a Rayleigh test p-value of 0.088 (Table 2-3). The compiled excursion ages 

(Table 2-1) might not be appropriate for exploring a phase distribution in the maximum 

obliquity envelope because: 1) these excursion ages only span the 1.115-0.033 Ma 
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interval, with a duration that is even shorter than a maximum obliquity envelope cycle; 

2) these excursions were chosen based on their age quality, with no excursions 

included in the 0.850-0.211 Ma interval. In this case, in the Monte Carlo simulations, the 

percentage of simulations that have p>0.05 at the 50 kyr age uncertainty level (Table 2-

3) is small (~13.5% for 8 data points, ~7.0% for 9 data points, and ~0% for 22 data 

points). According to the simulations, the result is not influenced by age uncertainties 

unless these age uncertainties exceed 50 kyr (for the 8 excursions or the last 9 

reversals, Table 2-3) or 200 kyr for last 5 Myrs (Table 2-3). Assuming a Von Mises 

distribution for phases corresponding to reversals during the last 5 Myrs (in ATNTS2004 

timescale), a mean phase of 103.5°, and a 95% confidence interval between 56.0° and 

151.1° is obtained using the MATLAB protocol (Jones, 2006). In contrast to Fuller's 

conclusion (Fuller, 2006) that reversals preferentially occurred when the average 

amplitude of the obliquity signal is lower than the mean, this result implies that, in the 

last 5 Myrs, reversals preferentially occurred during decrease of the maximum obliquity 

envelope. The results of the Rayleigh test do not hold, however, when we consider 

reversal ages back to 25 Ma or other groupings of reversal ages (Figure 2-5F~O). 

Results from Table 2-4 indicate that the preferential distribution of reversal ages with 

phase of the maximum obliquity envelope for the last 5 Myr breaks down when adding 

even one more reversal age using either CK95 or ATNTS2004. The inconsistency could 

be attributed to larger than expected reversal age uncertainties beyond 5 Ma combined 

with a link between reversal age and phase of the obliquity envelope cycle. Note that 

the maximum difference between reversal ages for the 25-15 Ma interval in the 

ATNTS2004 (Lourens et al., 2004) and Billups et al. (2004) timescales reaches 230 kyr 
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(Figure 2-1). The Monte Carlo simulations (Table 2-3) indicate that, for the larger 

populations of reversal ages in the 25-15 Ma interval (37 reversals), N300 kyr age 

uncertainties would drive the simulated p-value to values indicative of a uniform 

distribution of phases. 

 Conclusions 

Fuller (2006) made several observations linking the paleomagnetic records to 

orbital solutions for obliquity: (1) Several paleointensity minima in the Sint-800 

paleointensity stack (Guyodo and Valet, 1999) correlate with individual obliquity minima, 

(2) The durations of polarity chrons in the ATNTS2004 timescale (Lourens et al., 2004) 

display a peak at 30-40 kyr. (3) The last 9 reversals occurred at a preferred phase in the 

obliquity cycle. (4) The last 17 reversals occurred preferentially during minima in the 

orbital obliquity envelope.  

A relationship between paleointensity lows in the Sint-800 stack and the obliquity 

minima is difficult to establish due to uncertainties in the chronology of the stack that 

must approach the obliquity period (Guyodo and Valet, 1999; McMillan et al., 2004). 

Correlations of the obliquity signal with prominent lows in individual paleointensity 

records from ODP Site 983 (Channell, 1999; Channell and Kleiven, 2000; Channell et 

al., 1997) and Site 984 (Channell, 1999; Channell et al., 2004), that have oxygen 

isotope age control, do not show any obvious pattern (Figure 2-6).  

The distribution of polarity chron durations in the ATNTS2004 timescale (point 2, 

above) can be attributed to the Poisson distribution of polarity chron durations, 

combined with truncation of low duration values in the timescale as a result of the 

resolution of the MMA data on which the template for polarity reversal is largely based. 

The pattern of polarity chrons in ATNTS2004 is essentially inherited from MMA data 
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where the practical lower limit of duration for polarity chron recognition is ~30 kyr 

(Cande and Kent, 1995).  

The Rayleigh test is used to determine the likelihood of a relationship of 

reversal/excursion ages to the phases of obliquity, eccentricity and obliquity envelope. 

Assuming no age uncertainty in reversal/excursion ages or astronomical solution, small 

p-values in the Rayleigh test indicate a nonuniform distribution of phases (bold in Table 

2-2). Although there is a significant relationship (at 5% level) between the last 9 

reversals and phase of eccentricity cycles, the relationship breaks down when adding 1 

or 3 additional reversal ages, depending on polarity timescale used (Table 2-4). The 

relationship was not observed for any other groupings of reversal ages, or for a 

compilation of excursion ages (Figure 2-4). Monte Carlo simulations demonstrate that 

these tests are very sensitive to reversal age uncertainties and may be biased by 

reversal age uncertainties as low as 5 kyr in the case of obliquity at low reversal 

populations, to 40 kyr for eccentricity at higher reversal populations extending back to 

25 Ma. A conservative estimate for reversal age uncertainties beyond 5 Ma is 40 kyr 

(one obliquity cycle) and for the last 5 Myr the reversal age uncertainties certainly 

exceed 10 kyr. For this reason, we consider that any relationship between reversal age 

and the phase of obliquity or eccentricity would not be resolvable due to imprecision in 

reversal ages.  

Considering no age uncertainty in reversal/excursion ages or astronomical 

solution, the phase of the maximum obliquity envelope at times of the last 9 reversals, 

and reversals in last 5 Myr, are not uniformly distributed at the 5% significance level. 

Polarity reversals younger than 5 Ma preferentially occur during decrease in amplitude 
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of the envelope, rather than when the obliquity is lower than the mean (as deduced by 

Fuller (2006)). This significant relationship for the last 5 Myr does not hold when adding 

even one additional reversal age to the test (Table 2-4), or when applied to other 

groupings of reversal ages (Figure 2-5). The Monte Carlo simulations indicate that 

uncertainties in reversal/ excursion age and/or orbital solution for the small reversal 

population back to 5 Ma would have to exceed 50-100 kyr to account for the test result 

in the presence of a phase relationship similar to that advocated by Fuller (2006). The 

reversal age uncertainties would have to lie in the 300-500 kyr range to account for the 

test results for reversal populations extending back to 25 Ma (Table 2-3). We would not 

expect reversal ages to be sufficiently imprecise to influence this result for the last 5 

Myr, however, the difference between the ATNTS2004 (Lourens et al., 2004) and 

Billups et al. (2004) reversal ages reach 230 kyr in the Early Miocene (Figure 2-1), 

indicating that reversal age uncertainties may reach several hundred kyrs for reversals 

older than 5 Myr. Inconsistency of the relationship between phase of obliquity envelope 

and reversal age for the last 5 Myr, and for other time intervals, could be attributed to 

larger than expected reversal age uncertainties beyond 5 Ma and a link between 

reversal age the obliquity envelope, or, more probably, the fortuitous occurrence of a 

low probability relationship over the last 5 Ma that has no mechanistic implication.  
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Table 2-1.  Ages of the 8 best-established excursions in the Brunhes and Matuyama 
Chrons 

Excursion name Estimated age (ka) Principal references 
Mono Lake 33 Benson et al. (2003) 
Laschamp 41 Laj et al. (2000) 
Blake 120 Tric et al. (1991) 
Iceland Basin 188 Channell (1999), Channell et al. (1997) 
Pringle Falls 211 Singer et al. (in press) 
Kamakatsura 850 Channell et al. (2002), Singer et al. (2004) 
Santa Rosa 932 Channell et al. (2002), Singer et al. (2004) 
Punaruu 1115 Channell et al. (2002), Singer et al. (2004) 
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Table 2-2.  p-value of Rayleigh test for phase data in Figure 2-3, Figure 2-4, and Figure 2-5 
Datasets Actual 

obliquity 
Actual 
eccentricity 

Maximum obliquity 
envelope 

8 best established excursions (Table 2-1) 0.231 0.922 0.080 
Last 9 reversals in CK95 (Cande and Kent, 1995) 0.138 0.036a 0.039a 
Last 9 reversals in ATNTS2004 (Lourens et al., 2004) 0.570 0.009a 0.023a 
Reversals in CK95 (last 5 Myr) (Cande and Kent, 1995) 0.103 0.365 0.036a 
Reversals in ATNTS2004 (last 5 Myr) (Lourens et al., 2004) 0.157 0.847 0.031a 
Reversals in CK95 (12.5-8Ma) (Cande and Kent, 1995) 0.751 0.741 0.095 
Reversals in ATNTS2004 (12.5-8Ma) (Lourens et al., 2004) 0.719 0.675 0.141 
Hüsing et al. (2007) timescale (12.5-8 Ma) 0.105 0.744 0.142 
Evans et al. (2007) timescale (12-9 Ma) 0.131 0.211 0.098 
Reversals in CK95 (25-15Ma) (Cande and Kent, 1995) 0.880 0.855 0.298 
Reversals in ATNTS2004 (25-15Ma) (Lourens et al., 2004) 0.857 0.943 0.954 
Billups et al. (2004) timescale (25-15 Ma) 0.926 0.262 0.291 
Pälike et al. (2006) timescale (25-15 Ma) 0.824 0.340 0.393 
Reversals in CK95 (last 25 Myr) (Cande and Kent, 1995) 0.124 0.813 0.424 
Reversals in ATNTS2004 (last 25 Myr) (Lourens et al., 2004) 0.317 0.519 0.980 

a p-values that are less than 0.05. 
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Table 2-3.  Monte Carlo simulation of influence of age uncertainties and number of data points on Rayleigh test p-value 

Obliquity cycle 
(41 kyr) 

Data 
points 

Original p
-value 

Age uncertainty level ( kyr ) 
±5 ±7.5 ±10 ±12.5 ±15 ±17.5 ±20

8 0.088 46.7% 59.1% 68.5% 76.4% 81.9% 85.1% 86.2%
9 0.056 43.1% 58.0% 69.2% 78.1% 84.5% 88.1% 89.4%

10 0.036 38.5% 55.9% 68.9% 79.0% 86.0% 90.1% 91.4%
22 0.000 0.2% 9.3%a 34.3% 62.0% 81.8% 91.9% 94.9%
37 0.000 0.0% 0.2% 7.2% a 34.6% 69.0% 89.3% 94.9%

114 0.000 0.0% 0.0% 0.0% 0.4% a 19.4% 73.0% 94.6%

Eccentricity 
cycle (100 
kyr) 

Data 
points 

Original p
-value 

Age uncertainty level ( kyr ) 
±5 ±10 ±15 ±20 ±25 ±30 ±40

8 0.088 19.2% 40.8% 52.9% 61.9% 69.4% 75.7% 84.0%
9 0.056 11.9% 36.1% 50.7% 61.5% 70.2% 77.4% 86.9%

10 0.036 5.9% a 30.0% 47.2% 59.9% 70.1% 78.2% 88.6%
22 0.000 0.0% 0.0% 2.2% a 15.2% 37.3% 59.9% 88.5%
37 0.000 0.0% 0.0% 0.0% 0.7% 9.0% a 31.9% 82.6%

114 0.000 0.0% 0.0% 0.0% 0.0% 0.0% 0.3% a 49.7%

Maximum 
obliquity 
envelope 
(~1.2 Myr) 

Data 
points 

Original p
-value 

Age uncertainty level ( kyr ) 
±20 ±50 ±100 ±200 ±300 ±400 ±500

8 0.088 0.1% a 13.5% 35.2% 56.1% 69.5% 79.2% 84.7%
9 0.056 0.0% 7.0% a 29.5% 54.5% 70.2% 81.4% 87.7%

10 0.036 0.0% 2.5% a 22.6% 51.8% 70.1% 82.7% 89.6%
22 0.000 0.0% 0.0% 0.0% 5.1% a 37.1% 72.5% 90.8%
37 0.000 0.0% 0.0% 0.0% 0.0% 9.0% a 51.5% 87.1%

114 0.000 0.0% 0.0% 0.0% 0.0% 0.0% 3.9% a 65.0%
Note: Original phase data are generated evenly between 0° and 180°. Using various populations of data points 
(corresponding to numbers of reversals/excursions in datasets of Table 2-2), 1,000,000 Monte Carlo simulations for each 
level of age uncertainty provided the percentage of simulations that have >0.05 difference in p-value from the original p-
value.  
a critical thresholds where small changes in the corresponded age uncertainty lead to large changes in p-value. 
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Table 2-4.  p-value of Rayleigh tests for phases of eccentricity and maximum obliquity envelope corresponding to different 
number of reversal ages (last 9 to last 36 reversals) in CK95 (Cande and Kent, 1995) and ATNTS2004 time 
scale (Lourens et al., 2004)  

Reversal 
numbers 

Eccentricity  Obliquity envelope Reversal 
numbers 

Eccentricity  Obliquity envelope 
CK95 ATNTS04  CK95 ATNTS04 CK95 ATNTS04  CK95 ATNTS04 

9 (2148) 0.036 0.009 0.039 0.023 23 (5235) 0.504 0.930 0.086 0.077
10 (2581) 0.105 0.016 0.121 0.088 24 (6033) 0.689 0.833 0.055 0.080
11 (3032) 0.146 0.027 0.205 0.155 25 (6252) 0.544 0.912 0.083 0.155
12 (3116) 0.218 0.104 0.217 0.159 26 (6436) 0.634 0.805 0.159 0.236
13 (3207) 0.376 0.202 0.138 0.101 27 (6733) 0.799 0.782 0.169 0.164
14 (3330) 0.448 0.158 0.070 0.049 28 (7140) 0.902 0.911 0.109 0.165
15 (3596) 0.359 0.309 0.083 0.067 29 (7212) 0.811 0.802 0.089 0.185
16 (4187) 0.548 0.478 0.075 0.058 30 (7251) 0.870 0.911 0.077 0.206
17 (4300) 0.743 0.531 0.044 0.032 31 (7285) 0.911 0.800 0.069 0.226
18 (4493) 0.885 0.363 0.022 0.016 32 (7454) 0.978 0.704 0.088 0.304
19 (4631) 0.734 0.553 0.013 0.010 33 (7489) 0.912 0.580 0.111 0.392
20 (4799) 0.563 0.553 0.015 0.011 34 (7528) 0.942 0.690 0.146 0.489
21 (4896) 0.517 0.746 0.021 0.016 35 (7642) 0.846 0.571 0.216 0.620
22 (4997) 0.365 0.847 0.036 0.031 36 (7695) 0.761 0.587 0.319 0.751

Note: Inside the parentheses are reversal ages (in kyr) from ATNTS2004 timescale corresponding to the reversal number 
to the left of the parentheses.  
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Figure 2-1.  Comparing differences in different reversal time scales (Lourens et al., 

2004; Cande and Kent, 1995; Billups et al., 2004; Pälike et al., 2006; Hüsing 
et al., 2007; Evans et al., 2007; Shackleton et al., 1995) relative to 
ATNTS2004 time scale (Lourens et al., 2004). P/M denotes the Pliocene-
Miocene boundary at ~5.332 Ma, and M/O denotes Miocene-Oligocene 
boundary at ~23.030 Ma.  
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Figure 2-2.  Definition of phase of orbital cycles corresponding to a reversal/excursion.  
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Figure 2-3.  Circular plot of phase of actual obliquity (Laskar et al., 2004) for: A) 8 best-

established excursions (Table 2-1). B) Last 9 reversals in CK95 (Cande and 
Kent, 1995). C) Last 9 reversals in ATNTS2004 (Lourens et al., 2004). D) 
Reversals in CK95 (last 5Myr) (Cande and Kent, 1995). E) Reversals in 
ATNTS2004 (last 5 Myr) (Lourens et al., 2004). F) Reversals in CK95 (12.5-8 
Ma) (Cande and Kent, 1995). G) Reversals in ATNTS2004 (12.5-8 Ma) 
(Lourens et al., 2004). H) Hüsing et al. (2007) timescale (12.5-8 Ma). I) Evans 
et al. (2007) timescale (12-9 Ma). J) Reversals in CK95 (25-15 Ma) (Cande 
and Kent, 1995). K) Reversals in ATNTS2004 (25-15 Ma) (Lourens et al., 
2004). L) Billups et al. (2004) timescale (25-15 Ma). M) Pälike et al. (2006) 
timescale (25-15 Ma). N) Reversals inCK95 (last 25 Myr) (Cande and Kent, 
1995). O) Reversals in ATNTS2004 (last 25 Myr) (Lourens et al., 2004). 
Phase angles of 0° (or 360°), 90°, 180°, 270° are marked by lines clockwise 
from top of each circular plot.  
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Figure 2-4.  Circular plot of phase of actual eccentricity (Laskar et al., 2004) for: A) 8 

best-established excursions (Table 2-1). B) Last 9 reversals inCK95 (Cande 
andKent, 1995). C) Last 9 reversals in ATNTS2004 (Lourens et al., 2004). D) 
Reversals in CK95 (last 5 Myr) (Cande and Kent, 1995). E) Reversals in 
ATNTS2004 (last 5 Myr) (Lourens et al., 2004). F) Reversals in CK95 (12.5-8 
Ma) (Cande and Kent, 1995). G) Reversals inATNTS2004 (12.5-8 Ma) 
(Lourens et al., 2004). H) Hüsing et al. (2007) timescale (12.5-8 Ma). I) Evans 
et al. (2007) timescale (12-9 Ma). J) Reversals in CK95 (25-15 Ma) (Cande 
and Kent, 1995). K) Reversals in ATNTS2004 (25-15 Ma) (Lourens et al., 
2004). L) Billups et al. (2004) timescale (25-15 Ma). M) Pälike et al. (2006) 
timescale (25-15 Ma). N) Reversals inCK95 (last 25 Myr) (Cande and Kent, 
1995). O) Reversals in ATNTS2004 (last 25 Myr) (Lourens et al., 2004). 
Phase angles of 0° (or 360°), 90°, 180°, 270° are marked by lines clockwise 
from top of each circular plot.  
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Figure 2-5.  Circular plot of phase of maximum obliquity envelope for: A) 8 best-

established excursions (Table 2-1). B) Last 9 reversals in CK95 (Cande and 
Kent, 1995). C) Last 9 reversals in ATNTS2004 (Lourens et al., 2004). D) 
Reversals in CK95 (last 5 Myr) (Cande and Kent, 1995). E) Reversals in 
ATNTS2004 (last 5 Myr) (Lourens et al., 2004). F) Reversals in CK95 (12.5-8 
Ma) (Cande and Kent, 1995). G) Reversals in ATNTS2004 (12.5-8 Ma) 
(Lourens et al., 2004). H) Hüsing et al. (2007) timescale (12.5-8 Ma). I) Evans 
et al. (2007) timescale (12-9 Ma). J) Reversals inCK95 (25-15 Ma) (Cande 
andKent, 1995). K) Reversals inATNTS2004 (25-15 Ma) (Lourens et al., 
2004). L)Billups et al. (2004) timescale (25-15 Ma). M) Pälike et al. (2006) 
timescale (25-15 Ma). N)Reversals inCK95 (last 25 Myr) (Cande and Kent, 
1995). O) Reversals in ATNTS2004 (last 25 Myr) (Lourens et al., 2004). 
Phase angles of 0° (or 360°), 90°, 180°, 270° are marked by lines clockwise 
from top of each circular plot. 
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Figure 2-6.  Comparing relative paleointensity records with orbital obliquity during the 

last 800 kyr. Top panel: Sint-800 record (Guyodo and Valet, 1999) in green, 
ODP 983 paleointensity record (Channell, 1999; Channell and Kleiven, 
2000;Channell et al., 1997) in blue, and ODP 984 paleointensity record 
(Channell, 1999; Channell et al., 2004) in red. Bottom panel: orbital obliquity 
signal from Laskar et al. (2004). 
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CHAPTER 3 
ORIGIN OF ORBITAL PERIODS IN THE SEDIMENTARY RELATIVE 

PALEOINTENSITY RECORDS 

Introduction 

The possible connection between the geomagnetic field and orbital parameters 

has been controversial for nearly 60 years. Geo-dynamos driven by precessional forces 

were discussed by Bullard (1949) and were then advocated in the 1960s (e.g. Malkus, 

1968). Theoretical studies by Rochester et al. (1975) and Loper (1975), based on the 

energetics of laminar flow conditions, however, concluded that the energy available 

from precession is insufficient to drive the geodynamo. Since then, Gubbins and 

Roberts (1987) and Kerswell (1996) considered turbulent dissipation and suggested that 

the energy due to orbital precession could be of the order required to power the 

geodynamo. More recent theoretical (e.g. Christensen and Tilgner, 2004; Tilgner, 2005, 

2007; Wu and Roberts, 2008) and experimental work (e.g. Vanyo and Dunn, 2000) 

have been interpreted to favor the possibility of a precessionally powered geodynamo. 

Orbital forcing has not been taken into account in numerical simulations of the 

geodynamo (Glatzmaier and Roberts, 1996; Glatzmaier et al., 1999) in part because the 

time step in any precession model is necessarily so small that useful simulations require 

unreasonably long run times, which taxes even high-speed computers.  

By comparing the timing of reversals with orbital solutions over the last few million 

years, Fuller (2006) proposed a link between orbital obliquity and polarity reversal, 

thereby providing further evidence of orbital forcing of the geodynamo. Kent and Carlut 

(2001), however, found no discernable tendency for reversals or excursions to occur at 

a consistent amplitude or phase of obliquity or eccentricity. A recent analysis over a 

longer time period also failed to confirm such a relationship and pointed out that 
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imprecision in current polarity timescales does not, at present, allow a relationship to be 

firmly established between reversal age and orbital obliquity or orbital eccentricity (Xuan 

and Channell, 2008).  

Normalized records of sedimentary natural remanent magnetization (NRM) are 

often interpreted as representing the relative paleointensity (RPI) of the geomagnetic 

field, and criteria have been proposed for selecting sediments suitable for paleointensity 

determinations (Johnson et al., 1948; Levi and Banerjee, 1976; King et al., 1983; Tauxe, 

1993). Normalization is generally carried out by using a rock magnetic parameter such 

as anhysteretic remanent magnetization (ARM), isothermal remanent magnetization 

(IRM), or magnetic susceptibility (к) to compensate for changes in magnetic 

concentration of remanence carrying grains. In the last few decades, many RPI records 

with variable resolution have been obtained from marine sedimentary sequences 

covering portions of the last several million years (e.g. Valet and Meynadier, 1993; 

Tauxe and Shackleton, 1994; Channell et al., 1997; Guyodo et al., 2001; Stoner et al., 

2003; Thouveny et al., 2004). Reliability of these normalized remanence records as RPI 

records comes from the observed similarities among RPI records from contrasting 

environments in the world’s oceans (e.g. Guyodo and Valet, 1996, 1999; Laj et al., 

2000; Stoner et al., 2002; Yamazaki and Oda, 2005; Channell et al., in press), as well 

as from the similarity of marine RPI records with lacustrine records (Peck et al., 1996) 

and with records obtained from marine magnetic anomalies recorded at fast spreading 

centers (Gee et al., 2000). In addition, the adequate match with cosmogenic isotope 

records from ice cores over the last 100 kyr (e.g. Finkel et al., 1997; Baumgartner et 

al., 1998; Wagner et al., 2000; Muscheler et al., 2005) or sedimentary cores over the 
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last several hundred kyrs (Frank et al., 1997; Carcaillet et al., 2004) indicates that RPI 

records offer a proxy record of the strength of the main dipole field over these intervals. 

RPI records not only refine our understanding of temporal geomagnetic field variations 

and provide data to constrain geodynamo models, they also provide a global 

stratigraphic tool that augments oxygen isotope records.  

Our understanding, however, of the processes responsible for the magnetization 

of sediments is far from being complete. In addition to field strength, depositional 

remanence (DRM) is related to mineralogy, concentration and grain size of the 

magnetic phases, properties of the non-magnetic matrix, and pore water chemistry 

(Tauxe, 1993). The physical theory concerning particle alignment and magnetization 

lock-in depends on sediment characteristics that are poorly constrained such as grain 

flocculation and alignment efficiency (see, e.g. Tauxe et al., 2006). It has long been 

realized that rock magnetic and other lithological variations induced by paleoclimatic 

changes can significantly affect or control the NRM, and hence bias RPI records (Kent, 

1982). Franke et al. (2004) used a three-member regression model to demonstrate that 

nonmagnetic matrix effects such as opal content, terrigenous content and kaolinite/illite 

ratio influence RPI records from the South Atlantic.  

Attempts have been made to reduce environmental influence on the RPI records 

by adding, or subtracting a fraction of the normalizer (к, ARM, or IRM) to/from the 

normalized intensity record so that the coherence between paleointensity records and 

their normalizers is minimized. Using this method, the correlation between the 

paleointensity records obtained with the different normalizers was improved (Mazaud, 

2006). A correction function based on the linear relationship between the normalized 
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intensity and the median destructive field of the NRM (considered as grain size proxy) 

was used by Brachfeld and Banerjee (2000) to reduce the grain size dependence in the 

RPI records.  

The Recognition and Interpretation of Orbital Cycles in RPI Records  

Orbital cycles (with 43 kyr period) were found in the normalized intensity record 

of the Brunhes Chron from a deep-sea sediment piston core by Kent and Opdyke 

(1977) using power spectrum analysis, and were interpreted as evidence for orbital 

forcing on the geodynamo. In recent years, orbital cycles (with 100 kyr and/or 41 kyr 

periods) have also been detected in a number of high-resolution sedimentary relative 

paleointensity (RPI) records using power spectra (e.g. Channell et al., 1998; Yamazaki, 

1999; Thouveny et al., 2004; Yamazaki and Oda, 2005) and wavelet spectra (e.g. 

Guyodo et al., 2000; Yokoyama and Yamazaki, 2000), as well as in the inclination 

record using power spectra (Yamazaki and Oda, 2002), and have often been attributed 

to orbital control on the geodynamo. An orbital cycle with 100 kyr period was also 

reported in a 300 kyr long 10Be/9Be record, considered to be a proxy for geomagnetic 

field strength, from the Portuguese margin (Carcaillet et al., 2004). From three different 

areas of the Pacific Ocean, Yokoyama et al. (2007) studied the correlations (in terms of 

correlation coefficients for the entire duration of the records) among the 100-kyr period 

components extracted from the wavelet transforms of RPI records and rock magnetic 

parameters. The authors found that RPI variations in the three cores exhibit significant 

correlation (a single value, 0.55, was used as the threshold for determining the 

significance of the correlation coefficients), while rock magnetic parameters do not. 



 

47 

Therefore, the authors attributed the 100-kyr period in RPI to orbital forcing on the 

geodynamo.  

Orbital periods reported in RPI records have also been attributed to 

lithologic/climatic contamination. Kok (1999) found that relative paleointensity stacks 

derived from both normalized NRM (Guyodo and Valet, 1996) and 10Be records (Frank 

et al., 1997) show coherent features with the oxygen isotope records, and suggested 

that agreement of the two stacked paleointensity records may stem from similar 

influences of climate variation rather than from geomagnetic intensity variations alone. 

Wavelet analyses in the 0-1.1Ma interval in paleomagnetic records from ODP Site 983 

indicated that orbital periods are present in the normalizer records over the same time 

intervals as in the RPI record, implying that orbital periods embedded in the RPI record 

are due to the influence of lithologic variations (Guyodo et al., 2000). Roberts et al. 

(2003) showed that the 100-kyr signal observed by Yamazaki and Oda (2002) in the 

inclination record from Core MD982185 from the western Caroline Basin is not 

statistically significant for the entire record, and is not modulated by the 404-ky 

eccentricity component as might be expected if the inclination record was influenced by 

orbital eccentricity. Furthermore, based on their coherence analysis (in the frequency 

domain), highly variable phase relationships and no statistically significant coherence 

were observed between the inclination record and the orbital signal. In addition, Horng 

et al. (2003) found no orbital cycles in their RPI records from the Western Philippine 

Sea (Core MD972143) using wavelet methods. No stable orbital periodicities were 

found in the global RPI stack (SINT800, Guyodo and Valet, 1999), although this could 

be accounted for by the low time resolution of the stack.  
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Coherence analysis (in the frequency domain) between the RPI record and the 

normalizer has been employed (e.g. Tauxe and Wu, 1990; Tauxe, 1993) as a way to 

determine whether paleointensity records are contaminated by lithologic/climatic factors. 

The method has been extensively used to assess the quality of individual RPI 

determinations (e.g. Channell et al., 1998; Channell, 1999; Yamazaki, 1999; Channell 

and Kleiven, 2000; Yamazaki and Oda, 2005). However, as Valet (2003) pointed out, 

this type of coherence analysis deals with the entire record and generally does not rule 

out the possibility that some specific intervals of the two records could exhibit significant 

coherence on certain frequencies (e.g. orbital frequencies). More sophisticated time-

frequency based methods such as cross-wavelet transform and squared wavelet 

coherence analysis with robust significance tests, has been made available by Torrence 

and Compo (1998), Torrence and Webster (1999), and by Grinsted et al. (2004). These 

methods are used by Heslop (2007) to investigate the relationship among orbital, 

paleoclimatic, and paleointensity changes. The author used the low resolution SINT800 

stack (Guyodo and Valet, 1999) and the marine magnetic anomaly paleointensity record 

of Gee et al. (2000). For these records, it was found that while the paleointensity proxies 

and orbital variations exhibit common power at certain periods in certain time intervals, 

they do not exhibit a consistent phase relationship or significant squared wavelet 

coherence, suggesting no direct physical link between them.  

Data and Methods 

In this paper, we use seven previously published high-resolution RPI records from 

different regions of the world, spanning the past 2Myr with good age control, along 

with rock magnetic records, climate records, and orbital parameters to investigate the 

origin of orbital periods in these RPI records. The RPI records were first analyzed by 
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local wavelet power spectra (LWPS), with significance tests, to ascertain the presence 

of orbital periods. Following methods outlined by Torrence and Compo (1998), Torrence 

and Webster (1999), and by Grinsted et al. (2004), cross-wavelet power spectra 

(|XWT|), and squared wavelet coherence (WTC), with robust statistical significance 

tests, were then calculated between RPI records, in which orbital periods exist, and 

other relevant records such as orbital solutions, benthic oxygen isotope records, 

normalizer records, grain size proxy records, and physical property records, in order to 

determine the origin of the orbital periods in the RPI records. Attempts were made to 

estimate the degree of influence from contamination on the RPI records by comparing 

RPI records from different regions of the world in both the time domain and time-

frequency space after optimally correlating the RPI records to one of the RPI records 

(ODP Site 984).  

Prior to the 1980s, piston cores recovered from the deep sea rarely exceeded a 

few tens of meters in length (e.g. Kent and Opdyke, 1977). The use of the hydraulic 

piston corer (HPC) by the Deep Sea Drilling Project (DSDP) and subsequently by the 

Ocean Drilling Program (ODP), as well as the Calypso coring system of the Marion 

Dufresne, have revolutionized our ability to collect long relatively undisturbed sediment 

cores. Sedimentary sequences up to several hundred meters in length can now be 

recovered by HPC, and this has provided a valuable archive for monitoring detailed 

changes in the paleomagnetic field. In the last 20 years, many long continuous high-

resolution RPI records have become available from the Atlantic (e.g. Channell et al., 

1997, 2008; Channell, 1999, 2006; Lund et al., 2001a,b; Channell and Raymo, 2003; 

Stoner et al., 2003), from the equatorial Pacific (e.g. Yamazaki and Oda, 2002; Horng et 
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al., 2003; Yamazaki and Oda, 2005) as well as lower resolution RPI records from North 

Pacific (Yamazaki, 1999). For this analysis, we have chosen seven high-resolution RPI 

records with good age control from different regions of the world spanning the past 

2Ma (Table 3-1 and Figure 3-1). Age models for these records were constructed by 

correlation of the oxygen isotope records or rock magnetic proxies (e.g. ARM, volume 

susceptibility, or S-ratio) to a reference oxygen isotope curve. Orbital parameters used 

in this analysis are represented by the ETP curve (Eccentricity + Tilt - Precession) using 

normalized values from the orbital solutions of Laskar et al. (2004).  

The most commonly used way to find frequencies/periods in a time series is power 

spectrum analysis. The disadvantage of power spectral analysis is that it has only 

frequency resolution and no time resolution. In addition, it implicitly assumes that the 

underlying processes are stationary in time, which is generally not true for geophysical 

processes or their proxy records. In comparison, wavelet transforms expand time series 

into time frequency space and can therefore detect localized intermittent periodicities, 

although the spectral estimate with the wavelet method are biased towards the long-

wavelength periods (Lau and Weng, 1995; Torrence and Compo, 1998; Grinsted et al., 

2004). The Morlet wavelet, a plane wave modulated by a Gaussian envelope, provides 

a good balance between time and frequency. A Morlet wavelet with a non-dimensional 

frequency of 6 is used here in our analyses.  

Compared with traditional coherence analysis methods (e.g. Tauxe and Wu, 1990; 

Tauxe, 1993), which reveal phase relationship and coherency between two signals 

within particular frequency bands (in the frequency domain), cross-wavelet transform 

and squared wavelet coherence (WTC) are more powerful methods for testing proposed 



 

51 

linkages between two time series (Torrence and Compo, 1998; Torrence and Webster, 

1999; Grinsted et al., 2004). The cross-wavelet transform reveals common power and 

relative phase between two time series in the time-frequency domain. For there to be a 

simple cause and effect relationship between the phenomena recorded in two time 

series, we would usually expect the oscillations to be phase locked. Squared wavelet 

coherence can further measure how coherent the cross-wavelet transform is in time-

frequency space. The definition of squared wavelet coherence closely resembles that of 

a traditional correlation coefficient, and it is useful to think of the squared wavelet 

coherence as a localized correlation coefficient in time frequency space. Compared with 

Fourier squared coherency, which is used to identify frequency bands within which two 

time series are co-varying, the squared wavelet coherency is used to identify both 

frequency bands and time intervals within which the two time series are co-varying (Liu, 

1994; Torrence and Webster, 1999).  

It is often necessary to address the issue of significance tests for these wavelet-

based analyses to distinguish statistically significant results from those due to random 

chance. Statistical significance of wavelet power can be tested by assuming a χ2 

distribution of the wavelet power spectra and a certain model of the background noise 

(Torrence and Compo, 1998). For RPI records, a white noise background has been 

considered to be inadequate (e.g. Barton, 1982; Lund and Keigwin, 1994). Power 

spectra of RPI records often show continuous power decay with increasing frequency 

that fit the first order autoregressive (AR1) spectrum. Hence, we use AR1 to model the 

background noise of the RPI data. Using an AR1 noise model, statistical significance 

levels for the cross-wavelet power can be derived from the square root of the product of 
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two χ2 distributions, and significance levels of the squared wavelet coherence can be 

estimated using Monte Carlo methods (Torrence and Webster, 1999; Grinsted et al., 

2004).  

The records (Table 3-1) were analyzed using these wavelet-based methods to 

detect intermittent cyclical behavior in the records, and possibly make connections 

between RPI records and other records in time-frequency space. As a test of these 

wavelet methods, LWPS (Figure 3-2A and B) of the calculated ETP curve and of the 

global benthic oxygen isotope stack (LR04 from Lisiecki and Raymo, 2005), and |XWT| 

(Figure 3-2C) and WTC (Figure 3-2D) between the two records were performed. Due to 

the modulating effect of the 404-kyr cycle, eccentricity is only significant (at the 5% 

significance level) during limited time intervals of the ETP curve (Figure 3-2A). LWPS of 

the LR04 stack (Figure 3-2B) shows the well-known mid-Pleistocene climate transition 

of significant power from a dominant 41-kyr period to a 100-kyr period at 800 ka. Since 

the LR04 stack is a global climate (ice volume) record controlled by orbital forcing, 

Figure 3-2C and D provide a clear demonstration of how the |XWT| and WTC should 

appear if the two records have a direct physical linkage at particular 

frequencies/periods. At these frequencies/periods, as expected, we see significant 

common power on the |XWT| map, significant squared wavelet coherence on the WTC 

map, and a consistent phase relationship (indicated by arrows on |XWT| and WTC 

maps) where significant squared wavelet coherence was found (Figure 3-2D). 

Significance levels of all WTC maps in this study were determined using 500 Monte 

Carlo runs of randomly generated pairs of red noise records that have the same 

estimated AR1 parameters as the original data. It should be noted that, according to the 
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definition of the significance levels of these wavelet maps, even a purely random time 

series produces significant peaks above the 5% significance level and makes up 5% of 

the total area on these wavelet maps (Figure 4 in Torrence and Compo, 1998). In other 

words, 5% of all the power on the wavelet maps will exceed that threshold just by 

chance. To test whether significant areas on WTC maps exceed random levels, we 

calculated the percentages of significant area at different significance levels for WTC 

maps, and compiled the results in a figure (Figure 3-3) similar to Figure 5 of Heslop 

(2007). We ignored data under the cone of influence (COI, region on wavelet maps 

where edge effects make the analyses unreliable, see caption in Figure 3-2) when we 

count the significant area and the total area on WTC maps. As is shown in Figure 3-3A, 

the percentage of significant area on WTC map between ETP curve and LR04 

dramatically exceeds the random levels (shaded regions in Figure 3-3) at all 

significance levels, indicating a link between these two signals. 

Results and Discussion 

Local wavelet power spectra with robust significance tests are calculated for the 

seven RPI records (Table 3-1) from different regions (Figure 3-4). Prior to wavelet 

analyses, all records have been linearly interpolated into 1-kyr increment time series, 

linearly detrended, and normalized to have zero mean and unit variance. As can be 

seen, orbital periods are not significant in RPI records from equatorial Pacific cores 

MD982185 (Figure 3-4F) and MD972143 (Figure 3-4G) through time. This result is 

consistent with analyses by Horng et al. (2003) and Roberts et al. (2003). The 

variegated character of the LWPS map at periods less than 20 kyr, particularly for Core 

MD972143 (Figure 3-3F), is probably a manifestation of the low resolution 

(sedimentation rate) of this core. Orbital periods of 100 kyr and/or 41 kyr are significant 
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intermittently in RPI records from North Atlantic (ODP Sites 983, 984, 919, and IODP 

Site U1308, Figure 3-4A~D). For instance, the 100 kyr period is significant during the 

300-700 ka interval in the ODP Site 983 RPI record (Figure 3-4A), and is significant 

mostly during the 500-800 ka interval in the ODP Site 984 RPI record (Figure 3-4B). 

The 100 kyr period is shifted to shorter periods and is limited within the 550–850 ka 

time interval in the IODP Site U1308 RPI record (Figure 3-4D). Except for the ODP Site 

983 RPI record, where it is clearly evident, the 41 kyr period is significant only 

intermittently in time frequency space of the other RPI records. For ODP Site 983 RPI 

record, in which the orbital periods (both 100-kyr and 41-kyr) are most evident, the 

characteristic mid-Pleistocene climate transition of significant power from a dominant 

41-kyr period to a 100-kyr period is observed at 750 ka (Figure 3-4A), probably 

implying a climatic origin of the orbital periods for this RPI record. In the case of the 

South Atlantic (ODP Site 1089) RPI record, 100-kyr periods are significant only in the 

younger part close to the COI (Figure 3-4E). From Figure 3-4, we can also see that time 

intervals where significant power at orbital periods (either 100 kyr or 41 kyr) were 

detected in the RPI records are not comparable among different RPI records. Although 

uncertainties in the age models may modulate the wavelet power distribution, they 

should not be responsible for the absence of orbital periods as long as 41 kyr or 100 

kyr. A simple test shows that although the RPI record from equatorial Pacific Core 

MD972143 shows no significant power at the 100-kyr orbital period (Figure 3-4F), 

LWPS applied to the oxygen isotope record of this core, using the same age model 

(Horng et al., 2002), clearly shows significant periods of 100 kyr. Differences in LWPS 
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among these RPI records (Figure 3-4) may imply that orbital periods in the RPI records 

probably do not have a common origin such as direct orbital forcing.  

As a further test of whether orbital periods in RPI records are directly due to orbital 

forcing, |XWT| and WTC between the ETP curve and RPI records from ODP Sites 983 

and 984 were calculated (Figure 3-5A, D, G and J). Although significant common power 

was observed at orbital periods between the ETP curve and the RPI records, phase 

relationships (displayed as arrows on |XWT| and WTC maps, see caption in Figure 3-2 

for explanation) between the records vary through time (Figure 3-5A and G). The WTC 

maps (Figure 3-5D and J) further suggest that the RPI records are not significantly 

coherent with the orbital parameters at orbital periods. The percentages of significant 

areas on these two WTC maps are lower than that generated just by random chance 

(Figure 3-3A). Therefore, orbital periods in RPI records were not caused directly by 

orbital forcing. It should be noted that wavelet analyses utilized in this study can only 

reveal the existence of a direct (linear) link between two time series similar to that 

between the ETP curve and LR04. The possibility of a non-linear relationship between 

EPT and RPI cannot be excluded. Similarly, |XWT| and WTC were calculated between 

benthic oxygen isotope records and the RPI records from ODP Sites 983 and 984. The 

results, however, show significant squared wavelet coherence (Figure 3-5E and K) and 

consistent in-phase relationships along with significant common power at orbital periods 

between the records (Figure 3-5B and H). The percentages of significant area on the 

WTC maps between RPI records and the oxygen isotope records clearly exceed 

random levels (Figure 3-3A), indicating orbital periods in the RPI records are most likely 

due to climatic ‘contamination’.  
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To understand the origin of the apparent contamination of RPI records, we test 

various non-magnetic and magnetic parameters. The first candidate would be the rock 

magnetic concentration parameters used to normalize the NRM records, for example, 

anhysteretic remanent magnetization (ARM), isothermal remanent magnetization (IRM), 

or the susceptibility (к) record. We test whether orbital periods in RPI records are 

directly due to the normalizer records. A test for a synthetic RPI record and a synthetic 

normalizer record show how the |XWT| and WTC map are expected to appear if the 

orbital periods in RPI records are directly due to the normalizer records (Figure 3-6). 

The synthetic RPI record is calculated using a synthetic NRM record, which is modeled 

by red noise plus a 100-kyr period during the 500-1000 ka interval, normalized by a 

synthetic ARM record (normalizer), which includes a 41-kyr period during 500-1000 ka 

interval, a 100-kyr period during 0-500 ka interval plus a red noise background. The 

results indicate that orbital periods in the RPI record could come from either the 

normalizer record (41 kyr period during 500-1000 ka interval, and 100 kyr period during 

0-500 ka interval in the synthetic RPI record, see Figure 3-6A) or the NRM record (100 

kyr period during 500-1000 ka interval in the synthetic RPI record, see Figure 3-6A). If 

the orbital periods in the RPI record are completely and directly due to the normalizer 

record, we might expect to see consistent phase relationships (anti-phase) and 

significant squared wavelet coherence (Figure 3-6D) along with significant common 

power (Figure 3-6C) between the RPI record and the normalizer record at these orbital 

periods.  

|XWT| and WTC between RPI records and their corresponding normalizer records 

from ODP Sites 983 and 984 (Figure 3-5C, F, I and L) indicate significant common 
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power at orbital periods between RPI records and their normalizers (Figure 3-5C and I). 

The records are significantly coherent (Figure 3-5F and L) during certain time intervals, 

and the percentages of significant area in the WTC maps are also above the random 

levels (Figure 3-3A). However, phase relationships between the RPI records and their 

normalizer (ARM) records at orbital periods are quite variable (arrows on Figure 3-5F 

and l), implying that ‘contamination’ (at orbital periods) is not directly or at least not 

completely due to the normalizers. It should be noted that RPI records from ODP Sites 

983 and 984 were published in a series of papers (i.e. Channell et al., 1997, 1998, 

2002; Channell, 1999; Channell and Kleiven, 2000), and the normalizer used to 

generate the RPI records varied downcore (Table 3-1), although ARM was generally 

used. For these two sites, the two RPI records (normalized using ARM and IRM) are 

very similar to each other, hence we feel confident using ARM (only) as the normalizer 

record for the purposes of this test.  

Since the NRM record is a combination of geomagnetic field and lithologic 

variations forced by environment/climate, it is not surprising that orbital periods are 

significant in the NRM records. This is confirmed by the LWPS of NRM records from 

ODP Sites 983 (Figure 3-4H) and 984 (Figure 3-4I). As has been pointed out (e.g. 

Tauxe et al., 2006), several factors need to be considered when translating DRM into a 

RPI record: (1) physical theory concerning particle alignment in a viscous medium; (2) 

compensation for variations in the magnetizability (the choice of normalizer); (3) 

temporal resolution issues involving the depth at which the magnetization is fixed (lock-

in depth) and the degree of smoothing. We ignore the possible influence of temporal 

resolution issues, and simplify (1) as a parameter called efficiency of alignment which 
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summarizes all factors that may control particle alignment. Further, assuming a uniform 

magnetic mineralogy (magnetite) in the sediments, normalized intensity record RPI  can 

be expressed by Equation 3-1. 

FI MC MG AL

MC MG

S S S ENRM
RPI

ARM S S

  
 

 
 (3-1) 

In Equation 3-1, NRM  represents natural remanent magnetization, ARM  

represents anhysteretic remanent magnetization, which is the normalizer here, FIS  

represents magnetic field intensity variation, MCS  represents concentration of magnetic 

minerals (magnetite), MGS  represents population of magnetic grains contributing to 

NRM , ALE  represents efficiency of alignment of magnetic grains contributing to NRM , 

MCS   represents concentration of magnetic minerals (magnetite) contributing to ARM , 

MGS  represents population of magnetic grains contributing to ARM . We might expect 

that: MC MCS S , so, Equation 3-1 can be reorganized to Equation 3-2. 

FI MG AL MG
AL FI

MG MG

S S E S
RPI E S

S S

  
      

 (3-2) 

Therefore, if there were any ‘contamination’ in the RPI record, we would expect it 

to be from the incompletely normalized component:  /  . One way to find 

the origin of the ‘contamination’ would be by looking at the |XWT| and WTC between the 

RPI records and other proxy records that may potentially represent the incompletely 

normalized component, for instance, grain size proxies (may mimic  /  variation) 

or physical properties (could influence  ).  

For ODP Site 983, the WTC between the RPI record and physical properties, such 

as carbonate content and GRA (gamma-ray attenuation) density, and between the RPI 
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record and grain size proxies, such as кARM/к (кARM is the anhysteretic remanent 

susceptibility, and к is the volume susceptibility) and ARM/IRM were calculated (Figure 

3-7A~D). Although percentages of significant area on the WTC maps between RPI 

records and physical properties from ODP Site 983 are above the random levels (Figure 

3-3B), the phase relationships vary through time, ‘contamination’ in RPI records is 

hence not directly related to physical properties such as GRA density (Figure 3-7B) or 

carbonate content (Figure 3-7A). This indicates that either these physical properties are 

not good proxies of  , or   has little contribution to ‘contamination’. Similarly, 

‘contamination’ is not directly related to grain size proxy кARM/к at ODP Site 983 (Figure 

3-7C and Figure 3-3B). However, significant squared wavelet coherence and a 

consistent phase relationship (in-phase) at orbital periods between the RPI record and 

the grain size proxy ARM/IRM (Figure 3-7D) indicate that ‘contamination’ in the RPI 

record appears to be reflected by ARM/IRM. We further tested the WTC between RPI 

records and grain size proxy ARM/IRM for ODP Site 984 and ODP Site 919. The results 

(Figure 3-7E and F) are consistent with result for ODP Site 983. Significant squared 

wavelet coherence and consistent in-phase relationship at orbital periods between RPI 

record and grain size proxy ARM/IRM, together with significant common power were 

observed for records from these two sites. The percentages of significant area on the 

WTC maps between RPI records and ARM/IRM records from these sites are 

dramatically above random levels (Figure 3-3B).  

ARM/IRM ratios are widely employed as grain size indicators for magnetite (e.g. 

Meynadier et al., 1995; Rousse et al., 2006; Venuti et al., 2007). Because ARM is more 

effective in activating finer magnetite grains than IRM, small (large) particles lead to 



 

60 

higher (lower) values of the ratio. The dependence of various rock magnetic parameters 

such as кARM, SIRM, and к on magnetite grain size has been studied by many 

researchers (e.g. Maher, 1988; Dunlop and Argyle, 1997; Dunlop and Özdemir, 1997; 

Egli and Lowrie, 2002). кARM, SIRM, and к activate different grain size populations. The 

ARM/IRM ratio depicts the relative population of magnetic grains contributing to ARM to 

the population of magnetic grains contributing to IRM in the sediments. The ARM/IRM 

ratio appears to influence the RPI proxies (e.g. NRM/ARM) while the кARM/к ratio may 

not because к is sensitive to magnetic grains with much larger grain size that are 

unlikely to carry appreciable remanence.  

Changes in fraction of certain grain sizes (i.e. sortable silt with grain size ranging 

10-63 μm) have been proposed as reliable tracers of the bottom current behavior 

(McCave et al., 1995). Prins et al. (2002) demonstrated that, for some North Atlantic 

sites on the Reykjanes Ridge, well-sorted clay to fine silt fractions with a peak 

distribution <10 μm provide a better proxy for the behavior of bottom currents because 

of an important silt fraction in ice rafted debris (IRD). Snowball and Moros (2003) 

analyzed cores that are also from the Reykjanes ridge and noted that the magnetic 

grain size distribution of the sediments lies within the size range considered by Prins et 

al. (2002), and hence is suitable for reconstruction of the near-bottom current velocity. 

Coarse (fine) grains within this grain size fraction would generally imply enhanced 

(reduced) bottom current strength, presumably related to the formation of North Atlantic 

Deep Water (NADW). As ODP Site 919 (Clausen, 1998), and ODP Sites 983 and 984 

(Bianchi and McCave, 2000) are located on the flow path of NADW, it is likely that 

variations in bottom current behavior at these sites correspond to climatic changes on 
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orbital time scales. Significant power at 100 kyr period is clearly observed in ARM/IRM 

records from these sites that is coherent with the oxygen isotope records. See Figure 3-

4J~L for LWPS of the ARM/IRM record, Figure 3-7G~I for WTC maps between the 

oxygen isotope records and ARM/IRM records, and Figure 3-3C for results of testing the 

significant areas on WTC maps against random chance. Lack of significant WTC 

between the oxygen isotope and ARM/IRM records from ODP Site 919 (Figure 3-7I) 

may be a reflection of melt water related perturbations on the planktic oxygen isotope 

record at this site (St. John et al., 2004). It is likely that orbital periods in the RPI records 

were introduced into the NRM records (and have not been normalized) through climatic 

control on bottom current velocity, which in turn controls the magnetic grain size 

distribution (corresponds to the  /  component in Equation 3-2) of the sediments. 

Changes in bottom current velocity in the North Atlantic are accompanied by variation in 

grain size and concentration of magnetic parameters (e.g. Kissel et al., 1999; Ballini et 

al., 2006). As floc size is controlled by shear stress (current velocity) and particle 

concentration (Winterwerp and Kesteren, 2004), changes in bottom current velocity at 

orbital periods may introduce additional effects on the NRM record that amplify the 

contamination at orbital periods (in terms of efficiency of alignment,   in Equation 3-2).  

Since ‘contamination’ exists in the RPI records, one critical question is whether the 

‘contamination’ is debilitating to the RPI records as a geomagnetic signal, and as a 

useful stratigraphic correlation tool. First of all, as can be seen from WTC between RPI 

records and benthic oxygen isotope records from ODP Sites 983 and 984 (Figure 3-5e 

and k), climatic ‘contamination’ (area with significant common power, consistent in-

phase relationship, and significant squared wavelet coherence on |XWT| and WTC 
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maps) exists only at orbital periods during some time intervals. Secondly, a comparison 

was made between RPI records from different regions of the world (ODP Sites 983 and 

984 from North Atlantic, and cores MD972143 and MD982185 from equatorial Pacific). 

It appears that these RPI records are highly comparable with each other in the time 

domain (Figure 3-8A). To reduce discrepancies attributable to age models, RPI records 

have been first optimally correlated to the ODP Site 984 RPI record using the “Match” 

protocol of Lisiecki and Lisiecki (2002). We also compared the RPI records from ODP 

Sites 983 and 984 before and after filtering the orbital periods from the RPI records. A 

bandstop filter has been applied to the RPI records with stop bands located at (1/120)‐

(1/80) kyr−1 frequencies and at (1/50)‐(1/30) kyr−1 frequencies. It appears that filtering 

does not alter the RPI records very much (Figure 3-8A). This is not surprising when we 

look at the WTC maps of these RPI records (Figure 3-8B~D, also see Figure 3-3C for 

significance tests for the WTC maps). The ‘common’ features (indicated by significant 

WTC values and in-phase relationship) in these RPI records span a large range of 

periods ( 16-400 kyr). These results suggest that ‘contamination’, although it exists in 

the RPI records (at orbital periods), does not strongly affect the characteristic features 

of the paleointensity records, and hence is not debilitating to these RPI records as a 

global signal that is primarily of geomagnetic origin.   

Conclusions 

The present study confirms previous analyses that orbital periods are not 

significant in RPI records from equatorial Pacific cores MD982185 and MD972143 

through time. Orbital periods are significant only during limited time intervals in RPI 

records from North Atlantic (ODP Sites 919, 983, 984, IODP Site U1308), and South 
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Atlantic (ODP Site 1089). The characteristic mid-Pleistocene climate transition is 

observed in the ODP Site 983 RPI record, in which the orbital periods are most evident, 

indicating a possible climatic origin of the orbital periods for this RPI record. The fact 

that time intervals where orbital periods are significant are not comparable among RPI 

records from different regions provides evidence that orbital periods in the RPI records 

are not directly due to orbital forcing. This is further indicated by the |XWT| and WTC 

between ETP curve and RPI records from ODP Sites 983 and 984. The |XWT| and 

WTC between benthic oxygen isotope records and the RPI records from ODP Sites 983 

and 984, however, show significant coherence and consistent in-phase relationships at 

orbital periods and hence imply that orbital periods in the RPI records are most likely 

due to climatic ‘contamination’.  

Phase relationships between RPI records and their corresponding normalizer 

records from ODP Sites 983 and 984 exclude the possibility that ‘contamination’ (at 

orbital periods) is directly or completely due to the normalizers. As suggested by the 

analysis of a synthetic RPI record and a synthetic normalizer record, we may expect to 

see consistent anti-phase relationship along with significant squared wavelet coherence 

between RPI and the normalizer if orbital periods in the RPI record are completely and 

directly due to the normalizer record. Orbital periods are significant in the NRM records 

from ODP Sites 983 and 984. Deduction from the theoretical RPI model attributes the 

‘contamination’ in RPI records to incompletely normalized component of the NRM 

records. Further tests of records from ODP Site 983 indicate that ‘contamination’ is 

apparently not directly related to physical properties such as density or carbonate 

content, and the grain size proxy кARM/к. WTC between RPI records and grain size 
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proxy ARM/IRM from ODP Sites 919, 983, and 984 imply that ARM/IRM may mimic the 

‘contamination’ in the RPI records at these sites. Orbital periods were probably 

introduced into the NRM records (and have not been normalized when calculating RPI 

records) through orbital control on the bottom current velocity that regulated NADW 

formation, which in turn controls magnetic grain size distribution at the site, and possibly 

also the degree of particle flocculation.  

Four lines of evidence indicate that ‘contamination’, although it exists in these RPI 

records, is not debilitating to these RPI records as a global signal that is primarily of 

geomagnetic origin: (1) ‘contamination’ exists only at orbital periods during limited time 

intervals. (2) RPI records from different regions of the world (ODP Sites 983 and 984 

from North Atlantic, and cores MD972143 and MD982185 from equatorial Pacific) are 

highly comparable with each other in the time domain. In view of the contrasting 

climatic/lithologic characteristics of the North Atlantic and equatorial Pacific, we would 

not expect to observe this level of similarity if the RPI records were dominated by 

lithologic contamination. (3) Filtering orbital periods from the RPI records does not alter 

the RPI records appreciably other than reducing the amplitude of certain features in the 

records. (4) WTCs among these RPI records show large areas (spanning a large range 

of periods: 16-400 kyr) characterized by significant coherence and in-phase 

relationships.  
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Table 3-1.  Location, water depth, length, sedimentation rate, normalizer, and estimated age for relative paleointensity 
records used in this study 

Records Location Water 
depth (m)

Record 
length (m) 

Sedimentation 
rate (cm/kyr) 

Normalizer 
used 

Oldest 
age (Ma) 

Reference 

ODP 983 60.40°N, 23.64°W 1983 260 14.7 (2.9-34.6) ARM, IRM 1.9 [1-4] 
ODP 984 61.48°N, 24.18°W 1660 260 13.3 (2.7-41.2)  ARM, IRM 2.15 [2, 4, 5] 
ODP 919 62.67°N, 37.46°W 2088 70 15.6 (7-28) ARM 0.5 [6] 
IODP 1308 49.87°N, 24.23°W 3871 85  7.3 (3.8-16) ARM 1.2 [7] 
ODP 1089 40.94°S, 9.89°E 4620 88 ~17.5 (5-33) ARM 0.58 [8] 
MD982185 3.08°N, 135.00°E 4415 42 ~1.5 (1.3-4.9) ARM 2.25 [9, 10] 
MD972143 15.87°N, 124.65°E 2989 38 ~1.5 (0.6-4.6) Susceptibility 2.14 [11] 

Note: In the sedimentation rate column, mean sedimentation rate is followed by the range of sedimentation rate in 
parentheses. In the normalizer column, listed are normalizers for RPI data analyzed in this study. Note that for ODP Sites 
983 and 984 the normalizer used to generate the RPI records varied downcore, although ARM was generally used. See 
Figure 3-1 for location map of these records. References: [1]: Channell et al., 1997; [2]: Channell et al., 1998; [3]: 
Channell and Kleiven, 2000; [4]: Channell et al., 2002; [5]: Channell, 1999; [6]: Channell, 2006; [7]: Channell et al., 2008; 
[8]:Stoner et al., 2003; [9]:Yamazaki and Oda, 2002; [10]:Yamazaki and Oda, 2005; [11]:Horng et al., 2003. 
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Figure 3-1.  Location of sites discussed in this study. 
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Figure 3-2.  A) Local wavelet power spectrum (LWPS) of the ETP curve calculated from 
normalized value of the Laskar et al. (2004) solution, B) LWPS of global 
benthic oxygen isotope stack LR04 from Lisiecki and Raymo (2005), C) 
cross-wavelet power spectrum (|XWT|) of the ETP curve and LR04, D) 
squared wavelet coherence (WTC) between the ETP curve and LR04. Values 
of normalized wavelet power, cross-wavelet power, and squared wavelet 
coherence are indicated using different colors on LWPS, |XWT|, and WTC 
maps (with blue to red indicating increasing values). The 5% significance 
level against red noise is shown as thick contours in all figures. The cones of 
influence (COI) where edge effects make the analyses unreliable are marked 
by areas of crossed lines. In C) and D) the relative phase relationship is 
shown as arrows (with in-phase pointing right, anti-phase pointing left, and 
orbital signal leading oxygen isotope signal 90◦ pointing straight up). Orbital 
periods of 100 kyr, 41 kyr, and 23 kyr are marked by white dashed lines from 
bottom to top on the vertical axes. 
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Figure 3-3.  Percentage of significant area at different significance levels for A) squared 
wavelet coherence (WTC) plots in Figure 3-2 and Figure 3-5, B) WTC plots in 
Figure 3-7A~F, and C) WTC plots in Figure 3-7G~I and Figure 3-8. 
Significance levels of WTC were determined using 500 Monte Carlo runs of 
randomly generated pairs of red noise that have the same estimated AR1 
parameters as the original data. COI was ignored when counting the 
significant area and the total area on WTC plot. The shaded region indicates 
results where the percentage of significant area is less than that expected by 
random chance. 
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Figure 3-4.  Local wavelet power spectra (LWPS) of RPI records from A) Ocean Drilling 
Program (ODP) Site 983 (Channell et al., 1997, 1998, 2002; Channell and 
Kleiven, 2000), B) ODP Site 984 (Channell et al., 1998, 2002; Channell, 
1999), C) ODP Site 919 (Channell, 2006), D) Integrated Ocean Drilling 
Program (IODP) Site U1308 (Channell et al., 2008), E) ODP Site 1089 
(Stoner et al., 2003), F) Equatorial Pacific core MD982185 (Yamazaki and 
Oda, 2002, 2005), G) Equatorial Pacific core MD972143 (Horng et al., 2003); 
LWPS of NRM records (from 25mT demagnetization step) from H) ODP Site 
983 and I) ODP Site 984; and LWPS of ARM/IRM records from J) ODP Site 
983, K) ODP Site 984 and L) ODP Site 919. ARM/IRM records are calculated 
using ARM and IRM records from 35 mT demagnetization step. See caption 
of Figure 3-2 for description of wavelet maps.  
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Figure 3-5.  Cross-wavelet power spectra (|XWT|) of A) ODP Site 983 RPI record and 
ETP curve, B) RPI record and benthic oxygen isotope record from ODP Site 
983, C) RPI record and ARM record from ODP Site 983, G) ODP Site 984 
RPI record and ETP curve, H) RPI record and benthic oxygen isotope record 
from ODP Site 984, I) RPI record and ARM record from ODP Site 984; and 
squared wavelet coherence (WTC) between D) ODP Site 983 RPI record and 
ETP curve, E) RPI record and benthic oxygen isotope record from ODP Site 
983, F) RPI record and ARM record from ODP Site 983, J) ODP Site 984 RPI 
record and ETP curve, K) RPI record and benthic oxygen isotope record from 
ODP Site 984, L) RPI record and ARM record from ODP Site 984.  



 

71 

 
 

Figure 3-6.  Local wavelet power spectra (LWPS) of A) synthetic RPI record and B) 
synthetic ARM record, C) cross-wavelet power spectrum (|XWT|) of the 
synthetic RPI record and synthetic ARM record, D) squared wavelet 
coherence (WTC) between the synthetic RPI record and synthetic ARM 
record.  
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Figure 3-7.  Squared wavelet coherence (WTC) between A) RPI record and carbonate 
content record from ODP Site 983, B) RPI record and GRA (gamma-ray 
attenuation) density record from ODP Site 983, C) RPI record and кARM/к 
record from ODP Site 983, D) RPI record and ARM/IRM record from ODP 
Site 983, E) RPI record and ARM/IRM record from ODP Site 984, and F) RPI 
record and ARM/IRM record from ODP Site 919, G) benthic oxygen isotope 
record and ARM/IRM record from ODP Site 983, H) benthic oxygen isotope 
record and ARM/IRM record from ODP Site 984, (i) planktic oxygen isotope 
record and ARM/IRM record from ODP Site 919. ARM/IRM is calculated 
using ARM and IRM records from 35 mT demagnetization step. Carbonate 
content data of ODP Site 983 are from Ortiz et al. (1999). GRA density data 
of ODP Site 983 are from Shipboard Scientific Party (1996). 
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Figure 3-8.  Comparing RPI records in A) the time domain: RPI records are from the 
equatorial Pacific (MD982185 and MD972143) and North Atlantic (ODP Sites 
983 and 984), also shown are RPI records of ODP Sites 983 and 984 with 
orbital periods filtered (bandstop filtering was applied with stop bands located 
at (1/120) (1/80) kyr−1 frequencies and at (1/50) (1/30) kyr−1 frequencies); 
comparing RPI records in the time frequency domain: B) WTC between RPI 
records from ODP Sites 984 and 983, C) WTC between RPI records from 
ODP Site 984 and equatorial Pacific Core MD972143, and D) WTC between 
RPI records from ODP Site 984 and equatorial Pacific Core MD982185. To 
reduce discrepancies from age models, RPI records have been first optimally 
correlated to ODP Site 984 RPI record using the “Match” protocol of Lisiecki 
and Lisiecki (2002). In A) RPI scale has been shifted for each record for 
better display. See caption of Figure 3-2 for description of the WTC maps, 
and caption in Figure 3-4 for references for the RPI records. The additional 
dashed white lines on the bottom of B), C), and D) mark the 404-kyr period on 
the vertical axes. 
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CHAPTER 4 
STACKING PALEOINTENSITY AND OXYGEN ISOTOPE DATA FOR THE LAST 1.5 

MYR (PISO-1500) 

Introduction 

The quest for improved stratigraphic correlation remains one of the great 

challenges in paleoceanography. Since Shackleton (1967) made the case for oxygen 

isotopic data as a monitor of global ice volume, benthic δ18O has been the hallmark of 

marine stratigraphy, however, oxygen isotope changes in seawater are not globally 

synchronous on (millennial) timescales associated with the mixing time of the oceans 

(e.g. Skinner and Shackleton, 2005). Although oceanic mean δ18O will reflect global ice 

volume change over multimillennia, an individual benthic δ18O record will reflect both 

global glacio-eustatic and local hydrographic signals (temperature and deepwater δ18O) 

to varying degrees (Skinner and Shackleton, 2006).  

There would be great advantage in coupling oxygen isotopes with an independent 

stratigraphic tool that is global in nature and devoid of environmental influences. 

Traditional magnetic stratigraphy, the observation of polarity zones in sedimentary 

sections, has become the backbone of geologic timescales partly because polarity 

reversal is a geophysical phenomenon attributable to the main dipole field, and 

therefore provides global timelines for precise correlation at the time of reversal. 

Accumulation of relative paleointensity (RPI) data in the last 10 yr holds the promise of 

stratigraphic correlation within polarity chrons, possibly at millennial scale. The 

association of some RPI minima with brief magnetic excursions means that there is a 

manifestation of RPI stratigraphy in the paleomagnetic directional record.  

A first step in the utilization of paleointensity records in stratigraphy is the 

development of a calibrated template. As for benthic oxygen isotopes, a template based 
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on multiple records rather than an individual record, has the advantage of increasing the 

signal to noise ratio in that local or regional change recorded by individual records may 

be averaged out by the stacking process. The disadvantage of stacks, on the other 

hand, is that the stacking process inevitably reduces the resolution of the output, 

compared to the input of individual records. Several paleointensity stacks have been 

produced in the last 10 yr including Sint-800 and Sint-2000 (Guyodo and Valet, 1999; 

Valet et al., 2005) covering the last 800 and 2000 kyr, respectively. For the last 75 kyr, 

regional stacks for the North Atlantic (NAPIS) (Laj et al., 2000) and South Atlantic 

(SAPIS) (Stoner et al., 2002), and a global stack (GLOPIS) (Laj et al., 2004), have been 

generated. The EPAPIS stack from the western equatorial Pacific covers the 0.75–3.0 

Ma interval (Yamazaki and Oda, 2005). Here we present a stack that differs from earlier 

stacks in that the stacking process is conducted simultaneously on both oxygen isotope 

and RPI data. The stack includes, therefore, only RPI records that have accompanying 

oxygen isotope records. Most of the coupled RPI-isotope records included here (Table 

4-1) have not been included in previously derived RPI stacks, at least not in their 

entirety.  

The new RPI/isotope stack (named PISO-1500) provides a new template for 

correlation and calibration of RPI and isotope records. The fidelity of the accompanying 

oxygen isotope stack can be tested by comparison with a widely-used calibrated oxygen 

isotope stack (Lisiecki and Raymo, 2005). This exercise can gauge the level of 

consistency of the two stratigraphies, and possibly determine whether the RPI 

correlations enhance isotopic correlations when the records are used in tandem.  
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The Match and the Stack  

The potential of RPI for high-resolution correlation stems from the high rate of 

change of the Earth's dipole field intensity, that has decreased by ~5% over the last 100 

yr in the historical record, and by ~20% over the last 1000 yr in the archaeological 

record (Korte and Constable, 2005; Valet et al., 2008). In comparison, the rate of 

change of global ice volume (the basis for benthic δ18O stratigraphy) tends to be 

greatest at glacial terminations but relatively slow otherwise. Benthic δ18O shows 

comparatively little variability during marine isotopic stage (MIS) 2-4 (20–80 ka) in 

contrast to RPI variations in this interval. Previous RPI stacks involve some form of 

visual matching of features in RPI records that can be arbitrary, and poorly constrained. 

To make signal correlation more objective, we use the Match protocol (Lisiecki and 

Lisiecki, 2002) that utilizes dynamic programming to find the optimal fit between record 

pairs. The method was used by Lisiecki and Raymo (2005) to construct their benthic 

oxygen isotope stack (LR04).We apply the protocol simultaneously to isotope and RPI 

records for 12 published records (Table 4-1, Figure 4-1) to optimize their fit to IODP Site 

U1308 records. We use Site U1308 as the reference record for the stack, because the 

site has high-resolution benthic isotope and RPI data for the entire 1.5 Myr interval 

(Channell et al., 2008;Hodell et al., 2008). The age model for Site U1308 was 

constructed by fit of the benthic oxygen isotope record to LR04 (Hodell et al., 2008). At 

ODP Sites 983 and 984 (Figure 4-1, Table 4-1), the RPI records have higher resolution 

than the accompanying isotope records which are limited by paucity of foraminifera prior 

to 1.1 Ma (Channell, 1999; Channell et al., 2002, 1997; Channell and Kleiven, 2000). 

The only other record that spans the full 1.5Myr interval is Core MD97-2143 (Horng et 

al., 2002, 2003); however, this record has lower mean sedimentation rate, than ODP 
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Sites 983/984, by almost an order of magnitude (Table 4-1). Other records included in 

the stack cover parts of the 1.5Myr interval: ODP Site 980 (Channell and Raymo, 2003) 

extends back to 1.3 Ma, ODP Site 919 (Channell, 2006) extends back to 540 ka, ODP 

Site 1089 (Stoner et al., 2003) extends back to 580 ka, MD99-2227 (Evans et al., 2007) 

extends back to 430 ka, andMD95-2039 (Thouveny et al., 2004; Thomson et al., 1999) 

extends back to 317 ka. The coupled isotope/RPI record from Core MD97-2140 covers 

the 560-1300 ka interval (Carcaillet et al., 2003, 2004; De Garidel-Thoron et al., 2005). 

Three records that cover the last glacial cycle only: MD95-2024 (Stoner et al., 2000), 

the Somali Basin record (Meynadier et al., 1992), and PS2644 (Laj et al., 2000; Voelker 

et al., 1998) are included to strengthen the stack in this interval (Table 4-1).  

The use of the Match protocol here differs from its use in a recent paper (Channell 

et al., 2008) where we applied the protocol to RPI records only, and forced compatibility 

with oxygen isotope records by inserting hard tie points (usually at terminations) derived 

from the marine isotope records. By applying the Match protocol to the RPI and isotope 

records in tandem, we make better use of the isotope record and provide an improved 

test of the compatibility of RPI and isotope records. Each RPI and isotope record (Table 

4-1) is matched to the IODP Site U1308 records, after normalizing each RPI or isotope 

record to have zero mean and one standard deviation. The starting points for each 

match are the original (published) age models (references in Table 4-1). In the Match 

protocol, each RPI and isotope record is divided into time “intervals” (with initial ~1 kyr 

duration in our case), and each ~1 kyr “interval” is matched to “interval(s)” in the Site 

U1308 records. The quality of the fit of a particular “interval” to “interval(s)” at Site 

U1308 is gauged by the sum of the squares of the differences for the data points within 
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each “interval” pair. The optimal correlation of the two records is determined by 

minimization of the squares of the differences through the dynamic programming 

procedure (Lisiecki and Lisiecki, 2002), with penalty functions limiting the likelihood of 

abrupt sedimentation rate changes both within an individual record and between record 

pairs. The data points from one “interval” may lie anywhere along the interpolated line 

connecting data points in the “interval” with which it is compared. The sequential order 

of data points within an “interval”, and the order of “intervals” in each time series, must 

be maintained. When matching multiple data types (e.g. RPI and oxygen isotopes), the 

oxygen isotope data are linearly interpolated to the same age scale as the RPI records, 

and Match computes the sum of the squares of the differences for each data type to find 

the optimal match. Unlike routine eyeball signal correlations, the Match correlations are 

repeatable and unbiased, and less likely to be diverted by local solutions.  

The quality of fit represented by the Match output (Figure 4-2) is checked visually 

for obvious discrepancies, and then formally tested in two ways. Firstly, the correlation 

coefficients between IODP Site U1308 records and the other records are calculated 

before and after matching RPI and isotope data (Table 4-2). RPI and isotope data from 

each record were interpolated to the age scale of IODP Site U1308 before calculation of 

correlation coefficients. The “before match” correlation coefficients correspond to the 

match of record pairs on their published age models (Table 4-1).Note that, in all cases, 

the correlation coefficients are increased, often substantially, after matching (Table 4-2). 

Secondly, we test whether the matching process has indeed improved the correlation in 

time– frequency space by calculating the squared wavelet coherence (WTC) before and 

after matching. The definition of the WTC resembles that of a traditional correlation 
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coefficient, and can be thought of as a localized correlation coefficient in time-frequency 

space. It can be used to identify both frequency bands and time intervals within which 

the two time series are co-varying and statistical significance levels can be determined 

using Monte Carlo methods (Torrence and Compo, 1998; Grinsted et al., 2004). The 

RPI and oxygen isotope data were linearly interpolated at 1-kyr increments prior to 

calculation of squared wavelet coherence (WTC). As an example, we plot the WTC 

before and after matching of RPI and isotope data for ODP Site 983 and IODP Site 

U1308 (Figure 4-3). For both RPI and isotope data from these two sites, we observe an 

improvement in coherence of RPI and isotope records after matching (more area with 

significant WTC and constant phase relationship), compared to the original age models 

(Figure 4-3). The improvement is evident in the 10-200 kyr period range, indicating 

lower record sensitivity for periods below10 kyr. In Table 4-2, the improved correlation 

to IODP Site U1308 after matching is expressed as the percentage of significant (at 5% 

level) area on WTC maps (red area bounded by thick black line in Figure 4-3) before 

and after matching. Data within the cone of influence (where edge effects make the 

analyses unreliable) were ignored when counting the significant areas. In all but one 

case, both correlation coefficients and percentages of significant WTC indicate that the 

Match protocol improves the fit of both RPI and isotope data to the Site U1308 records 

(Table 4-2). The one exception is the MD95-2024 (planktic) isotope record where 

although the correlation coefficients indicate improvement of fit after matching, the 

percentage of significant WTC indicates no significant improvement for the isotope 

records (Table 4-2).  
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The stack is constructed for RPI and oxygen isotopes by re-sampling each 

matched RPI and isotope record, and the reference records from IODP Site U1308, at 

1-kyr sample spacing. The arithmetic mean, determined at each point, constitutes the 

stacked record (Figure 4-4). The standard error (σ) is determined by (bootstrap) 

calculations from 1 million random samplings of data points associated with each point 

in the stack. The half-width of the error envelope in Figure 4-4 equals 2σ. The PISO-

1500 stacks can be found in Supplementary Data as two files.  

Comparison with other Stacks  

The ~100-kyr scale features in the new stack are largely compatible with the Sint-

2000 stack (Valet et al., 2005) (Figure 4-4) and enhanced detail in the new stack can be 

attributed to higher sedimentation rate records included in the new stack as well as the 

use of coupled isotope/RPI matching that reduces age discrepancies among the 

stacked records. The Sint-2000 stack is an extension of the earlier Sint-800 (Guyodo 

and Valet, 1999), and comprises records from the world's oceans including the ODP 

Leg 138 record and the younger parts of ODP Sites 983 and 984. The resolution of the 

Sint-2000 stack is limited by low sedimentation rates and poor age control for some of 

the records, and smoothing inherent in the stacking process. In Figure 4-5, we compare 

the new stack with the EPAPIS Pacific stack (Yamazaki and Oda, 2005), the equatorial 

Pacific record from ODP Leg 138 (Valet and Meynadier, 1993) and the record of 

paleointensity derived from the East Pacific Rise (EPR) magnetic anomaly data (Gee et 

al., 2000). Whereas the age calibration of the EPR record is loosely constrained by 

spreading rate assumptions, the ODP Leg 138 record is rather precisely calibrated by 

astrochronology (Shackleton et al., 1995) although low mean sedimentation rates (1–2 

cm/kyr) limit the resolution of the record. Mean sedimentation rates in the EPAPIS 
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Pacific stack are also b2 cm/kyr (Yamazaki and Oda, 2005). The EPAPIS age model 

relies on the correlation of lows in magnetic concentration parameters (susceptibility 

and anhysteretic remanence intensity) with glacial intervals in a reference oxygen 

isotope record, in effect relying on the “Indo-Pacific” carbonate pattern of high carbonate 

content during glacial intervals. Interestingly, the age of features in the EPAPIS stack 

appear to be displaced to older ages relative to correlative features in the PISO-1500 

stack (Figure 4-5), implying an offset in carbonate (and magnetic) concentration and 

isotope stages in the EPAPIS cores. This type of offset, resulting from carbonate 

concentration variations lagging benthic δ18O, has been documented in the “Indo-

Pacific” carbonate pattern of the sub-Antarctic South Atlantic (Hodell et al., 2001).  

Discussion  

Benthic δ18O stratigraphy has been the gold standard for correlation of Quaternary 

marine sequences, but this tool has important limitations, especially for shorter 

timescales (Skinner and Shackleton, 2005, 2006). Simultaneous matching of isotope 

and RPI signals (from the same cores) provides additional constraints on oxygen 

isotope correlations and may allow detection of subtle leads and lags among aspects of 

the climate system. Simultaneous correlation of RPI and isotope records reduces the 

degree of freedom associated with correlations using RPI or isotope records alone, and 

serves as a test for the consistency of RPI and isotope correlations. The PISO-1500 

RPI stack is based on 13 coupled RPI/isotope records where record matching is 

accomplished by simultaneous optimization of RPI/isotope records using the Match 

protocol (Lisiecki and Lisiecki, 2002).  

The fidelity of the PISO-1500 isotope stack can be gauged by comparison with the 

LR04 isotope stack (Lisiecki and Raymo, 2005) (Figure 4-4). Local wavelet power 
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spectra (LWPS) for the PISO-1500 isotope stack (Figure 4-6D) and LR04 (Figure 4-6B) 

indicate very similar distributions of significant orbital power in the two stacks, implying 

that the resolution of the two stacks is comparable. Note that the mid-Pleistocene 

climate transition from 41 kyr to 100 kyr power, at about 800 ka, is well represented in 

LWPS maps of both the LR04 and PISO-1500 isotope stacks (Figure 4-6B and D).  

Non-axial-dipole (NAD) components in the historical field vary on centennial 

timescales (Hulot and Le Mouël, 1994; Hongre et al., 1998; Valet et al., 2008) and if 

similar repeat times hold in the geologic past, paleointensity records from cores with 

sedimentation rates less than ~15 cm/kyr are unlikely to record anything but the axial 

dipole field, and therefore should represent a global signal.  

In the last 10 yr, there has been considerable debate over the observation and 

interpretation of orbital periods in RPI data (Channell et al., 1998; Yamazaki, 1999; 

Yokoyama and Yamazaki, 2000; Guyodo et al., 2000; Yamazaki and Oda, 2002; 

Roberts et al., 2003; Yokoyama et al., 2007; Thouveny et al., 2008; Xuan and Channell, 

2008a,b). Some authors considered that the orbital power in RPI records can be 

attributed to the geodynamo (e.g. Yokoyama et al., 2007) while others considered that it 

is due to lithologic/climatic “contamination” of some RPI records (e.g. Xuan and 

Channell, 2008b).  

Although there are patches of significant power at orbital periods in the PISO-1500 

RPI stack (Figure 4-6C) and Sint-2000 (Figure 4-6A), there is much less significant 

orbital power in the stacks than in some RPI individual records (see Xuan and Channell, 

2008b). The distribution of significant power in these plots (Figure 4-6A and C) is 

dependent on the estimated level of (AR1) noise, which is set at 0.9264 for both stacks 
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(estimated using the PISO-1500 RPI stack). The squared wavelet coherence map 

(Figure 4-6E) indicates significant coherence between the PISO-1500 RPI and isotope 

stacks during limited time intervals (e.g. 660–810 ka and 1120–1240 ka) and in variable 

frequency bands. The phase relationships between the two records, however, vary 

during these time intervals (see Figure 4-6E) implying either a non-linear relationship 

between the two records or, more probably, a fortuitous occurrence of significant 

coherence of two unrelated records that have power in similar frequency bands. A 

visual comparison between the PISO-1500 RPI and δ18O stacks shows positive 

correlations at ~660-810 ka (shaded area in Figure 4-9) and negative correlations at 

~1120-1240 ka (shaded area in Figure 4-9), consistent with the WTC map (Figure 4-

6E). The patch of significant orbital power (at ~90 kyr) at ~600-800 ka in the PISO-1500 

RPI stack (Figure 4-6C) appears significantly coherent with the isotope stack (Figure 4-

6E), implying (climate-related lithological) contamination in this part of the RPI stack.  

The inventory of magnetic excursions (brief quasi polarity chrons with duration less 

than ~10 kyr) has developed over the last 20 yr to the point where about 7 magnetic 

excursions are reasonably well documented in the Brunhes Chron, with about the same 

number having been adequately recorded in the later part of the Matuyama Chron (see 

Laj and Channell, 2007). The brief (a few kyr) duration of directional excursions makes 

their observation problematic even for sediments with mean sedimentation rates above 

10 cm/kyr because of smoothing (filtering of higher frequency remanence variations) 

associated with the  remanence acquisition, the stochastic (non-uniform) nature of 

sediment deposition, and the effects of bioturbation. The paleointensity lows associated 

with magnetic excursions (and polarity reversals), on the other hand, have greater 
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duration than the associated directional excursions and are often clearly observed in 

individual RPI records, even when the directional excursion is not. In the PISO-1500 

RPI stack, the ages of excursions coincide with paleointensity minima in the stack 

(Figure 4-4).  

In order to calibrate the new RPI stack and arrive at temporal variations in virtual 

axial dipole moment (VADM),we adopted the value of 7.46×1022Am2 for the time 

averaged VADM for the last 800 kyr from Valet et al. (2005), based on an analysis of 

the volcanic paleointensity (PINT03) database of Perrin and Schnepp (2004). We then 

scaled the stack to this mean value (for the last 800 kyr) and assigned an intensity of 

7.5 μT at IODP Site U1308 (the reference record) for the minimum RPI value in the 

stack, that lies within the Cobb Mountain Subchron (Figure 4-4). This procedure follows 

Constable and Tauxe (1996) who suggested scaling RPI records by using this minimum 

intensity value, based on the modern field, that corresponds to the likely value of the 

residual field after total demise of the axial dipole (at times of reversal). The resulting 

scaling (Figure 4-7) yields a VADM value appropriate for the recent field (~7.5×1022 

Am2), maxima of ~15×1022 Am2 at ~660 ka and between the Jaramillo and the Cobb 

Mountain subchrons, and an apparent threshold VADM value of ~2.5×1022 Am2 

associated with excursions and reversals. Comparison of Figs. 4 and 7 indicates that 

almost all VADM values below this threshold are associated with either excursions or 

reversals. Note that the Cobb Mountain Subchron (at ~1200 ka) appears as an 

exceptionally long interval (~30 kyr) of particularly low field intensity. The VADM values 

for the last 1.5 Myr do not show an increase in paleointensity at the onset of the 

Brunhes Chron analogous to that seen in Sint-2000 (see Figure 2A in Valet et al., 



 

85 

2005). The mean VADM is higher for the Brunhes Chron (7.5×1022 Am2) than for the 

late Matuyama (6.8×1022 Am2); however, this difference in mean VADM is less than the 

mean value of the standard error associated with the stack (0.77), and therefore the two 

mean values are not statistically distinguishable. Note that the mean Brunhes VADM is 

close to the apparent modern field value, which is close to its actual modern value 

although this value is not set as part of the scaling process. The range of VADM values 

associated with PISO-1500, reaching more than 15×1022 Am2 (Figure 4-7), is consistent 

with the range of values for the last few million years in the volcanic PINT06 database 

(see Figure 18 in Tauxe and Yamazaki, 2007).  

Following Fuller (2006), Thouveny et al. (2008) have made the case for a link 

between RPI and orbital obliquity in which RPI lows are associated with a particular 

phase (minima or decreasing obliquity angles) in the obliquity cycle. This relationship 

has been thought to be due to common orbital forcing for RPI and oxygen isotope 

values (Thouveny et al., 2008). Although there is no statistical evidence for a 

relationship between the obliquity angle and ages of excursions and reversals on longer 

timescales (Xuan and Channell, 2008a), the new stack provides us with the opportunity 

to test the relationship between the obliquity angle (and other orbital cycles) and RPI. 

Following the methods described by Xuan and Channell (2008a), and assuming no 

uncertainty in the ages of the RPI minima or in the astronomical solution, we compute 

the phases, as defined by Xuan and Channell (2008a), of the orbital eccentricity, 

obliquity, and precession at the time of the prominent RPI minima (as labeled in Figure 

4-7). The results are shown in Figure 4-8 with p-values associated with the Rayleigh 

test, indicating that we cannot reject a circular uniform distribution of RPI minima 
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relative to the phases of any of the orbital parameters (even at a 30% significance 

level). In other words, there is no tendency for RPI minima in the stack to occur at 

particular phases of orbital variations such as lows or decreasing values of obliquity. 

Visually, the timing of the prominent RPI lows in the stack (red dots in Figure 4-9) do not 

appear to preferentially occur at obliquity lows or in the decreasing part of the obliquity 

cycles.  

Conclusions  

The PISO-1500 RPI stack provides a template for geomagnetic paleointensity for 

the last 1.5 Myr. The stack has higher temporal resolution than earlier stacks such as 

Sint-2000 (Valet et al., 2005) due to the addition of new RPI/isotope records and the 

use of coupled isotope and RPI records that allow the simultaneous correlation of 

isotope and RPI records using the Match algorithm (Lisiecki and Lisiecki, 2002). The 

advantage of this procedure is that it limits the degree of freedom associated with 

individual signal correlations, is repeatable, and allows assessment of the compatibility 

of RPI and isotope records. The tandem stacks provide a powerful stratigraphic tool that 

can be used to correlate among marine sediment records, and link them to polar ice 

cores via cosmogenic nuclide flux. RPI data from marine cores have been correlated to 

modeled paleointensity based on cosmogenic nuclide flux in Greenland ice cores (e.g. 

Muscheler et al., 2005), and to 10Be/9Be data derived from the sediments themselves 

(e.g. Carcaillet et al., 2004). Once a continuous record of comogenic isotope abundance 

has been completed for the 800-kyr record from EPICA-Dome C (Jouzel et al., 2007), 

correlation to the new PISO-1500 stack will permit synchronization of marine and ice 

cores. This will eventually allow transfer of ice core chronologies, such as those derived 

by correlation of N2/O2 to local insolation forcing (Kawamura et al., 2007), to the marine 
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record (and vice-versa). Such an independent marine chronology could eventually 

eliminate difficulties inherent in oxygen isotope stratigraphy such as the assignment of 

phase lag between forcing and response implicit in insolation-driven ice-sheet models 

(Imbrie and Imbrie, 1980), and the assumption that δ18O is purely a glacial ice volume 

signal. In the future, the timing and phase relationships of components of the climate 

system may be resolvable independent of oxygen isotope stratigraphy, thereby 

advancing our understanding of the mechanisms of glacial– interglacial climate change. 
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Table 4-1.  Records used in the construction of the PISO-1500 stacks. 
Record Loc. Lat. (°) Long. (°) WD (m) L (m) Age range 

(ka) 
Ave. 
sed. rate 
(cm/ky) 

Ave. time 
step (yr) 

Iso Ref.

IODP U1308 N.Atl. 49°53’N 24°14’ 3871 109 5-1500 7.3 137 B (1 
ODP 983 N.Atl. 60°24’N 23°38’W 1983 199 5-1500 13.3 75 B (2) 
ODP 984 N.Atl 61°26’N 24°05’W 1648 183 5-1500 12.2 82 B (3) 
ODP 919 N. Atl  62°40’N 37°28’W 2088 83 9-540 15.4 65 P (4) 
ODP 980 N.Atl 55°29’N 14°42’W 2168 116 20-1300 8.9 112 B (5) 
PS 2644 N.Atl 67°52’N 21°46’W 777 9.2 12-76 12.1 83 P (6) 
MD95-2024 N.Atl 50°12’N 45°41’W 3448 27.3 5-110 24.8 40 P (7) 
MD99-2227 N.Atl 58°07’N 48°13’W 3460 43 1-430 10.0 100 P (8) 
MD95-2039 N.Atl 40°35’N 10°21’W 3381 35.7 30-317 11.3 89 B (9) 
ODP 1089 S.Atl 40°56”S 9°54’E 4624 90 20-580 15.5 65 B (10) 
MD97-2140 W.Pac 2°3’N 141°46’E 2547 12.5 560-1300 1.7 600 B (11) 
MD97-2143 W.Pac 15°52’N 124°39’E 2989 23.3 7-1500 1.6 1250 B (12) 
Somali Ind 0°1’S 46°2’E 4020 6.8 12-140 4.9 500 Bulk (13) 

The “Iso” column refers to the planktic (P), benthic (B) or “bulk” source of oxygen isotope data. 
References: (1) Channell et al., 2008; Hodell et al., 2008 (2) Channell et al., 1987, 2002; Channell, 1999; Channell and 
Kleiven, 2000 (3) Channell, 1999; Channell et al., 2002, 2004 (4) Channell, 2006 (5) Channell and Raymo, 2003 (6) Laj et 
al., 2000; Voelker et al., 1998 (7) Stoner et al., 2000 (8) Evans et al., 2007 (9) Thouveny et al., 2004; Thomson et al., 
1999 (10) Stoner et al., 2003 (11) Carcaillet et al., 2003, 2004; Garidel-Thoron et al., 2005 (12) Horng et al., 2002, 2003 
(13) Meynadier et al., 1992. 
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Table 4-2.  Correlation coefficient and percentage of significant area (at 5% level, on WTC maps) between IODP U1308 
records (both paleointensity and oxygen isotope records) and other collected records before and after 
‘matching’ 

Records Correlation coefficient  Percentage of significant area 
RPIs 
before 
‘matching’ 

RPIs after 
‘matching’

ISOs 
before 
‘matching’

ISOs after 
‘matching’

 RPIs 
before 
‘matching’ 

RPIs after 
‘matching’ 

ISOs 
before 
‘matching’ 

ISOs after 
‘matching’ 

ODP 983  0.2816 0.7083 0.6279 0.8017  0.432 0.7807 0.6625 0.7092 
ODP 984  0.2728 0.6742 0.5597 0.8091  0.4739 0.7193 0.5824 0.6515 
ODP 919  0.2644 0.6091 0.4275 0.6934  0.3921 0.6499 0.5048 0.5906 
ODP 980 0.2255 0.5661 0.7068 0.8537  0.5078 0.7086 0.6503 0.7051 
ODP 1089 0.4347 0.7144 0.823 0.8817  0.5536 0.7429 0.7079 0.6938 
MD97-2143 0.3272 0.6891 0.6908 0.8277  0.463 0.7204 0.5775 0.6747 
MD95-2024 0.3169 0.5639 0.7061 0.8129  0.4949 0.5748 0.5679 0.5461 
MD95-2039 0.3512 0.6141 0.8502 0.8726  0.368 0.5634 0.6872 0.7228 
MD99-2227 0.2616 0.6565 0.7175 0.8501  0.4301 0.7311 0.5612 0.5616 
PS 2644 0.6432 0.7592 0.3732 0.4724  0.5857 0.7869 0.3805 0.4582 
Somali Basin 0.4893 0.6058 0.7423 0.7838  0.5066 0.5647 0.2052 0.4707 
MD97-2140 0.2553 0.6676 0.6431 0.7558  0.5588 0.7321 0.6599 0.6832 
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Figure 4-1.  Location of the 13 coupled isotope and relative paleointensity records used 

in this analysis (see Table 4-1). 
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Figure 4-2.  Oxygen isotope and relative paleointensity (RPI) data from the 13 sites 

(color coded in Table 4-1) used to construct the RPI and isotope stacks, after 
optimal simultaneous matching of the RPI and isotopes to the Site U1308 
records (in red).  
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Figure 4-3.  Squared wavelet coherence (WTC) between the relative paleointensity 

(RPI) and oxygen isotope records from ODP Site 983 and IODP Site U1308 
before and after simultaneous matching using the Match protocol. Values of 
squared wavelet coherence are indicated using different colors (with blue to 
red indicating increasing values). The 5% significance level against red noise 
is shown as thick contours. The cones of influence (COI) where edge effects 
make the analyses unreliable are marked by areas of crossed lines. The 
relative phase relationship is shown as arrows (with in-phase pointing right, 
anti-phase pointing left, and first signal leading second by 90° pointing down). 
Orbital periods of 404 kyr, 100 kyr, 41 kyr, and 23 kyr are marked by white 
dashed lines. 
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Figure 4-4.  Oxygen isotope and relative paleointensity (RPI) stacks (both in red) based 

on data in Figure 4-2. Half-width of the error envelope in both cases is 2σ 
(2×standard error) computed using the bootstrap method for 1 million 
samplings. The oxygen isotope stack (red) is compared with the LR04 benthic 
isotope stack (blue) (Lisiecki and Raymo, 2005), and the RPI stack (red) is 
compared with Sint-2000 stack (blue) (Valet et al., 2005). In this plot, the Sint-
2000 data have been subtracted from their mean and divided by their 
standard deviation. Paleointensity minima in the stack correspond to 
established ages of magnetic excursions and chron/subchron boundaries: LA-
Laschamp, BL: Blake, IB: Iceland Basin, PR: Pringle Falls, BLT: Big Lost, LP: 
La Palma, ST17: Stage 17, B/M: Brunhes-Matuyama boundary, KA: 
Kamikatsura, SR: Santa Rosa, JA: Jaramillo Subchron, PU: Punaruu, CB: 
Cobb Mt. Subchron, BJ: Bjorn, GA: Gardar.  
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Figure 4-5.  The new paleointensity stack (PISO-1500, red) compared with the EPAPIS 

Pacific stack (black) (Yamazaki and Oda, 2005), with the inversion of 
magnetic anomaly data from the East Pacific Rise (green) (Gee et al., 2000) 
and the RPI record from ODP Leg 138 (blue) (Valet and Meynadier, 1993). In 
this plot, these records have been subtracted from their means and divided by 
their standard deviations.  

  



 

95 

 
 
Figure 4-6.  Local wavelet power spectrum (LWPS) of: A) the Sint-2000 relative 

paleointensity (RPI) stack (Valet et al., 2005), B) the LR04 benthic oxygen 
isotope stack of Lisiecki and Raymo (2005), C) the new PISO-1500 RPI stack 
and D) the PISO-1500 oxygen isotope stack, and E) squared wavelet 
coherence (WTC) between the PISO-1500 RPI and oxygen isotope stacks. In 
E), the relative phase relationship is shown as arrows (with in-phase pointing 
right, anti-phase pointing left, and first signal leading second by 90° pointing 
down. Orbital periods of 404 kyr, 100 kyr, 41 kyr, and 23 kyr are marked by 
white dashed lines.  
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Figure 4-7.  Virtual axial dipole moment (VADM) calibration of the PISO-1500 relative 

paleointensity stack (red). See text for calibration procedure. Half-width of the 
error envelope is 2σ (2×standard error) computed using the bootstrap method 
for 1 million samplings. The VADM values for the Sint-2000 stack (Valet et al., 
2005) are in blue. Red dots indicate paleointensity minima that have ages 
close to those attributed to geomagnetic excursions and reversals (see Figure 
4-4 for excursion/reversal labels). The dashed line represents the threshold 
value of 2.5×1022 Am2 that appears to trigger excursions and reversals. 
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Figure 4-8.  Circular plot of phase of orbital eccentricity, obliquity and precession 

(Laskar et al., 2004) corresponding to 17 relative paleointensity (RPI) lows 
labeled in Figure 4-7. The p-values associated with the Rayleigh test are 
indicated for each distribution (see Xuan and Channell, 2008a, for further 
details). 
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Figure 4-9.  Comparison of the PISO-1500 relative paleointensity stack (red) with 

accompanying oxygen isotope stack (green), as determined in this work, and 
with the solution for orbital obliquity (blue) (from Laskar et al., 2004). Red dots 
indicate dominant RPI minima labeled in Figure 4-7, with dashed lines 
indicating the timing of those minima. Shaded areas indicate time intervals 
where RPI and isotope stacks appear to correlate with each other both 
positively (~ 660-810 ka) and negatively (~1120–1240 ka). 
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99 

CHAPTER 5 
UPMAG: MATLAB SOFTWARE FOR VIEWING AND PROCESSING U-CHANNEL OR 

OTHER PASS-THROUGH PALEOMAGNETIC DATA 

Introduction  

The need to acquire remanent magnetization data at high resolution led to the 

development of pass-through cryogenic magnetometers for long core measurements 

(e.g., Goree and Fuller, 1976). Aboard the R/V Joides Resolution, a system for 

measuring whole/half core sections has been operating for over 25 years, enabling 

magnetostratigraphic data to be generated from sediment cores. The u-channel sample 

(which is typically enclosed in a transparent plastic tube with square 2x2 cm2 cross-

section, and up to 150-cm length), was first advocated by Tauxe et al. (1983) to improve 

the spatial resolution associated with traditional discrete sampling. U-channel samples 

have been increasingly employed in paleomagnetic studies on deep-sea and lake 

sediments since high-resolution pick-up coils (with narrow width of response functions) 

and small diameter pass-through magnetometers were developed by 2G Enterprises 

and first installed at the paleomagnetic laboratory at Gif-sur-Yvette in France (Weeks et 

al., 1993). U-channel sample measurement provides a resolution close to that obtained 

with back-to-back 8 cm3 discrete cubic samples, after deconvolution, with the advantage 

of greater measurement speed and efficiency (Nagy and Valet, 1993; Guyodo et al., 

2002; Roberts, 2006).  

For u-channel samples, the natural remanent magnetization (NRM) before and 

after stepwise demagnetization is routinely measured to recover directional variations of 

the geomagnetic field and to establish high resolution magnetostratigraphies. The NRM 

normalized by laboratory-induced magnetizations such as the anhysteretic remanent 

magnetization (ARM), or isothermal remanent magnetization (IRM), is often used to 
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estimate relative paleointensity (RPI) variation, although grain-size variation, shape and 

flocculation effects may complicate interpretations (e.g., Levi and Banerjee, 1976; King 

et al., 1983; Tauxe, 1993). Attempts have been made to reduce environmental 

(lithologic) influences using different normalization methods (e.g., Brachfeld and 

Banerjee, 2000; Mazaud, 2006). It is routine to measure laboratory-induced 

magnetizations (ARM and IRM) and to compare the normalized intensities to find an 

optimal normalizer and RPI estimate. Additionally, these rock magnetic measurements 

provide records of the paleo-environment, through concentration and grain-size 

sensitive magnetic parameters.  

At the University of Florida (UF), we routinely measure NRM during 

demagnetization, followed by susceptibility, ARM during demagnetization and 

acquisition, and IRM during demagnetization for each u-channel. The ARM is 

completely removed by demagnetization prior to the ARM acquisition experiment.  Each 

type of data is checked prior to proceeding to the next step. Over 5000 data points 

(depending on number of demagnetization steps) can be accumulated for a single u-

channel in ~10 h, while hundreds of u-channel samples may need to be processed for 

one deep-sea drilling site. Checking and processing these data, displaying orthogonal 

projections (Zijderveld, 1967) for each measurement position, calculating or optimizing 

the component magnetization directions by principal component analysis (PCA) 

(Kirschvink, 1980), and estimating RPI are time-consuming in the absence of software 

designed for these purposes. Mazaud (2005) developed Microsoft Excel software that 

incorporates micro-commands to treat NRM data from long core sediment samples. The 

software requires introduction of data columns from the respective measurement data 
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files to certain regions of the Excel file, and is capable of calculating component 

directions and median destructive fields, as well as drawing orthogonal projections for 

each measurement position.  

The new UPmag software described here contains three graphical user interfaces 

that are designed to view and process routinely measured u-channel paleomagnetic 

data such as NRM, ARM and IRM data. The software allows the user to open and 

check through the measurement data, and corrects for flux-jumps in the data if 

necessary. In addition to interactively calculating (optimizing) and displaying PCA 

values, orthogonal projections, and stepwise intensity data for any measurement 

position, UPmag also enables data visualization in VGP maps and equal area projection 

plots. Using UPmag, RPI estimates can be evaluated and compared using two 

methods: the slope of the best-fit line between NRM and normalizer demagnetization 

data (e.g., Channell et al, 2002), and the average of NRM/normalizer ratios (e.g., 

Channell et al., 1997).  

Description of UPmag 

UPmag is developed in MATLABTM (version R2008b) on a PC with a Windows XP 

operating system. UPmag consists of three MATLABTM graphical user interfaces: 

UVIEW, UDIR, and UINT. Each interface facilitates certain aspects of processing u-

channel paleomagnetic data. UVIEW displays the measurement data, corrects for flux-

jumps, and prepares data for further treatment. UDIR focuses on calculation and 

visualization of directional data such as PCA calculations and VGP data visualization. 

UINT calculates relative paleointensity estimates. These programs can be activated by 

typing “UVIEW”, “UDIR”, and “UINT” (all in capital letters) followed by a return key in the 

MATLABTM command window. The UPmag program folder should be under the 
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MATLABTM current directory or should be added to the MATLABTM search path when 

running UPmag. The UPmag programs, data format files, and test data can be found at 

http://earthref.org/cgi-bin/er.cgi?s=erda.cgi?n=985. A typical flow path for processing u-

channel paleomagnetic data using UPmag is summarized in Figure 5-1. 

UVIEW 

UVIEW reads NRM, ARM or IRM measurement files created by the u-channel 

magnetometer measurement system. Contents of a typical measurement file generated 

at UF, by the LABVIEWTM software accompanying the 2G Enterprises u-channel 

magnetometer, are listed in Table 5-1. After selecting “Load Measurement File” from the 

“File” menu (Figure 5-2), UVIEW asks for the type of the data (e.g., NRM or ARM) and 

whether the data are in default UF format (Table 5-1). The data type is used later to 

label the exported files. A measurement file format table (i.e., 

“Measurement_File_Format.txt”, which is also available for download) must be modified 

and loaded to UVIEW first, if the measurement file is not in the default format.  

After importing the measurement file, information about u-channel samples and 

demagnetization procedures are automatically listed in the “File Information” panel 

(Figure 5-2A). Initially, the remanence intensity data for the respective orthogonal 

sample axes (Xint, Yint, and Zint. See Table 5-1) from the first demagnetization step of 

the first u-channel sample are displayed (Figure 5-2A). The list of parameters available 

for plotting is grouped in the “Plot Parameters” panel. To view a parameter, choose the 

radio button associated with the parameter. As an example, Figure 5-2B contains plots 

of intensity (Int), declination (Decl), and inclination (Incl) data for the same 

demagnetization step for the same u-channel shown in Figure 5-2A. The “Now 

Checking” panel hosts components that allow the user to check through data and plots 
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(for a selected parameter) for different demagnetization steps and for different u-

channel samples. Multiple demagnetization steps for a u-channel sample can be plotted 

together (Figure 5-2C) by toggling the “View Multiple Steps of This Sample” button. The 

range of steps is adjustable using the two pop-up menus in the “Now Checking” panel.  

Occasionally, a flux-jump may occur during the pass-through measurement, in 

which a sudden (abrupt) change in magnetization appears at a certain measurement 

position for a particular axis. Flux-jumps are generally rare, random, non-predictable, 

and yet they greatly distort the data. Although re-measuring the sample would usually 

be ideal, re-measuring may often not be feasible if the flux-jump was not immediately 

recognized. In UVIEW, if flux-jumps are observed at any stage when scrolling through 

the measurement data, a correction can be initiated by clicking on “Correct Current 

Data” in the “Flux-Jump” panel.  Flux-jumps can be located either manually or 

automatically. A threshold value can be set for the automatic detection, and different 

interpolation methods are available for correcting flux-jumps. After correction, a diagram 

comparing the measurement data before and after flux-jump correction will be displayed 

(Figure 5-2D), and all data related to the flux-jumps will be updated if the correction is 

accepted by the user. After checking and correcting for flux-jumps for all u-channel 

samples, a new “measurement” file can be generated using the “Save Corrected Data” 

button in the “Flux Jump” panel.  

All plots displayed in UVIEW can be modified and exported in various formats 

such as jpg, bmp, pdf, or eps. For example, the user can zoom and pan the plots, add 

legends, titles, grids, or data value markers. The “Hold on/off” tool facilitates comparison 

of different data plots when toggled. The “Print” tool allows the user to save the whole 
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figure, including plots and information listed in various panels, to a pdf file. UVIEW also 

exports two types of data file: *.dir and *.int. The two files truncate data from the leader 

and trailer (see Table 5-1), and re-group the measurement data by position in the u-

channel. The *.dir file features declination, inclination, and intensity data (typically from 

NRM data), reorganized by measurement position, for further direction-related 

investigation in UDIR. The *.int file re-formats intensity data by measurement position 

for RPI estimation in UINT. 

UDIR 

UDIR opens *.dir files generated by UVIEW or by other sources. The default UF-

formatted *.dir file is represented in Table 5-2. If the *.dir file is not in this format, the 

“Dir_File_Format.txt” file (available for download) must be modified accordingly and 

loaded to UDIR prior to loading the *.dir file. After successful loading of a *.dir file, 

component directions for the entire u-channel are calculated using PCA (Kirschvink, 

1980), with a default sample orientation option and demagnetization range. Component 

declination and inclination, and maximum angular deviation (MAD) values, determined 

from the PCA calculation, and intensity data (for a single demagnetization step) for the 

entire u-channel are displayed at the top of the UDIR interface, with an orthogonal 

projection and a stepwise intensity plot for the first measurement position at the bottom 

of the display window (Figure 5-3A).  

The sample orientation and demagnetization range (including the option of 

anchoring the best fit through the origin of the plot) for PCA calculations can be 

changed from the “Coordinates” and the “PCA Values” panels (Figure 5-3A), 

respectively. Related data and plots will then be updated accordingly. Similarly, the 

range of demagnetization steps for plotting the demagnetization data (bottom left), can 
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be controlled for each measurement position using the “Plot Range” panel. The 

demagnetization data for any position can be plotted in three styles: a north/up 

orthogonal projection (Figure 5-3A, bottom left) or west/up orthogonal projection (Figure 

5-3D, bottom left), or in a 3-D vector plot (Figure 5-3B, bottom left). These styles can be 

switched using the “Plot Control” panel. The “Choose Top Plot” panel allows the user to 

switch the uppermost plots with the following options: intensity (for a single 

demagnetization step) and PCA data for all measurement positions (Figure 5-3A), 

demagnetization data for the selected measurement position and PCA data for all 

positions on an equal area stereographic projection (Figure 5-3B), and virtual 

geomagnetic pole (VGP) positions (which requires input of the sampling site location, 

declination correction if appropriate, and map projection, Figure 5-3C, D). The following 

options are available for scrolling through the data and plots from different 

measurement positions: 1) going to a specific position in the “Go to Position” panel by 

inputting the position and clicking on “Go!”; 2) manually controlling the position using the 

“Previous” and “Next” buttons; 3) automatically displaying the data for each position at a 

user-defined speed by toggling the “Move/Stop” button in the “Auto Display” panel.  

Similar to UVIEW, all plots displayed in UDIR can be modified and exported in 

various formats. Component direction data and VGP data calculated using a uniform 

demagnetization range for the entire u-channel can be exported by clicking on the 

“Uniform Range PCAs” and “Export VGP Data” buttons in the “Export Data/Plots” panel. 

It is sometimes convenient to optimize demagnetization ranges for PCA calculations at 

a particular measurement position, and then add the optimized PCA values to a txt file 

using the “Current Opt. PCA” button. 
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UINT 

UINT sequentially reads *.int files generated from NRM and laboratory-induced 

magnetization measurement data (e.g. ARM). The intensity data are displayed 

immediately to facilitate determination of the desired data range and demagnetization 

range for RPI calculation. Warning messages prevent selection of invalid data or 

demagnetization ranges.  

After clicking on the “Apply” button in the “Data Range Selection” panel, UINT 

updates the NRM and normalizer intensity plots with data in the selected range, 

calculates and displays RPI estimates using two methods: the slope of the best-fit line 

and the average ratio between NRM and the respective normalizer. The correlation 

coefficient (R) values for the best-fit line, and standard deviations of the ratios, are also 

calculated (Figure 5-4). These values provide a measure of the quality/uncertainties 

of/in the RPI estimation. The respective intensity data within the selected range of 

demagnetization steps, the best-fit line, and the ratios between the NRM and the 

respective normalizer are displayed on the left-hand side of the interface. The most 

appropriate normalizer activates the same grains that carry the NRM (e.g. Levi and 

Banerjee, 1976). The upper left-hand plot is a display of the coercivity spectra of the 

NRM and the normalizer, which aids in the choice of an appropriate normalizer for RPI 

estimation.  

Similar to UDIR, users can check through the data row-by-row of the two files 

manually or automatically. All plots presented in UINT can be modified and exported in 

various formats. RPI estimates calculated in UINT can be saved for other operations. It 

should be noted that, although designed for RPI estimation, UINT can also be used to 
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estimate grain-size proxies such as ARM/IRM, by simply loading ARM and IRM *.int 

files sequentially as the “NRM *.int File” and “Normalizer *.int File”, respectively.  

Conclusions 

UPmag aims to improve the efficiency of viewing and processing u-channel or 

pass-through paleomagnetic data such as NRM, ARM and IRM data. The software 

consists of three graphical user interfaces called UVIEW, UDIR, and UINT. Each 

interface focuses on a specific aspect of treating u-channel paleomagnetic data. UVIEW 

allows users to open and scroll through output data files from the u-channel 

magnetometer measurement system as well as to correct for detected flux-jumps in the 

data, and to export files for further treatment. UDIR calculates, presents, and saves 

component direction data (i.e., declination, inclination, and MAD values) using the 

standard PCA method for either a uniform demagnetization range for the entire u-

channel or for an optimized range of demagnetization steps, anchored to the origin of 

the orthogonal projection or not. UDIR also calculates, displays, and saves VGP data, 

displays data on equal area projections, and conveniently scrolls through data for 

different measurement positions. UINT estimates, compares, and exports RPI data 

using the slopes of the best-fit line or the averages of ratios between the NRM and a 

normalizer within a selectable range of demagnetization steps, with linear correlation 

coefficients (of slopes) and standard deviations (of ratios) calculated to monitor the 

quality of the respective RPI estimates.  
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Table 5-1.  The default UF measurement data file format 
Columns in file Column number Format string Explanation 
Sample IDa 1 %s Name of U-channel sample 
Positiona 2 %f Measurement position in U-channel  
Deptha 3 %f Depth of the position in the sedimentary sequence  
AF Xa,b 4 %f Demagnetization peak field on X measurement axis 
AF Ya,b 5 %f Demagnetization peak field on Y measurement axis 
AF Za,b 6 %f Demagnetization peak field on Z measurement axis 
Declination: Unrotateda 7 %f Declination from corrected X and Y intensity 
Inclination: Unrotateda 8 %f Inclination from corrected X, Y, and Z intensity 
Intensitya 9 %f Intensity from corrected X, Y, and Z intensity 
X intensitya 10 %f X magnetic moment 
X meana 11 %f X volume magnetization  
X corra 12 %f X mean after drift and tray correction  
Y intensitya 13 %f Y magnetic moment 
Y meana 14 %f Y volume magnetization 
Y corra 15 %f Y mean after drift and tray correction  
Z intensitya 16 %f Z magnetic moment 
Z meana 17 %f Z volume magnetization 
Z corra 18 %f Z mean after drift and tray correction  
ARM Gauss 19 %s Bias field used for generating ARM 
ARM axis 20 %s Direction of the applied bias field 
Orientation 21 %s Archive or working half of core 
Leader lengtha 22 %f Positions measured before 1st position of u-channel 
Trailer lengtha 23 %f Positions measured after last position of u-channel 
Drift corrected 24 %s Whether drift correction applied 
Tray corrected  25 %s Whether tray correction applied 
Sample Timestamp 26 %s Time stamp for u-channel measurement 
Tray Timestamp  27 %s Time stamp for  last tray measurement 
Run number 28 %s Run (ID) number assigned to measurement  

a Items that have to be included in a measurement file. '%s' or '%f' indicates columns composed of strings or numbers. 
b In the default UF format, after data reduction, X, Y, and Z measurement axes correspond to north, east, and vertical 
components, respectively. 
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Table 5-2.  The default UF *.dir file format 
Items in *.dir file Column number Format string Explanation 
Positiona 1 %f Position in the u-channel (usually in cm) 
Treatmenta 2 %f AF or thermal demagnetization level 
IC 3 %s Instrumental code, e.g. “cryogenic” 
CD 4 %f Circular standard deviation (for discrete sample) 
Intensitya 5 %f Measured intensity 
DECL (Sample) a 6 %f Declination data without any orientation 
INCL (Sample) a 7 %f Inclination data without any orientation 
DECL (Geographic) a 8 %f Declination data of the sample in situ 
INCL (Geographic) a 9 %f Inclination data of the sample in situ 
DECL (Bedding) a 10 %f Bedding corrected declination data 
INCL (Bedding) a 11 %f Bedding corrected inclination data 
SUSC 12 %f Susceptibility data 
V/M 13 %f Volume or mass information 

a Items that have to be included in a *.dir file. '%s' or '%f' indicates columns composed of strings or numbers.  
 



 

110 

 
 
Figure 5-1.  A flow chart summarizing the logic and major steps in the UPmag software. 
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Figure 5-2.  The UVIEW graphical user interface illustrating the major features of the 

software: A) Xint, Yint, and Zint data for a selected u-channel sample at a 
selected demagnetization step; B) intensity (Int), declination (Decl), and 
inclination (Incl) data for the same u-channel for a uniform demagnetization 
interval; C) intensity (Int) data from multiple demagnetization steps for a 
selected u-channel sample; D) Ymean data for a u-channel sample for a 
certain demagnetization step before and after correction for a flux-jump.
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Figure 5-2.  Continued  
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Figure 5-3.  The UDIR graphical user interface illustrating the major features of the 
software: A) orthogonal projection with North/Up convention (bottom left) and 
stepwise intensity plot (bottom right) for the currently visualized measurement 
position, with intensity (at a single demagnetization step) and PCA data 
(declination, inclination, and MAD) for the entire u-channel shown in the upper 
two panels; B) demagnetization data in 3-D (bottom left, in green: trajectory of 
the total vector; in red: projection of the vector end-points on the vertical 
plane, and in blue: projection of the vector end-points on the horizontal plane) 
and equal area projection (top left) with stepwise intensity data (bottom right) 
for the currently visualized measurement position, and PCA data for the entire 
u-channel on an equal area projection (top right, in red: data with positive 
inclination; in cyan: data with negative inclination); C) the same data as in b) 
with VGP data plotted on a “Hammer” projection (top), and input information 
window (bottom left) for VGP calculation; D) the same data as in b) with VGP 
data plotted on a 3-D “globe” projection, and demagnetization data shown on 
a West/Up convention orthogonal projection.  
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Figure 5-3. Continued   
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Figure 5-3. Continued  
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Figure 5-4.  The UINT graphical user interface illustrating NRM and normalizer (ARM) 

intensity data from one u-channel, RPI results estimated using slopes of the 
best-fit line and average ratio (see text), and detailed information for the 
currently visualized measurement position in the u-channel data files. 
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CHAPTER 6 
QUATERNARY PALEOMAGNETIC RECORD FROM DIATOM RICH SEDIMENTS AT 

IODP SITE U1304 (SOUTHERN GARDAR DRIFT, NORTH ATLANTIC) 

Introduction  

Integrated Ocean Drilling Program (IODP) Site U1304 (Figure 6-1) was drilled by 

the R/V JOIDES Resolution with the Advanced Piston Corer (APC) in October 2004, 

during the IODP Expedition 303. The site (53°03.40′N, 33°31.78′W; water depth, 

3024 m) lies in a semi-enclosed basin at the southern edge of the Gardar Drift, to the 

north of the Charlie Gibbs Fracture Zone. Shipboard data (Expedition 303 Scientists, 

2006) and initial post-cruise results indicate that the 263.8-meter composite depth (mcd) 

sediments from the four drilled holes (A-D) at Site U1304 recorded a continuous 

sequence including the Brunhes Chron and part of the Matuyama Chron that includes 

the Jaramillo Subchron (see Mazaud et al., 2009), the Cobb Mountain Subchron, and 

the top of the Olduvai Subchron. Site U1304 contains some of the highest-resolution 

(i.e., greatest sedimentation rate) deep-sea records yet recovered from the North 

Atlantic. Mean sedimentation rates of ~17.8 cm/kyr are estimated for the last 0.78 Ma, 

and 12.2 cm/kyr for the interval from 0.78 to 1.77 Ma, with an overall mean 

sedimentation rate of 14.9 cm/kyr.  

The sediments at Site U1304 consist of inter-bedded diatom and nannofossil 

oozes with clay and silty clay, in highly variable grayish colors. The thinly laminated 

diatomaceous ooze (LDO) deposition comprises mainly the planktonic, araphid, needle-

like species Thalassiothrix longissima, and appears to be episodic and discontinuous, 

but strikingly present throughout the whole recovered intervals that date back to ~1.8 

Ma (Shimada et al., 2008).  Documentation of LDO in the North Atlantic is rare. The 
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best known occurrence is from conventional piston core (EW9303-17) collected ~500 

km NNW of Site U1304 in which LDO was recorded during the last interglacial (Bodén 

and Backman, 1996). The occurrence of LDO in this core was attributed to its proximity 

to the sub-arctic convergence zone (Bodén and Backman, 1996). 

Magnetic properties of sediments from IODP Site U1304, comprising diatom-rich 

and clay-rich intervals, were studied for the 0–224 mcd interval, corresponding to the 

last ~1.5 Ma. High resolution paleomagnetic directional and intensity records from the 

site are presented, with an age model acquired by correlating the relative paleointensity 

(RPI) record of IODP Site U1304 to the PISO-1500 RPI stack record (Channell et al., 

2009). In view of the unusual characteristic of LDO occurrences in the sediment 

sequence, this chapter will also address whether diatom-richness distorts the 

preservation of paleomagnetic information, by statistically comparing magnetic records 

between diatom-rich intervals and non-diatom intervals, and by comparing the RPI 

record at the site to other RPI records. Power spectral analysis and wavelet analysis 

methods will be employed to investigate whether orbital periods exists in the Site U1304 

RPI record.  

Sampling and Methods 

U-channel samples were collected from the archive half of each core section 

within the IODP Site U1304 composite splice (Expedition 303 Scientists, 2006) except 

for occasional intervals (i.e., 177.74-182.18 mcd) where samples from the splice appear 

to be disturbed by drilling. The u-channel samples are enclosed in plastic containers 

with a 2×2 cm cross-section and the same length as the core section (usually 150 cm), 

with a clip-on plastic lid that allows the samples to be sealed to retard dehydration and 
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other chemical/physical alteration. U-channel sampling almost completely covered the 

0-224.36 mcd interval for IODP Site U1304, with a gap in the 197.89-201.41 mcd 

interval where thick, continuous, diatom mats made sampling very difficult. 

Natural remanent magnetization (NRM) of the u-channel samples was measured 

at 1-cm spacing before demagnetization, and after 12 alternating field (AF) 

demagnetization steps in the 20–100 mT peak field range, using a 2G Enterprises 

cryogenic magnetometer designed to measure u-channel samples. Note that shipboard 

AF treatment of archive halves of core sections (from which the u-channel samples 

were collected) was carried out at peak fields not exceeding 20 mT (Expedition 303 

Scientists, 2006). After completion of the NRM measurements of each u-channel 

sample, susceptibility measurements of the samples were carried out using a 

susceptibility track designed for measuring u-channel samples (Thomas et al., 2002). 

ARM was acquired in a peak AF of 100 mT and a 50 μT DC bias field, and measured 

prior to demagnetization and after demagnetization at 9 steps in the 20-60 mT peak 

field range. ARM was then reacquired stepwise in peak alternating fields of 20–60 mT, 

in 5 mT steps, and in a constant 50 μT DC bias field. Isothermal remanent 

magnetization (IRM) was acquired in a DC field of 300 mT, and was measured before 

demagnetization, and after demagnetization in the same steps applied to the ARM. 

Hysteresis parameters of the sediments were measured using a Princeton 

Measurements Corp. vibrating sample magnetometer (VSM) on core section-averaged 

samples, rests from cleaning the u-channels during the u-channel sampling.  

LDO distributions in the sequence were recorded in the sampling notes during the 

u-channel sampling, by visual observation of u-channel samples themselves, and from 
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shipboard images of core sections. Diatom ooze has a characteristic “oatmeal” texture 

and sharp contacts with interbedded silts and clays that result in characteristic 

laminations. The number “1” was assigned to each 1-cm interval that comprise mainly 

diatom ooze, and the number “0.5” was assigned to 1-cm intervals that consist of 

disseminated diatom ooze. For 1-cm intervals that contain silts and clays with no 

observable diatom ooze, the number “0” was assigned.  

Rock Magnetic Properties of the Sediments 

The ratio of saturation magnetization to saturation remanence (Mr/Ms), and the 

ratio of coercivity of remanence to coercivity (Hcr/Hc) are calculated using the 

hysteresis measurements. These ratios are grouped in the pseudo-single (PSD) domain 

field in the Day et al. (1977) hysteresis ratio plot (Figure 6-2), indicating uniformity in 

magnetic grain sizes. The distribution of hysteresis ratios is elongated along a typical 

magnetite grain size mixing line. The anhysteretic susceptibility (κARM) of the sediments 

is computed by normalizing the ARM intensity (after AF demagnetization at peak field of 

35 mT) by the DC bias field (i.e., 50 μT) used to apply the ARM. A plot of κARM versus 

susceptibility (κ) can be used to estimate the grain size distribution of magnetite.  

Because ARM is mainly carried by smaller (single domain to pseudo-single domain) 

magnetic particles, whereas susceptibility is linked more to larger (multidomain) 

particles, higher values of κARM/κ (larger slope on the κARM versus κ plot) would indicate 

finer grains of magnetite. Following the calibration of κARM/κ by King et al., (1983), the 

magnetic (magnetite) grain size at IODP Site U1304 is largely restricted to the 1-5 μm 

grain-size range (Figure 6-3), consistent with the observation in hysteresis ratio plot 

(Figure 6-2). The slopes from diatom-rich intervals (red and blue circles in Figure 6-3) 

yield finer mean grain sizes (red and blue lines in Figure 6-3) than that (green line in 
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Figure 6-3) of samples from non-diatom intervals (green circles), although the range of 

grain sizes is large, particularly for the diatom rich intervals (red circles). The distance 

from the origin of the plot corresponds to magnetic concentration which is greatest for 

the samples from non-diatom intervals (green circles in Figure 6-3). 

Diatom distributions plotted against the mcd show several thick diatom-rich 

intervals in 45-65 mcd, 85-120 mcd, 140-165 mcd, and 190-224 mcd (Figure 6-4), 

consistent with the observation of Shimada et al. (2008). The magnetic concentration 

parameters such as susceptibility, ARM, ARM acquisition (ARMAQ), and IRM from 

IODP Site U1304 mimic one another (Figure 6-4) and there is an obvious correlation 

between LDO distribution and the magnetic concentration parameter values. In diatom-

rich intervals, magnetic concentration parameters are about two orders of magnitudes 

lower than for non-LDO intervals. LDO intervals are probably accompanied by elevated 

deposition rates that dilute the magnetic concentration in those intervals. The correlation 

between diatom distribution and the magnetic concentration parameters means that 

these magnetic concentration parameters may be used as diatom proxies at IODP Site 

U1304.  

Natural Remanent Magnetization and RPI Proxies 

Component NRM directions were computed at 1-cm spacing using the standard 

principal component analysis method (Kirschvink, 1980). The demagnetization interval 

used to compute the characteristic magnetization component was 20–80 mT, and the 

origin of orthogonal projections was not used for the component direction calculations. 

The maximum angular deviation (MAD) values associated with the calculation provide a 

means of monitoring the uncertainty associated with component directions. The MAD 
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values are largely below 1° for samples from non-diatom intervals, and are generally 

below 5° for samples from diatom-rich intervals (Figure 6-5), indicating very well and 

well defined component directions for samples from non-diatom and diatom-rich 

intervals, respectively. Component declinations were corrected using “tensor” core 

orientation data where available (green circles in Figure 6-5), and using rotation of 

entire cores (red circles in Figure 6-5) so that the mean declination is oriented North or 

South for positive and negative inclination intervals, respectively. There are apparent 

differences between the declination values corrected using the two methods (Figure 6-

5), implying that “tensor” tools may not always be reliable for core orientations. Note that 

the first three cores (down to ~30 mcd) are routinely not oriented due to the increased 

risk associated with the time delay for orienting the cores. The green symbols for the 0-

30 mcd interval (Figure 6-5) therefore represent unoriented declinations. The 

component inclination and the optimally corrected component declination 

unambiguously reveal the Brunhes/Matuyama boundary, the Jaramillo subchron, and 

the Cobb Mountain subchron at IODP Site U1304 (Figure 6-5).  

NRM demagnetization data of non-diatom interval samples plotted on orthogonal 

projections (Figure 6-6) indicate that the maximum peak demagnetization field at 100 

mT reduced the NRM to < 5% of the NRM intensity prior to demagnetization, and the 

demagnetization data (after demagnetization) fall on a perfect line that indicates a very 

well defined one-component NRM. There appears to be more (occasionally >10 %) 

NRM left after the 100 mT peak field demagnetization for samples from diatom-rich 

intervals (i.e., 103.3 mcd in Figure 6-6), indicating a higher coercivity remanence. This is 

consistent with the κARM versus κ plot, which imply finer grains in the diatom-rich 
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intervals, and finer grains of magnetite usually have higher coercivity, although a high 

coercivity remanence carrier such as hematite cannot be ruled out. The NRM for the 20-

80 mT demagnetization range from the diatom-rich intervals still indicate a well defined 

one-component NRM. An additional test was performed to investigate whether there is 

any significant difference between component inclinations (in the Brunhes Chron) 

recorded by samples from diatom-rich intervals and by samples from non-diatom 

intervals. A consistent difference between the two groups of samples may debilitate the 

reliability of NRM acquired from the diatom-rich intervals. The histogram of the 

component inclinations (in the Brunhes) calculated using samples from non-diatom and 

diatom-rich intervals were displayed in Figure 6-7. Although histogram of inclinations 

recorded by samples from diatom-rich intervals are slightly more scattered, inclination 

values of the two groups of samples were both centered around 65°, close to the 

inclination value (69°) expected at this site for a geocentric dipole field, and the two 

histograms show generally comparable distribution patterns, indicating diatom 

abundance in the sediments does not produce significant alteration of the NRM.  

Normalized intensity records of sedimentary natural remanent magnetization 

(NRM) are often used as the relative paleointensity proxies of the geomagnetic field. 

Normalization is usually carried out by using ARM, ARMAQ, IRM, or magnetic 

susceptibility to compensate for changes in magnetic concentration of remanence 

carrying grains. Two RPI proxies were calculated for the IODP Site U1304 records: 

slopes of the best-fit line of the NRM versus ARM demagnetization data for 20-60 mT 

peak field range, and NRM demagnetization data for 20-60 mT peak field range versus 

ARMAQ acquired in 20-60 mT peak field range. The slope calculation is accompanied 
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by linear correlation coefficients (R values) that indicate the quality of linear fit of each 

slope. RPI estimates were made at 1-cm intervals throughout the sediment sequence. 

The two RPI proxies are very similar to each other, with associated linear correlation 

coefficients close to 1 (Figure 6-8). The intervals where R values depart from 1 appear 

to correlate with diatom-rich intervals. This is consistent with the observation that MAD 

values associated with the component direction calculations for diatom-rich intervals are 

higher than that for non-diatom interval samples (Figure 6-5), indicating slightly lower 

efficiency of NRM recording for samples from the diatom-rich intervals. The overall 

small departures (<0.01) from 1 for almost all samples indicate that even for samples 

from diatom-rich intervals, high quality RPI estimates were obtained. The R values 

associated with the NRM versus ARMAQ slopes (red circles in Figure 6-8) are generally 

closer to 1 than R values for the NRM versus ARM slopes (blue circles in Figure 6-8), 

indicating NRM versus ARMAQ slopes represent a higher quality RPI estimates. The 

NRM versus ARMAQ slopes are therefore used as the RPI record for IODP Site U1304. 

Two magnetic excursion events were recorded at IODP Site U1304 during the 

Matuyama Chron in the 149.22-149.38 mcd and 220.83-221.01 mcd intervals (Figure 6-

5 and 6-6). Orthogonal projections of the NRM demagnetization data in the two intervals 

clearly show positive inclination components at high peak field demagnetization steps 

(Figure 6-6). The excursion in the 149.22-149.38 mcd interval occurs between the top of 

Jaramillo (164.5 mcd) and the Brunhes/Matuyama boundary (139.1 mcd, Figure 6-5). 

Only two magnetic excursions were well documented within this time interval: the Santa 

Rosa excursion and the Kamikatsura excursion (see Laj and Channell, 2007). This 

excursion apparently corresponds to a dramatic RPI minimum that is the younger of the 
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two dominant RPI minima between the top of Jaramillo and the Brunhes/Matuyama 

boundary (Figure 6-8). This excursion is hence likely to be the Kamikatsura excursion. 

Although clearly manifest in the orthogonal projections (Figure 6-6), the Kamikatsura 

excursion is not particularly obvious in the declination/inclination plot of Figure 6-5, 

because the component directions for this figure are calculated using a uniform 

demagnetization interval (20-80 mT) that does not adequately capture the component 

representing the excursion. Assuming a uniform sedimentation rate between the top of 

Jaramillo and the Brunhes/Matuyama boundary, and utilizing the ages of 990 ka and 

775 ka from Channell et al. (2009) for the top of Jaramillo and the Brunhes/Matuyama 

boundary, respectively, would yield an age of ~861 ka for the this excursion, close to the 

Kamikatsura excursion ages of 866 ka and 899 ka reported by Singer et al. (1999, 

2004), respectively. The excursion in the 220.83-221.01 mcd interval occurs below the 

Cobb Mountain subchron (Figure 6-5), and is also accompanied by a dramatic 

paleointensity minimum. Assuming uniform sedimentation rate between the top of Cobb 

Mountain (187.8 mcd) and the top of Olduvai (262 mcd, base on shipboard data), and 

adopting the ages of 1185 ka (Channell et al., 2009) and 1770 ka for the two reversals, 

yield an age of 1446 ka for this excursion, comparable to the ages of 1472-1478 ka 

reported for the Gardar excursion in ODP Sites 983 and 984 (Channell et al., 2002).   

Paleointensity-Based Age Model and Detection of Orbital Periods in the RPI 
Record 

Preferably, the age model for IODP Site U1304 would be established using the 

combination of stable oxygen isotope record (in process by Prof. Dave Hodell at 

Cambridge) and the paleomagnetic directional and intensity records. While we await the 

oxygen isotope record, a tentative age model can be established by correlating the RPI 
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record of IODP Site U1304 to the recently constructed PISO-1500 RPI stack record 

(Channell et al., 2009). The correlation was made automatically following the dynamic 

programming method by Lisiecki and Lisiecki (2002). The RPI records were normalized 

to have 0 mean and standard deviation of 1 prior to the “matching”. The following ties 

points were used for the correlation. From the available oxygen isotope data for IODP 

Site U1304 (Hodell et al., 2009): 17.74 mcd is tied to 118 ka and 22.57 mcd is tied to 

128 ka. From the component inclination record: the Brunhes/Matuyama boundary 

(139.1 mcd), the Kamikatsura excursion (149.3 mcd), top (164.5 mcd) and base (176 

mcd) of Jaramillo subchron, the top (187.8 mcd) of Cobb Mountain subchron, and the 

Gardar excursion (220.9 mcd) were tied to the corresponding ages in Channell et al. 

(2009), i.e., 775 ka, 888 ka, 990 ka, 1071 ka, 1185 ka, and 1463 ka, respectively. The 

resulting age model yields a RPI record comparable to the PISO-1500 RPI stack record 

(Figure 6-9), even in diatom-rich intervals such as that between 550-600 ka, further 

indicating that diatom-richness does not debilitate the reliability of paleointensity 

information from the sediments. According to this paleointensity based age model, the 

sedimentation rate at IODP Site U1304 varies between ~5-45 cm/kyr, with a mean value 

close to 20 cm/kyr (Figure 6-10). High sedimentation rate appear to correlate with 

interglacial intervals, and diatom-rich intervals seem generally accompanied by elevated 

sedimentation rates (Figure 6-10).  

In recent years, orbital periods, with ~100 kyr and/or ~41 kyr periods, have been 

detected in RPI records from both the Atlantic (e.g., Channell et al., 1998) and the 

Pacific oceans (e.g., Yamazaki, 1999; Yamazaki and Oda, 2002) using either power 

spectral methods or wavelet analyses, and have been considered evidence for orbital 
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influence on the geodynamo. Teanby and Gubbins (2000) discussed the possibility of 

orbital periods in RPI being caused by aliasing of the geomagnetic signal by coarse 

sampling of the field. Wavelet analyses of records from ODP Site 983 indicated that 

orbital periods in the RPI record are probably due to the influence of lithologic variations 

(Guyodo et al., 2000). Furthermore, Xuan and Channell (2008b) suggest that orbital 

periods may have been introduced into the NRM records (and not adequately 

normalized in RPI calculations) through orbital control on the bottom current velocity, 

which in turn controls magnetic grain size distribution at the sites. Assuming a red noise 

background, spectral analysis was performed directly on the unevenly spaced IODP 

Site U1304 RPI record, using REDFIT developed by Schulz and Mudelsee (2002). The 

95% and 99% confidence levels (CL) were estimated using both the theoretical first-

order autoregressive model (dashed green and red lines in Figure 6-11) and Monte 

Carlo (1000 runs) methods (solid green and red lines in Figure 6-11). Clearly, none of 

the orbital frequencies (vertical dashed lines in Figure 6-11) appears to be significant in 

the IODP Site U1304 RPI record. Wavelet analyses with significance tests were 

performed on IODP Site U1304 RPI record and the PISO-1500 RPI stack record to find 

out whether there are any significant orbital periods during certain time intervals of the 

RPI records, and how coherent the two RPI records are in time-frequency space. The 

RPI record from Site U1304 was interpolated to have same time axis as the PISO-1500 

RPI stack record. Local wavelet power spectra of the IODP Site U1304 RPI record and 

the PISO-1500 RPI stack record show very similar features (Figure 6-12A and B), with 

no significant power on any orbital periods and no significant common power on orbital 

periods (Figure 6-12C). The squared wavelet coherence (WTC) between the two RPI 
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records indicate that the two RPI records are significantly coherent on the ~10-500 kyr 

period range for almost the whole time span (Figure 6-12D). The lower limit (~10 kyr) of 

this period range may provide a measure of achievable resolution for correlating these 

RPI records.  

Conclusions 

Rock magnetic studies indicate that magnetic concentrations from diatom-rich 

intervals are about two magnitudes lower than for the non-diatom intervals, and 

magnetic grain sizes tend to be finer in diatom-rich intervals. U-channel NRM 

measurements at IODP Site U1304 yield a high resolution paleomagnetic record for 

almost the entire sediment sequence down to ~224 mcd (~1.5 Ma). The generally low 

(<5°) MAD values associated with the component direction calculation, the similarity 

between distribution patterns of component inclinations (in the Brunhes) calculated for 

samples from diatom-rich and non-diatom intervals, the overall small departures of R 

values from 1 that accompany the RPI estimates, and the comparability between RPI 

records from diatom-rich intervals and the PISO-1500 RPI stack record from the same 

time interval, indicate that diatom richness does not debilitate the reliability/efficiency of 

acquiring paleomagnetic directional and intensity records from the sediments deposited 

at IODP Site U1304. Component direction records unambiguously reveal the 

Brunhes/Matuyama boundary, the Jaramillo subchron, and the Cobb Mountain 

subchron at IODP Site U1304, with two additional events that we interpret as 

representing the Kamikatsura excursion and the Gardar excursion. According to the 

paleointensity based age model, diatom-rich intervals appear to be generally 

accompanied by elevated sedimentation rates. Spectral analysis and wavelet analyses 

fail to reveal significant orbital periods in the RPI record. The IODP Site U1304 RPI 
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record is significantly coherent with the PISO-1500 RPI stack in the ~10-500 kyr period 

range. The lower limit of this period range possibly indicating achievable resolution for 

correlating RPI records with these mean, but very variable, sedimentation rates.  
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Figure 6-1.  Location of IODP Site U1304 and other sites drilled during IODP Expedition 
303. 
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Figure 6-2.  Hysteresis ratios measured from IODP Site U1304 sediments plotted on a 
Day plot (Day et al., 1977). SD: single domain; PSD: pseudo-single domain; 
MD: multi-domain. 

  



 
Figure 66-3.  Anhystteretic suscceptibility (κ

 

132 

κARM) plottedd against volume susc

 

ceptibility (κκ). 
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Figure 6-4.  Cores splice image, diatom distribution, and magnetic concentration 

measurements including volume susceptibility, ARM intensity (after 
demagnetization at peak field of 35 mT), ARM acquisition intensity (acquired 
in demagnetization peak field of 35 mT with a 50 µT DC bias field), and IRM 
intensity (after demagnetization at peak field of 35 mT). Disseminated diatom 
intervals are represented by half length of diatom intervals.  
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 Figure 6-5.  Component NRM inclination and declination with maximum angular 

deviation (MAD) calculated for the 20-80 mT peak alternating field 
demagnetization range, compared to diatom distribution. Declinations were 
corrected using “tensor” core orientation data where available (green circles), 
and using rotation of entire cores (red circles) so that the mean declination is 
oriented North or South for positive and negative inclination intervals, 
respectively.  



 

135 

 

 
Figure 6-6.  Orthogonal projections of NRM demagnetization data for representative 

samples from clay-rich intervals and diatom-rich intervals, and for samples 
from the two recorded magnetic excursion intervals (i.e., Kamikatsura and 
Gardar). Circles (red) and squares (blue) denote projection on vertical and 
horizontal planes, respectively. Unit for intensity scale is mA/m. 



 

136 

 

Figure 6-7.  Histograms of component inclination values within the Brunhes Chron for 
samples from diatom-rich intervals (right) and non-diatom intervals (left).  
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 Figure 6-8.  Slopes and accompanying linear correlation coefficients (R values) for 

NRM versus ARM demagnetization data (blue) and for NRM versus ARMAQ 
demagnetization data (red), compared to diatom distribution.   
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Figure 6-9.  Volume susceptibility, component NRM inclination, and slopes of NRM 
versus ARMAQ (as a RPI proxy) of IODP Site U1304, compared to the PISO-
1500 RPI and oxygen isotope stack records (Channell et al., 2009). 
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Figure 6-10.  Depth-age curve and sedimentation rates for IODP Site U1304 according 

to the paleointensity-based age model, compared to diatom distribution at the 
site and the PISO-1500 oxygen isotope stack record (Channell et al., 2009).  
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Figure 6-11.  Power spectrum of the IODP Site U1304 relative paleointensity record 
(blue). REDFIT (Schulz and Mudelsee, 2002) is used for spectral analyses of 
the unevenly spaced RPI record after applying the age model. The 95% 
(green) and 99% (red) confidence levels (CL) were estimated using both the 
theoretical first-order autoregressive model (dashed lines) and Monte Carlo 
(1000 runs) methods (solid lines). Orbital frequencies at 1/400, 1/100, 1/41, 
and 1/23 kyr-1 are marked by vertical dashed lines.  
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Figure 6-12.  A) Local wavelet power spectrum (LWPS) of the IODP Site U1304 RPI 

record, B) LWPS of the PISO-1500 RPI record (Channell et al., 2009), C) 
cross-wavelet power spectrum (|XWT|) of the IODP Site U1304 and the 
PISO-1500 RPI records, D) squared wavelet coherence (WTC) between the 
IODP Site U1304 and the PISO-1500 RPI records. Values of normalized 
wavelet power, cross-wavelet power, and squared wavelet coherence are 
indicated using different colors on LWPS, |XWT|, and WTC maps (with blue to 
red indicating increasing values). The 5% significance level against red noise 
is shown as thick contours in all figures. The cones of influence (COI) where 
edge effects make the analyses unreliable are marked by areas of crossed 
lines. In C) and D) the relative phase relationship is shown as arrows (with in-
phase pointing right, anti-phase pointing left, and first signal leading the 
second 90◦ pointing straight up). Orbital periods of 400kyr, 100 kyr, 41 kyr, 
and 23 kyr are marked by white dashed lines from bottom to top on the 
vertical axes.  
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CHAPTER 7 
SELF-REVERSAL AND APPARENT MAGNETIC EXCURSIONS IN ARCTIC 

SEDIMENTS  

Introduction 

Piston cores from the Arctic and Norwegian-Greenland Sea have presented a 

stratigraphic challenge due to the lack of biogenic carbonate (foraminifera) for isotope 

analyses and poorly constrained biostratigraphies. As explained by Backman et al. 

(2004), the Arctic Ocean was considered a sediment starved basin with mm/kyr scale 

sedimentation rates based largely on the interpretation of magnetostratigraphic records 

in which the Matuyama-Brunhes boundary was often placed ~1mbelow seafloor (e.g., 

Steuerwald et al.,1968; Clark,1970). Since the 1980s, higher (cm/kyr scale) 

sedimentation rates have become evident throughout the Arctic oceans from 

radiocarbon dates, and biostratigraphic observations (e.g., Markussen et al., 1985). 

These revised ages resulted in radical change in magnetostratigraphic interpretations, 

with records from the Arctic Ocean and Norwegian–Greenland Sea being interpreted to 

exhibit intervals of negative inclination (excursions) within the Brunhes Chron (Løvlie et 

al., 1986; Bleil and Gard, 1989; Nowaczyk and Baumann, 1992; Nowaczyk et al., 1994; 

Nowaczyk and Antonow, 1997; Nowaczyk and Knies, 2000). Excursion ages, derived 

from outside the Arctic, have then been adopted as age control points in Arctic cores. 

The paucity of corroborating stratigraphic information in the Arctic and Norwegian– 

Greenland Sea results in a high degree of freedom in labeling the apparent magnetic 

excursions. 

In 2004, the Integrated Ocean Drilling Program (IODP) Arctic Coring Expedition 

(ACEX) focused the resources of IODP on drilling on the crest of the Lomonosov Ridge 

(Figure 7-1) (Backman et al., 2006). In a recent ACEX age model (Backman et al., 



 

143 

2008), the authors broke with tradition and constructed their age model without using 

paleomagnetic data, apart from one (Paleocene) polarity reversal. Backman et al. 

(2008) were circumspect about the magnetic data and concluded that: “the occurrence 

of these high frequency polarity changes in the Neogene ACEX sediment sequence 

may represent either distortions of the paleomagnetic record or the genuine behavior of 

the geomagnetic field in this part of the Arctic Ocean”. The ACEX NRM inclination 

record (after 40 mT peak field demagnetization) indicates an upper 4.6 m of 

predominantly steep positive inclinations interspersed with few cm scale events where 

the inclination values are negative (O'Regan et al., 2008). The few cm thick events were 

correlated to the Mono Lake excursion (~33 ka), the Laschamp excursion (~41 ka), and 

the Norwegian-Greenland Sea excursions at 55 and 66 ka. These age assignments are 

consistent with four radiocarbon ages and the presence of a few specimens of E. 

huxleyi at 1.91 mcd (meters composite depth), interpreted as indicative of MIS5 (Cronin 

et al., 2008). Below this uppermost 4.6minterval, well-defined zones of steep positive 

and steep negative inclinations are interspersed, with the uppermost negative inclination 

interval associated with the Biwa II magnetic excursion at ~240 ka (O'Regan et al., 

2008). In comparing the ACEX inclination record below ~4.6 m depth with the inclination 

record in neighboring Cores PS-2186-6 and 96/12-1PC, O'Regan et al. (2008) state: 

“the overall similarity in the excursion patterns at these and other Arctic sites suggests 

they record synchronous variations in the global dipole field. However, once these cores 

have been stratigraphically aligned using sediment physical properties, it becomes 

apparent that inclination changes are not necessarily synchronous”.  
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In the last 20 years, the revelation of numerous polarity excursions within the 

Brunhes and Matuyama Chrons has been one of the most important developments in 

paleomagnetism. Following Champion et al. (1988), who made the case for 8 

excursions within the Brunhes Chron, the number of excursions in the Brunhes Chron 

has proliferated to 12-15 although only about seven Brunhes-aged excursions have 

been adequately documented and age calibrated (Lund et al., 2006; Laj and Channell, 

2007). The recording of magnetic excursions is uncommon because their brief duration 

restricts them to sedimentary sequences characterized by high fidelity magnetic 

recording and sedimentation rates in excess of ~10 cm/kyr (Roberts and Winklhofer, 

2004). In the Arctic Ocean and Norwegian-Greenland Sea, cores with mean 

sedimentation rates that are an order of magnitude lower have apparently recorded 

numerous excursions. For example, the ACEX mean sedimentation rate for the Brunhes 

Chron is estimated to be 1.8 cm/kyr (O'Regan et al., 2008) with a Brunhes Chronozone 

thickness of 14.3 m. Outside the Arctic and Norwegian-Greenland Sea, the thickness of 

the Brunhes Chronozone exceeds 80 m in sections where Brunhes excursions have 

been observed. The better estimates of excursion duration from the North Atlantic lie in 

the few (1-3) thousand-year range (e.g. Laj et al., 2000; Lund et al., 2005; Channell, 

2006). Sediment cores from the Arctic Ocean and Norwegian-Greenland Sea usually 

yield longer duration estimates for geomagnetic excursions. For example, assuming the 

labeling of excursions in the Arctic region is correct and adopting excursion ages 

determined outside the region, the Mono Lake, Laschamp and Blake excursions have 

apparent durations of 15, 20 and 26 kyr, respectively, in Yermak Core PS2212 

(Nowaczyk et al.,1994). A related anomaly common to these high latitude cores is that 
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the cumulative percentage thickness of zones of negative inclination is far greater than 

expected. For example, zones of negative inclination occupy ~50% of the recovered 

sedimentary sequence in Fram Strait Core PS1535 (Nowaczyk and Baumann, 1992; 

Nowaczyk and Frederichs, 1999) and N50% for the top 4 m of the section interpreted to 

represent the last 120 kyr in Core PS2212 from the Yermak Plateau (Nowaczyk et 

al.,1994). Fortuitous fluctuations in sedimentation rates have to be invoked to explain 

these “amplified” excursion records. 

Magnetic Properties of Core HLY0503-6JPC 

The natural remanent magnetization (NRM) of one of the cores (Core HLY0503-

6JPC at 78° 17.6’N and 176° 59.2’W) taken from the Mendeleev Ridge (Figure 7-1) 

during the Healy-Oden Trans-Arctic Expedition 2005 (HOTRAX) expedition is 

characterized by negative component inclinations within the uppermost few meters of 

the core (Figure 7-2). The sediments comprise brown to yellow-gray silts and silty-clays 

with occasional sandy layers. The chronology of sedimentation on the Mendeleev Ridge 

is based on amino acid racemization with accompanying radiocarbon ages, and sparse 

biostratigraphic data. The mid-Brunhes Chron at 300 ka is estimated to lie at ~5mdepth 

in Core HLY0503-6JPC and other HOTRAX cores collected from the Mendeleev Ridge 

(Polyak et al., 2004; Kaufman et al., 2008), consistent with few-cm/kyr scale 

sedimentation rates (Backman et al., 2004). The important point for the purposes of this 

paper is that the entire 5 m represented in Figure 7-2 constitutes sediment deposited 

during the Brunhes Chron.  

The NRM data were partly acquired from u-channel (2×2×150 cm3) samples. The 

NRM of each u-channel was measured at 1 cm intervals before demagnetization and 

after alternating field (AF) demagnetization at 14 steps in the 10-100 mT peak field 
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range. For each step, the samples were measured after two demagnetization 

sequences for the X, Y and Z sample axes. The first XYZ demagnetization sequence 

was followed by measurement, and then the ZXY demagnetization sequence was 

followed by repeat measurement at the same demagnetization step. The purpose of the 

procedure was to monitor any spurious anhysteretic remanence (ARM) acquisition 

during AF demagnetization. AF-derived NRM component magnetization directions 

include several intervals of negative component inclination, with inclinations generally 

lower than the expected inclination (84°) for a geocentric axial dipole field at the site 

(Figure 7-2). The component magnetization directions, isolated in the 20-80 mT peak 

field range using the standard procedure (Kirschvink, 1980), are reasonably well-

defined (Figure 7-3) as indicated by maximum angular deviation (MAD) values often 

less than 10° (Figure 7-2). Choosing a different demagnetization range, other than 20-

80 mT, would not appreciably change the result, and by using a uniform 

demagnetization range, the MAD values serve to indicate the variation in definition of 

the component direction. Note that the directions are not dependent on the 

demagnetization sequence (XYZ or ZXY), ruling out appreciable influence from spurious 

magnetizations acquired during the AF demagnetization process (Figure 7-2).  

Ten discrete samples (approximately 2×2×2 cm3) were collected from both 

positive and negative inclination intervals of the u-channel used for AF demagnetization 

experiments (Figure 7-2). Isothermal remanent magnetizations (IRM) acquired in DC 

fields of 1.2 T, 0.5 T, and 0.1 T were imposed along three orthogonal axes of the 

discrete samples (method of Lowrie, 1990). Thermal demagnetization of each 

orthogonal component indicates that the samples are dominated by soft and medium-
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coercivity IRM components (Figure 7-4). The low- and medium-coercivity IRMs, 

acquired in 0.1 T and 0.5 T fields, respectively, have a maximum blocking temperatures 

(580 °C) indicative of magnetite. An abrupt drop in intensity for the medium-coercivity 

fraction below 300 °C (Figure 7-4) is interpreted to indicate the presence of 

(titano)maghemite, that loses its remanence due to inversion at temperatures above 

250 °C (Readman and O'Reilly,1970,1972; Özdemir,1987). An alternative explanation, 

the presence of magnetic iron sulfides, can be discarded based on the oxidized nature 

of these red-brown sediments, the lack of evidence for iron sulfides from X-ray 

diffraction, scanning electron microscopy (SEM), and gas chromatography for the 

detection of sedimentary sulfur performed at Old Dominion University by C. Lingle and 

D. Darby using the very sensitive methods described by Cutter and Oatts (1987). 

Samples from intervals characterized by negative NRM inclination components (red in 

Figure 7-4) have a higher proportion of the medium-coercivity (titanomaghemite) 

magnetic component.  

Magnetic moment in a 0.5 T field was measured as a function of temperature, in 

helium atmosphere, on a vibrating sample magnetometer (Figure 7-5A) and during 

thermal cycling (Figure 7-5B). The decrease in moment below 300 °C and below 580 °C 

(Figure 7-5A) can be associated with the presence of titanomaghemite and magnetite, 

respectively. The increase in magnetic moment on cooling from temperatures above 

400 °C (Figure 7-5B) is associated with inversion of titanomaghemites to intergrowths of 

Ti-poor spinel (magnetite) with a Ti-rich rhombohedral phase near ilmenite (Readman 

and O'Reilly, 1970, 1972; Özdemir and Banerjee, 1984; Özdemir, 1987; Krasa and 

Matzka, 2007; Soubrand-Colin et al., 2009). The inversion of titanomaghemite to a more 
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magnetic (magnetite) phase in this temperature range is more likely than the possibility 

of a restricted titaniumcontent in titanomagnetite as the cause for the observed 

decrease in magnetization at ~300 ° C (Figure 7-4 and 5).  

On monitoring of magnetization at low temperatures (Figure 7-6), evidence for a 

suppressed Verwey transition at ~120 K, in samples from both positive and negative 

inclination intervals, is consistent with the presence of magnetite and maghemite. The 

maghematization of magnetite suppresses the Verwey transition relative to its 

appearance in the unoxidized magnetite, and the transition is likely to be smeared over 

a wider range of temperatures (say 70-120 K) than for stiochiometric magnetite 

(Özdemir et al., 1993).  

Thermal demagnetization of the NRM was carried out on discrete (8 cm3) 

samples, collected alongside the u-channel samples in plastic cubes. The NRM was 

measured without demagnetization, and then  rom the plastic containers, and wrapping 

in Al foil for thermal treatment. Magnetization directions were found to be consistent 

before and after drying and wrapping. Thermal demagnetization revealed NRM 

components with negative inclination that have blocking temperatures largely, but not 

entirely, below 300 °C (Figure 7-3). This negative inclination component is 

superimposed on a higher blocking temperature component with maximum blocking 

temperatures up to 600 °C that usually has positive inclination and may represent the 

direction of the geomagnetic field close to the time of sediment deposition. For one 

sample shown in Figure 7-3 (at 0.91 m), the negative inclination component appears to 

have blocking temperatures up to 500 °C. These observations implies that the negative 
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inclination components resolved by AF demagnetization (Figs. 2 and 3) are carried by 

the mineral (titanomaghemite) that has blocking temperatures largely below 300 °C.  

As the sediment was deposited in the Brunhes Chron, the negative inclination 

component, apparently carried by titanomaghemite, may have been generated by 

partial self-reversal. The thermo-magnetic experiments (Figs. 4 and 5) indicate that the 

presence of titanomaghemite is not restricted to zones characterized by negative 

inclinations (Figure 7-2). Note that the zones of negative inclination correspond to 

intervals of low NRM intensity (Figure 7-2), implying the presence of antiparallel 

magnetization components in these intervals. In summary, zones with negative 

component inclination as revealed by AF demagnetization generally show, on thermal 

demagnetization, positive inclination components with higher blocking temperatures 

superimposed on negative inclination components with lower blocking temperatures. 

The coercivity spectra of titanomagnetite and titanomaghemite overlap, but blocking 

temperature spectra of the two phases are distinct.  

XRD and SEM Observations  

Magnetic extracts were made by dispersing a small amount of sediment (~30 g) in 

a sodium metaphosphate solution, and using a magnetic finger (comprising a string of 

rare earth magnets in a glass test tube) to repeatedly separate magnetic particles. 

Centrifuging with a heavy liquid (sodium polytungstate with density 2.84 g/cc) was used 

to refine the extract. Extracts were washed using water, then methanol, and dried for 

scanning electron microscopy (SEM) using a Zeiss EVO microscope and EDAX 

(Genesis) energy dispersive analysis. Images and EDAX analyses indicate the 

presence of micron-sized titanomagnetite/titanomaghemite grains with varying amounts 

of titanium and compositions in the x=0.35–0.65 range, with ancillary quartz and sphene 
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(Figure 7-7). The larger Fe–Ti rich particle in Figure 7-7 shows indications of 

compositional zoning.  

X-ray diffraction (XRD) for unheated magnetic separate, and magnetic separate 

heated to 700 °C, indicate peaks, calibrated using a silica standard, corresponding to 

magnetite/maghemite and quartz (Figure 7-8). The XRD peak at 2θ = 35.63° for the 

unheated separate lies close to the peak for (titano)maghemite derived from the [113] 

diffraction plane. The 2θ value (35.63°) is larger than the 2θ value for magnetite 

standards (35.42°), and the peak is shifted to lower values of 2θ (by ~0.3°) after heating 

the separate, consistent with (titano)maghemite in the unheated sample being inverted 

to magnetite in the heated sample. The diffraction peaks close to 2θ =57.0°–57.5° and 

62.5°–63.5° (Figure 7-8) are derived from the [115] and [440] diffraction planes of 

magnetite/maghemite, respectively. Based on comparison with standards for magnetite 

(where 2θ =56.943° and 62.515°) and maghemite (where 2θ =57.271° and 62.925°), the 

peaks are consistent with mixtures of titanomaghemite and titanomagnetite. Both peaks 

are shifted to lower values of 2θ on heating (again by about 0.3°) consistent with the 

inversion of (titano)maghemite to low-Ti magnetite (Figure 7-8).  

The asymmetric shape of the three diffraction peaks A, B and C (Figure 7-8) is 

interpreted to indicate the co-existence of (titano)maghemite and (titano)magnetite in 

both the unheated and heated samples. We attempt to model the diffraction peaks, 

using pseudo- Voigt functions, to derive two components which best fit each of the three 

diffraction peaks (Table 7-1). For the unheated extract, the average lattice parameters 

for the two modeled components (8.3388 Å and 8.3773 Å) indicate high oxidation states 

with zN0.9 (Readman and O'Reilly, 1972). For the heated extract, higher average lattice 
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parameters (8.3781 Å and 8.4230 Å) indicate lower oxidation states (z=0.7 for x=0.6), 

interpreted to be due to partial inversion of titanomaghemite to Ti-poor magnetite on 

heating. 

Self-reversal in Titanomaghemite  

Individual single-domain titanomagnetite grains carrying thermal remanent 

magnetization (TRM) can be statistically aligned in the ambient field during or shortly 

after sediment deposition to yield a detrital remanent magnetization (DRM). Seafloor 

oxidation of the titanomagnetite grains results in the TRM of individual grains being 

partially or completely transformed to a chemical remanent magnetization (CRM) 

carried by titanomaghemite. The oxidation of titanomagnetite to titanomaghemite on the 

seafloor is restricted to sedimentary environments characterized by low accumulation 

rates, such as the red-clay facies of the central North Pacific (Kent and Lowrie, 1974; 

Johnson et al., 1975), where slow burial enables oxidation at the sediment–water 

interface. The CRM of the titanomaghemite is usually considered, based on 

experimental data, to parallel the original TRM of the titanomagnetite grain (Johnson 

and Merrill, 1974; Özdemir and Dunlop, 1985), however, the oxidized phase can 

become magnetized anti-parallel to the host phase due either to a change in the 

balance of anti-parallel moments in the ferrimagnetic sublattices of the spinel structure 

during oxidation, or alternatively by negative magnetostatic interactions between 

magnetic phases. 

Titanohematites and titanomaghemites have been central to models of the self-

reversal phenomena since the 1950s. The best documented model of self-reversal 

involves high temperature exsolution of phases of titanohematite with bulk composition 

near y=0.5. Titanohematites with this bulk composition are rare but include the famous 
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Haruna dacite (Nagata et al., 1952; Uyeda, 1958) and more recently investigated 

examples (e.g. Bina et al., 1999). Models of self-reversal involving titanomaghemite can 

be traced to the “ionic ordering” models of Verhoogen (1956, 1962) in which highly 

oxidized titanomaghemites (with high values of x and z) lead to partial self-reversal of 

chemical remanence (CRM) relative to the remanence direction in the host 

titanomagnetite (O'Reilly and Banerjee, 1966; Schult, 1968, 1971; Ozima and 

Sakamoto, 1971; Readman and O'Reilly, 1970, 1972). The process of low-temperature 

oxidation of titanomagnetite to titanomaghemite can be accomplished by diffusion of 

Fe2+ ions from the B (octahedral) sublattices beginning at the surface of the grain 

(O'Reilly, 1984; Dunlop and Özdemir, 1997). The inverse spinel structure is unchanged 

during oxidation but vacancies develop at the octahedral (B sublattice) sites of leached 

Fe2+ ions. The leached Fe2+ ions are converted to Fe3+, and may be exchange coupled 

at the surface of the grain. During high degrees of low-temperature oxidation, 

ferrimagnetic titanomagnetite with a magnet ically dominant B (octahedral) sublattice 

can be transformed to a titanomaghemite with a dominant A (tetrahedral) sublattice 

moment, aligned anti-parallel to the B sublattice moment. This change is accompanied 

by a decrease in the Fe/Ti ratio.  

In mid-ocean ridge basalts, Doubrovine and Tarduno (2004) associated self-

reversed NRM components, with blocking temperatures below 325 °C, to 

titanomaghemite formed by low-temperature seafloor oxidation. In the case of the Arctic 

sediments studied here, a detrital remanent magnetization (DRM) carried by single-

domain titanomagnetite appears to have been converted by sea floor oxidation to a 

titanomaghemite carrying a partially self-reversed CRM. The apparent stratigraphic 
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correlation of intervals of negative inclination within the Arctic Ocean (e.g. Spielhagen et 

al., 2004; O'Regan et al., 2008) implies that the alteration of detrital titanomagnetite to 

titanomaghemite is lithologically controlled. Organic carbon records from the Arctic 

Ocean and Norwegian–Greenland Sea indicate the dominance of terrigenous organic 

matter, presumably because sea-ice coverage inhibited marine productivity (Ikehara et 

al., 1999; Stein et al., 2003; Expedition 303 Scientists, 2006). The refractory nature of 

the (terrigenous) organic matter in the Arctic region results in the low activity of (sulfate) 

reducing microbes, thereby maintaining oxidizing diagenetic conditions. 

Conclusions 

In Core HLY0503-6JPC from the Mendeleev Ridge, the evidence for self-reversal 

lies in the identification of an authigenic carrier of NRM (titanomaghemite) and the 

observation that this mineral carries an NRM component, isolated by thermal 

demagnetization that is approximately anti-parallel to the NRM of primary 

titanomagnetite. AF demagnetization does not reveal this same antiparallelism (Figure 

7-3), presumably due to overlapping coercivity spectra of the two remanence carriers. 

AF demagnetization generally implies a primary magnetization component carrying 

positive and negative inclinations that mimic polarity zones or excursions (Figure 7-2).  

The presence of titanomaghemite with negative inclinations in this core may be 

relevant to the long-standing problem of interpreting magnetostratigraphies from the 

Arctic Ocean and Norwegian-Greenland Sea. Up to now, AF demagnetization has been 

used exclusively in magnetic studies of marine sediments from the Arctic Ocean and 

Norwegian-Greenland Sea. Due to the similar coercivities of titanomagnetite and 

titanomaghemite, AF demagnetization of these Arctic sediments does not reveal that 

positive and negative inclination components are carried by different mineral phases. As 
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the global record of geomagnetic excursions has improved, the propensity for, and 

duration of, excursions in the Arctic Ocean and Norwegian–Greenland Sea has become 

increasingly anomalous, and requires special characteristics of the geomagnetic field at 

high latitudes for which there is little evidence in the modern field or in numerical models 

of field behavior. For this reason, the evidence for partial self-reversed CRM in Arctic 

sediments from the Mendeleev Ridge has implications for Arctic sediments in general, 

and for diagenetic alteration of titanomagnetite DRM in oxidizing. 
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Table 7-1.  2θ values and estimated lattice parameters (L.P.) for Component 1 and Component 2 derived by modeling of 
the three asymmetric X-ray diffraction peaks (Figure 7-8).  

Samples Components 
  Diffraction plane 

Average 
L.P. (Å) 

[113]  [115]  [440] 
2θ (°) L.P. (Å)  2θ (°) L.P. (Å)  2θ (°) L.P. (Å) 

Heated (700°C) 
magnetic extract 

Comp. 1 35.3124 8.4230  56.7404 8.4230  62.4455 8.4060 8.4173 
Comp. 2 35.5130 8.3768  57.0652 8.3793  62.6478 8.3818 8.3793 

Unheated magnetic 
extract 

Comp. 1  35.5050 8.3787  57.1686 8.3652  62.5946 8.3879 8.3773 
Comp. 2 35.6909 8.3367  57.4112 8.3331  62.9357 8.3467 8.3388 
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Figure 7-1.  Location of Core HLY0503-6JPC and the IODP Expedition 302 (ACEX) 

sites. LR denotes Lomonosov Ridge, MR denotes Mendeleev Ridge. 
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Figure 7-2. Core HLY0503-6JPC: Component declination and inclination with maximum 

angular deviation (MAD) statistic calculated for the 20-80 mT peak alternating 
field range using two demagnetization sequences for the three sample axes: 
XYZ (blue) and ZXY (red). NRM intensity is shown after demagnetization at 
peak fields of 10 mT for the XYZ sequence (blue) and ZXY sequence (red). 
Note that declination values are arbitrary as core was not oriented in azimuth. 
Section breaks are indicated. 
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Figure 7-3.  Orthogonal projection of AF demagnetization (above) and thermal 

demagnetization (below). Peak demagnetizing field ranges are 10-60 mT in 5 
mT steps then 60-100 mT in 10 mT steps. Temperature ranges are 25-600 °C 
in 25 °C steps. Circles (red) and squares (blue) denote projection on vertical 
and horizontal planes, respectively. Declination values are arbitrary as core 
was not oriented in azimuth. Unit for intensity scale is mA/m. Meter levels 
correspond to meter levels in Figure 7-2. 
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Figure 7-4.  Thermal demagnetization of three-axis isothermal remanent magnetizations 

(IRM) imposed orthogonally and sequentially in DC fields of 1.2 T (hard), 0.5 
T (medium) and 0.1 T (soft), for samples collected from intervals showing 
positive (blue) and negative (red) component inclinations. Refer to Figure 7-2 
for positions of the samples. 
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Figure 7-5.  A) Magnetization in a 0.5 T applied field derived from hysteresis loops 

measured at increasing temperatures (in 25 °C steps in an helium 
atmosphere) using a vibrating sample magnetometer (VSM). Values have 
been normalized to the room temperature measurement. B) Magnetization in 
a 0.5 T applied field measured during thermal cycling where red and blue 
lines denote heating and cooling, respectively. The sample was heated in 100 
°C increments during measurement at ~1 °C steps, then cooled by 100 °C 
during further measurement, then heated through 100 °C without 
measurement to the onset temperature of the next heating cycle. Refer to 
Figure 7-2 for positions of samples. 
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Figure 7-6.  A) Saturation remanent magnetization (SIRM), acquired in a 2.5 T field at 

room temperature, on cooling and warming; measured using a magnetic 
properties measurement system (MPMS). Measurements have been 
normalized to the room temperature magnetization of the sample on cooling. 
B) Field cooled (2.5 T), and zero field cooled, low-temperature SIRM 
measured on warming. Measurements have been normalized to the field 
cooled magnetization of the sample at room temperature. Blue and red 
curves denote samples from positive and negative inclination intervals, 
respectively (see Figure 7-2). 
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Figure 7-7.  Energy dispersive (EDAX) elemental mapping of micron-sized grains from 

an unheated magnetic extract. The grains in the image comprise 
titanomagnetite/titanomaghemite, Ti-poor magnetite/maghemite (circled), 
sphene/titanite (Sp) and quartz (Qtz). The total X-ray spectrum acquired 
during the mapping is also displayed, where carbon (C) and aluminum (Al) 
are attributed to background noise from the carbon tape and aluminum stub. 
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Figure 7-8.  X-ray diffraction (XRD) results for unheated magnetic extract (blue) and 

heated (to 700 °C) magnetic extract (red), with higher resolution scans around 
the three peaks (A, B, C) associated with titanomaghemite and 
titanomagnetite. The positions and magnitudes of XRD peaks for magnetite 
(green) and maghemite (orange) standards are indicated. Ancillary peaks are 
associated with quartz (Qtz). Diffraction peaks close to 2θ= 35.7°, 57.4° and 
62.9° are interpreted as composite peaks due to mixtures of 
(titano)maghemite and (titano)magnetite. The displacement of the peaks to 
lower values of 2θ on heating is interpreted as being due to partial inversion 
of titanomaghemite to Ti-poor magnetite. 
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CHAPTER 8 
ORIGIN OF APPARENT MAGNETIC EXCURSIONS IN DEEP-SEA SEDIMENTS 

FROM MENDELEEV-ALPHA RIDGE (ARCTIC OCEAN) 

Introduction  

The significance of the Arctic Ocean in understanding climate change has brought 

increasing geological investigations to the Arctic since the 1960s. Limited biogenic 

productivity and high carbonate dissolution in the Arctic Ocean present a challenge for 

the construction of conventional biostratigraphy and isotopic stratigraphy. Magnetic 

stratigraphy has been important for providing age constraints for Arctic deep-sea 

sediments. Magnetic polarity patterns of sediment cores retrieved from the Northwind 

Ridge (e.g., Poore et al., 1993; Phillips and Grantz, 1997), the Mendeleev-Alpha Ridge 

(e.g., Steuerwald et al., 1968; Hunkins et al., 1971; Herman, 1974; Clark et al., 1980, 

1984; Witte and Kent, 1988), and the Lomonosov Ridge (e.g., Morris et al., 1985; 

Spielhagen et al., 1997) often yielded sedimentation rates on the mm/kyr scale (see 

Figure 8-1 for location of these studied cores). In these studies, negative NRM 

inclinations often occurred at a depth of 1-2 meters below sea floor (mbsf), and were 

commonly interpreted as representing the Brunhes/Matuyama boundary.  

The amino acid epimerization dating from a Mendeleev Ridge core suggested 

cm/kyr scale sedimentation rates (Sejrup et al., 1984) inconsistent with earlier 

paleomagnetic data from the same core by Herman (1974). The cm/kyr scale 

sedimentation rate was later supported by ages provided by radiocarbon dating (e.g., 

Darby et al., 1997), correlating manganese and color cycles to low latitude δ18O records 

(Jakobsson et al., 2000), and  optically stimulated luminescence dating (Jakobsson et 

al., 2003), as well as improved amino acid racemization methods (Kaufman et al., 

2008). These methods were accompanied by poorly constrained biostratigraphic 
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markers, such as the sporadic appearance of E. huxleyi indicative of the late Brunhes 

Chron. It appears that cm/kyr scale sedimentation rates are evident throughout the 

Arctic Ocean (Backman et al., 2004; Spielhagen et al., 2004; Polyak et al., 2009). 

Accordingly, magnetic excursions of Brunhes age have often been invoked to explain 

the negative inclinations observed in the top several meters of the Arctic sediment 

sequences (e.g., Løvlie et al., 1986; Bleil, 1987; Nowaczyk and Baumann, 1992; 

Jakobsson et al., 2000; Nowaczyk et al., 2001; Spielhagen et al., 2004; O'Regan et al., 

2008), and magnetic excursion ages derived from outside the Arctic Ocean were often 

adopted as age control points for Arctic sediments.  

However, there are obvious problems associated with the “excursion” 

interpretation. Due to limited duration of magnetic excursions and smoothing effects of 

the magnetization lock-in process, even sediments with deposition rate >10 cm/kyr 

rarely preserve magnetic excursions (Roberts and Winklhofer, 2004). The Arctic 

sediments appear to be particularly efficient in recording magnetic excursions. 

Furthermore, negative inclination intervals in the Arctic sediments often reach tens of 

centimeters thick implying excursion durations of >10 kyr (e.g., Backman et al., 2008; 

Channell and Xuan, 2009). Excursion durations estimated outside the Arctic region, 

however, are usually < 5 kyr (see Laj and Channell, 2007), comparable with the ~3 kyr 

timescale for diffusive field changes in the Earth’s solid inner core (Gubbins, 1999). 

Fortuitous variations in sedimentation rate have to be invoked to explain the “amplified” 

excursions, and excursions do not always correlate after stratigraphic alignment using 

sediment physical properties (e.g., O'Regan et al., 2008). Jakobsson et al. (2000) noted 

that below their inferred Brunhes/Matuyama boundary in Core 96/12-1pc from the 
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Lomonosov Ridge, inclination patterns cannot be correlated to the geomagnetic polarity 

time scale without introducing major discontinuities in sedimentation rate.  

Paleomagnetic studies (Channell and Xuan, 2009) on Core 06JPC recovered by 

Healy-Oden Trans-Arctic Expedition 2005 (HOTRAX05) to the Mendeleev-Alpha Ridge 

indicated that titanomagnetite and titanomaghemite are the magnetic carriers in the 

sediments. The authors proposed that negative inclinations in the sediments could have 

resulted from a partially self-reversed chemical remanent magnetization (CRM) 

acquired during the oxidation of host titanomagnetite grains to titanomaghemite. In this 

paper, we extend the study of Channell and Xuan (2009) to Cores 08JPC, 10JPC, 

11JPC, and 13JPC (Figure 8-1) along the Mendeleev-Alpha Ridge of the Arctic Ocean 

to further understand the origin of the apparent magnetic excursion in these sediments.  

NRM Measurements  

U-channel samples (typically 2×2×150 cm3) were collected from Cores 08JPC, 

10JPC, 11JPC, and 13JPC recovered by HOTRAX05 to the Mendeleev Ridge and 

Alpha Ridge (Figure 8-1, Table 8-1). The sediments of these cores generally consist of 

dark brown to yellowish or grayish silts and silty-clays with occasional coarse sand 

layers. Natural remanent magnetization (NRM) of each u-channel sample was 

measured at 1 cm intervals before demagnetization and after alternating field (AF) 

demagnetization at 10-14 steps in the 10-100 mT peak field range. For each step, 

samples from Cores 08JPC, 10JPC, and 11JPC were measured after two separated 

demagnetization sequences for the X, Y and Z sample axes to monitor any spurious 

anhysteretic remanence (ARM) acquisition during AF demagnetization. The first XYZ 

demagnetization sequence was followed by measurement, and then the ZXY 

demagnetization sequence was followed by repeat measurement at the same 



 

167 

demagnetization step. For each demagnetization step, only the XYZ demagnetization 

sequence was applied to samples from Core 13JPC. Component magnetization 

directions of these cores were calculated from the 20-80 mT demagnetization peak field 

range using the principle component analysis (PCA) method (Kirschvink, 1980). For the 

uppermost 5 meters, component inclinations of these cores are characterized by 

several negative inclination intervals that reach thicknesses of several tens of 

centimeters (Figure 8-2). The maximum angular deviation (MAD) values associated with 

the PCA calculations are often lower than 10°, especially for Cores 08JPC and 10JPC, 

indicating reasonably well defined component directions (Figure 8-3). However, 

component inclinations of these cores are generally tens of degrees lower than the 

expected inclinations for a geocentric axial dipole field at the coring sites (vertical green 

lines in Figure 8-2). Although a slump or gravity-flow deposit may distort the record 

(e.g., 2.7-3.5 m in Core 08JPC, Adler et al., 2009), slumps are generally not seen in 

these cores. No significant differences were observed between component directions 

calculated using data from the two separate demagnetization sequences (XYZ and 

ZXY, blue and red curves in Figure 8-2 respectively), precluding the possibility of 

negative inclinations being caused by spurious ARM acquisition during AF 

demagnetization.  

Age control for Core 08JPC was obtained from radiocarbon dating (uppermost ~70 

cm), amino acid racemization methods (Kaufman et al., 2008), correlation with cores 

from the Lomonosov Ridge, and correlation of supposed glacial intervals with 

glaciations of the Eurasian Arctic margin (Adler et al., 2009). The uppermost 5 m of 

Core 08JPC was estimated to span the last ~250 kyr. This and other sediment cores 
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from the Mendeleev-Alpha Ridge have been correlated using paleomagnetic inclination 

patterns (of uncertain origin), detrital carbonate abundance, and the top of the 

predominantly brown sediment with an estimated age of ~500 kyr (Polyak et al., 2009). 

This marked color change was recovered at 8-10 mbsf in cores on the southern 

Mendeleev Ridge (e.g., Core 08JPC), and at 4-6 mbsf in cores from the interior of the 

western Arctic Ocean (e.g., Cores 10JPC, 11JPC, and 13JPC). The resulting 

sedimentation rate of ~1-2 cm/kyr is consistent with the cm/kyr scale sedimentation rate 

that has been suggested for this area (e.g., Backman et al. 2004; Spielhagen et al., 

2004). In summary, the top 5 m of the studied cores can be constrained to the Brunhes 

Chron, restricting the observed negative inclinations to magnetic excursions of Brunhes 

age.  

The NRM of discrete (2×2×2 cm3) samples collected in cubic plastic boxes 

alongside the u-channel samples was measured during thermal demagnetization. The 

discrete samples were dried in a magnetically shielded space with flowing helium gas 

before being taken out from the plastic containers and wrapped in Al foil for thermal 

treatment. Magnetizations were monitored before and after the drying and wrapping, 

and no significant differences were found. Magnetizations of the discrete samples were 

then measured after thermal treatments in 25°C steps in the 50-600°C temperature 

range. For samples that show steep positive AF-derived inclinations, samples from the 

same depth level show similar thermal demagnetization behavior (e.g., sample 10JPC 

2.03 m in Figure 8-3). For samples characterized by negative AF-derived inclinations, 

thermal demagnetization often reveals multiple NRM components with negative 

inclination components having blocking temperatures largely below 350°C, but 
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occasionally reaching 500°C (e.g., sample 10JPC 1.91 m in Figure 8-3). The negative 

inclination component is superimposed on a higher blocking temperature (up to 600°C) 

component with positive inclination that may represent the direction of the geomagnetic 

field close to the time of sediment deposition. It appears that the negative inclination 

components, resolved by AF demagnetization (Figures 8-2 and 8-3), are carried by a 

magnetic mineral(s) that has blocking temperatures largely below 350°C. A soft 

component with positive inclinations is also apparent in the 50-175°C demagnetization 

range. This low blocking temperature component could originate from either a viscous 

remanence (VRM) or remanence carried by (multi-domain) grains of the original 

magnetic phase.  

Rock Magnetic Studies 

To identify the magnetic minerals in these sediments, rock magnetic experiments 

have been conducted at high (room temperature to 700°C) and low (20 K to room 

temperature) temperatures at the Institute of Rock Magnetism (IRM) at the University of 

Minnesota. Hysteresis loops were measured at 25°C temperature steps ranging from 

room temperature up to 700°C, in a helium atmosphere, on a vibrating sample 

magnetometer (VSM) for selected samples from Cores 08JPC and 10JPC (see Figure 

8-2). Samples were freeze dried, powdered, cemented, and stuck to a ceramic holder, 

prior to the VSM measurements. Saturation magnetization (Ms) derived from the 

hysteresis loops after slope correction, reveals abrupt drops below 300°C and below 

600°C (Figure 8-4A), indicating two magnetic phases. The coercivity of remanence 

(Hcr) derived from the hysteresis loops show a minimum at ~250°C, followed by a slight 

increase and a small peak at ~400°C (Figure 8-4B). For two samples from Core 08JPC, 

magnetization was monitored at 1°C steps during cooling from 700°C to room 
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temperature, in a 0.4 T field, after heating during hysteresis loop measurements. The 

magnetization acquired during cooling is about one order of magnitude higher than the 

magnetization prior to heating (Figure 8-4C). This dramatic increase of magnetization 

implies that a strongly magnetic phase has been produced during the heating. For 

selected freeze dried bulk sediment samples (see Figure 8-2), room temperature 

saturation isothermal remanences (RT-SIRM), acquired in a 2.5 T field, were monitored 

using a Quantum Designs Magnetic Properties Measurement System (MPMS) on 

cooling to 20 K and warming to room temperature (Figure 8-5A). In addition, field cooled 

(FC) and zero-field cooled (ZFC) low-temperature SIRMs were measured on warming 

from 20 K to room temperature (Figure 8-5B). The FC remanences were measured after 

cooling in a 2.5 T field. For the ZFC remanences, samples were cooled in a zero field, 

and a 2.5 T field was applied at 20 K and then turned off prior to measurement on 

warming. 

The Ms against temperature (Ms(T)) data from Cores 08JPC and 10JPC 

sediments (Figure 8-4A) are similar to those observed from sediments of Core 06JPC 

(Figure 5 in Channell and Xuan, 2009). The abrupt drop of Ms just below 600°C 

indicates the presence of magnetite. This magnetite phase is probably a mixture of the 

original magnetite in the sediments and magnetite that has been produced during the 

heating. A much smaller contribution of magnetite to the IRM remanence (Figure 4 in 

Channell and Xuan, 2009), and the huge increase of magnetization observed during the 

cooling (Figure 8-4C), as well as the suppressed Verwey transition in low temperature 

data (Figure 8-5) suggest that the drop of Ms just below 600°C is mainly due to the 

magnetite produced during heating. Although titanomagnetite could exhibit the abrupt 
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drop in Ms at ~300°C, the titanium content and grain size of titanomagnetite in the 

sediments would need to be very restricted to yield repeatable drops in Ms in the same 

temperature interval (i.e., ~300°C) for different samples. Titanomagnetite in deep-sea 

sediments usually has a range of titanium content and grain size leading to a range of 

unblocking temperatures. We therefore interpret the abrupt drop of Ms at ~300°C to the 

inversion of titanomaghemite. Titanomaghemite is metastable when heated above 250-

300°C, and, when heated up to 600°C, the inversion product typically leads to increased 

Ms due to intergrowths of magnetite, ilmenite and other minerals (Readman and 

O'Reilly, 1972; O'Reilly, 1983; Özdemir, 1987; Dunlop and Özdemir, 1997; Krása and 

Matzka, 2007), explaining the observations in Figure 8-4C. The fact that the abrupt 

increase of magnetization during cooling occurs in a temperature interval (~400-580°C) 

lower than the temperature associated with the magnetization decrease on heating 

(~500-600°C) is consistent with the two stage inversion observed in synthetic 

titanomaghemite samples during heating and cooling (Özdemir, 1987). The minimum in 

Hcr at ~250°C probably indicates the start of the titanomaghemite inversion (Figure 8-

4B). The changes of Hcr during ~250-500°C may represent a blend between the 

generation of the new magnetic phase and the unblocking of pre-existing magnetic 

grains. Partial oxidation of magnetite is known to smear the Verwey transition in 

magnetite from an abrupt drop at ~120 K to a wider temperature range (e.g., Özdemir et 

al., 1993), consistent with our observation in the Arctic sediments (Figure 8-5). 

Titanomaghemite in the Arctic sediments might be produced through low temperature 

oxidation of titanomagnetite. The low sediment accumulation rate (cm/kyr scale) and 



 

172 

low concentration of labile organic matter appear to provide the conditions for diagenetic 

oxidation. 

To further understand the magnetic mineralogy of the sediments, magnetic 

extracts were made from Cores 08JPC and 10JPC using sediments from intervals 

characterized by negative AF-derived NRM inclinations (see Figure 8-2). The extracts 

were made by dispersing ~2×2×10 cm3 sediment (~45 g) taken from the u-channel 

samples in a sodium metaphosphate solution of 4 wt.%, and using an automated 

extraction system to separate magnetic particles. The extraction system is equipped 

with a peristaltic pump so that the sediment slurry can repeatedly flow next to a glass 

tube filled with strong rare earth magnets. The acquired extracts were then intermittently 

washed into a glass container using distilled water until no further extraction was 

achieved. A string of rare earth magnets in a glass test tube was then used to refine the 

extract. Extracts were again washed using distilled water, then methanol, and dried for 

isothermal remanence magnetization (IRM) acquisition measurements. 

IRM acquisitions by the magnetic extracts were measured at one hundred 

equidistant field steps on a logarithmic scale ranging from ~7 mT to 1 T, using an 

alternating gradient magnetometer (AGM) at the University of Florida. Due to the 

expected logarithmic distribution of (magnetic) grain-size, IRM acquired by natural 

samples can be approximated by linear addition of cumulative log Gaussian functions 

(e.g., Robertson and France, 1994). Decomposition of the gradient of IRM acquisition 

curves provides a non-destructive tool for discriminating magnetic phases in natural 

samples (e.g., Kruiver et al., 2001; Heslop et al., 2002). IRM acquisition data of the 

magnetic extracts were analyzed using the method of Heslop et al. (2002). Gradients of 
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the IRM acquisition data plotted on a log scale show apparent asymmetry in shape, 

indicative of multiple coercivity components. Fairly good fitting was achieved by 

modeling the gradient of the IRM acquisition data using two magnetic coercivity 

components (Figure 8-6). Data from magnetic extract of Core 10JPC sediments yields 

two components with mean coercivity of 55.6 mT and 106.6 mT, comparable to 55.5 mT 

and 101.5 mT obtained from Core 08JPC magnetic extracts.  

The low and high coercivity components are consistent with the presence of 

(titano)magnetite and titanomaghemite in the samples, respectively. Theoretical 

modeling has shown that grain-size thresholds for superparamagnetic (SP) to single 

domain (SD), SD to pseudo-single domain (PSD), and PSD to multi-domain (MD) 

behaviors increase with increasing oxidation state (Moskowitz, 1980). Consequently, 

grains with certain size may change their domain state from MD to PSD or SD during 

the oxidation, thereby increasing their coercivities. Elevated coercivity has been 

observed for synthetic SD titanomagnetite grains with increasing oxidation parameter z 

up to ~0.5 (Özdemir and O'Reilly, 1982). Further oxidation seems to cause a decrease 

of coercivity for the synthetic samples. In nature, coercivity of titanomaghemites is 

higher than that of unoxidized titanomagnetites for high z values (Dunlop and Özdemir, 

1997). Increases in coercivity observed in hysteresis loops (e.g., Marshall and Cox, 

1972; Beske-Diehl and Soroka, 1984) or in median destructive field (MDF) from AF 

demagnetization (e.g., Ryall et al., 1977; Peterson and Vali, 1987) are generally seen 

for natural titanomaghemite in ocean basalts with increasing oxidation sate. It is also 

likely that the oxidation of titanomagnetite to titanomaghemite preferentially occurs in 

finer grains that generally have larger surface to volume ratio, leaving the larger grains 
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less altered. Therefore, the titanomaghemite component may tend to have smaller 

grain-size and hence higher coercivity than the titanomagnetite component. 

SEM and XRD Analyses 

 Magnetic extracts spread on a carbon tape were examined under a Zeiss EVO 

scanning electron microscopy (SEM) equipped with Genesis X-ray energy-dispersive 

spectroscopy (EDS) at the University of Florida. Elemental maps were collected on 

micron-sized grain clusters for up to 20 hours using the EDS. The results show a 

number of grains that are rich in O, Ti, and Fe, confirming the presence of 

(titano)magnetite and/or titanomaghemite. Calculation using the total image spectra 

acquired during the mapping yields mean composition parameters with x values of 0.35 

and 0.45 for magnetic extracts from Cores 08JPC and 10JPC, respectively. The Ti 

concentration apparently varies widely from one grain to another (Figure 8-7), with 

calculated Ti composition x ranging from 0.08 and 0.85 (Figure 8-7). The huge C peak 

is due to the carbon tape, and the Si, Al, and O rich grains can be attributed to quartz 

and clay minerals that were not completely removed during the extraction. The collected 

X-ray spectrum and the elemental map for magnetic extracts from Core 08JPC are 

consistent to those of Core 10JPC, implying similar magnetic mineralogy for sediments 

in these cores.  

X-ray diffraction (XRD) analyses were performed on freeze dried bulk sediment 

powders and the magnetic extracts using a Rigaku Ultima IV X-ray diffractometer at the 

University of Florida. Magnetic extracts were placed on a zero background sample 

holder, and the “focusing beam” option was used for all measurements. High resolution 

diffraction patterns were collected from 10-90° 2θ range for the bulk sediment powders, 

and 5-90° 2θ range for magnetic extracts, using a 0.02° step-size and a 10-second 
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count-time for each step. The results for bulk sediments were dominated by quartz and 

dolomite peaks (Figure 8-8A). Detrital carbonate layers with high dolomite contents 

have been noted as a lithostratigraphic feature for sediments across the western Arctic 

Ocean (e.g., Polyak et al., 2009). Magnetic phases in the bulk sediments are not 

detectable from the XRD data due to low concentrations. The two magnetic extract 

samples show very similar diffraction patterns. The major peaks are consistent with a 

synthetic magnetite standard, and the titanomaghemite standard reported from pillow 

basalts of mid-Atlantic Ocean (Xu et al., 1997). Two closely overlapping yet distinct 

peaks that correspond to magnetite (blue lines in Figure 8-8) and titanomaghemite (red 

lines in Figure 8-8) can be recognized for all dominant diffraction planes (Figure 8-8B 

and 8C). Diffraction patterns of magnetic extracts also show peaks corresponding to 

quartz and clay minerals such as kaolinite, consistent with the EDS observation. Higher 

resolution diffraction patterns were collected for magnetic extracts within four 2θ 

intervals (i.e., 29-31°, 34-37°, 42-44.5°, 52-65°) that cover the dominant peaks of 

magnetite and titanomaghemite associated with the [2 2 0], [3 1 1], [4 0 0], [4 2 2], [5 1 

1], and [4 4 0] diffraction planes. A 0.01° step-size and a 20-second count-time were 

used for the analyses. It is clear that the observed peaks on these diffraction planes 

comprise two distinct peaks that fit (titano)magnetite and (titano)maghemite (Figure 8-

8D~G). Calculated lattice parameters (Table 8-2) using the higher resolution XRD data 

give an average value of 8.3945 Å for the (titano)magnetite component and 8.3647 Å for 

the titanomaghemite component, indicating high oxidation states with z > 0.9 (Readman 

and O'Reilly, 1972; Nishitani and Kono, 1983).  
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Discussion 

Thermal demagnetization of the NRM implies that negative inclination components 

resolved by AF demagnetization are carried by a magnetic phase that has blocking 

temperatures largely below 350°C. Rock magnetic studies, SEM and EDS observations, 

and XRD analyses on sediments and magnetic extracts reveals the presence of 

titanomaghemite and (titano)magnetite in these Arctic sediments, consistent with the 

results from Core 06JPC (Channell and Xuan, 2009). The negative NRM inclination 

component is apparently carried by the titanomaghemite that has slightly higher 

coercivity (AF demagnetization) than (titano)magnetite, and blocking temperatures 

(thermal demagnetization) largely below 350°C due to inversion upon heating. Typical 

AF and thermal demagnetization behaviors observed in Figure 8-3 (e.g. that of sample 

10JPC 2.83 m) can be explained using a conceptual model in which coercivity and 

blocking temperature spectra for titanomaghemite and (titano)magnetite components 

are represented as being distributed as gaussian functions (Figure 8-9). Note that the 

low-coercivity and the low-blocking temperature part on the spectra may be susceptible 

to VRM. Titanomaghemite is known to have a propensity for acquisition of VRM (e.g., 

Özdemir and Banerjee, 1981), and Arctic sediment has been noted for their ability to 

acquire VRM that often resists moderately high peak field (up to >20 mT) AF 

demagnetization (e.g., Løvlie et al., 1986; Witte and Kent, 1988). The low coercivity 

(generally <20 mT) and low blocking temperature (<175°C) component with positive 

inclinations (Figure 8-3) may be a VRM or detrital remanent magnetization (DRM) 

carried by the original (titano)magnetite with larger grain-sizes (lower coercivities), or 

more likely, a mixture of the two types of remanences.  
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The excessively large thickness (up to >40 cm) of negative inclination (AF-derived) 

intervals in the studied cores and the lack of a comparable patterns from core to core 

(Figure 8-2) means that the observed negative inclinations cannot be easily ascribed to 

geomagnetic excursions. The negative inclination component carried by 

titanomaghemite could originate as a self-reversed CRM formed during the low-

temperature oxidation of the original detrital (titano)magnetite grains to titanomaghemite 

(Channell and Xuan, 2009). The possibility of self-reversed CRM in titanomaghemite 

has been discussed since 1950s. It has been suggested (Verhoogen, 1956, 1962; 

O'Reilly and Banerjee, 1966) that self-reversal can be accomplished by ionic reordering 

of the two sublattices in titanomagnetite during extreme low-temperature oxidation. Prior 

to oxidation, the B (octahedral) sublattice in titanomagnetite has a higher spontaneous 

magnetization than the A (tetrahedral) sublattice. During the oxidation, cation vacancies 

only form in B sublattice, and the inverse magnetization of the A sublattice could 

eventually become the stronger, causing the self-reversal. Partial and complete self-

reversals have been reported in oceanic basalts (Doubrovine and Tarduno 2004, 

2006a), carried by titanomaghemite with N-type thermomagnetic properties, and were 

attributed to CRM acquired during the oxidation of titanomagnetite by ionic reordering. 

Theoretical models of the maghemitization process (O'Reilly and Banerjee, 1966) and 

studies on compositions of titanomaghemite with/without self-reversal observations 

(Doubrovine and Tarduno, 2005, 2006a, 2006b) suggest that high oxidation states (z ≥ 

0.9) and relatively high Ti contents (x ≥ 0.6) are required to produce natural self-

reversed components. Self-reversal has also been reported in continental basalts 

containing oxidized titanomaghemite (Krása et al., 2005). Reproduction of the self-
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reversals in laboratory thermoremanence leads the authors to preclude any long term 

process such as ionic reordering as the responsible mechanism. The authors explained 

the observed self-reversals by magnetic coupling between the two magnetic phases 

with different blocking temperatures (i.e., titanomagnetite and oxidized 

titanomaghemite), in a close side-by-side assemblage. However, such a mechanism 

often requires specific geometry and magnetic properties of the associated magnetic 

phases, and the formed self-reversed component is carried by the magnetically softer 

titanomagnetite that has lower Curie temperatures, inconsistent with the observations in 

the Arctic sediments studied here.  

 Although relatively low mean Ti contents with estimated mean x values of 0.35 

and 0.45 were obtained from the EDS analyses, the existence of a population of Ti-rich 

iron oxide grains, presumably titanomaghemite, with elevated x values up to 0.85 is also 

apparent (Figure 8-7). Lattice parameters of the titanomaghemite in these Arctic 

sediments, estimated from XRD data (Figure 8-8, Table 8-2), indicate high oxidation 

state (z > 0.9). These observations appear to favor the explanation of the self-reversed 

component carried by titanomaghemite being caused by ionic reordering. It is likely that 

the population of low-temperature oxidized titanomaghemite meets the requirements 

associated with the ionic reordering mechanism, and therefore could have formed a 

self-reversed CRM from the thermal remanent magnetization (TRM) carried by the 

original (titano)magnetite that contributed to the original DRM of the sediments. 

Statistically, the grains that carry the self-reversed CRM would apparently alter (distort) 

the original DRM to a degree that depends on the abundance of affected grains, 

causing the observed negative inclination intervals and the generally shallow 
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inclinations. Stratigraphic correlations of the negative inclination intervals among 

different cores from the Arctic Ocean (e.g., Spielhagen et al., 2004; Backman et al, 

2004; Kaufman et al., 2008; Adler et al., 2009; Polyak et al., 2009) indicate a primary 

lithological control on the degree of alteration, and hence on the position of zones of 

negative inclination.  

Conclusions 

Several lines of evidence lead to the recognition of titanomaghemite and 

(titano)magnetite in these Arctic sediments: 1) Ms(T) curves show abrupt drop below 

300°C and 600°C; 2) a dramatic increase of magnetization during cooling of samples 

heated to 700°C; 3) manifestation of a suppressed Verwey transition in low temperature 

measurements including room temperature SIRM on cooling to 20 K and subsequent 

warming to room temperature, and FC ZFC curves measured on warming from 20 K to 

room temperature. Decomposition of the gradient of IRM acquisition curves measured 

from magnetic extract samples is consistent with the presence of titanomaghemite and 

(titano)magnetite that have slightly different coercivities. Elemental maps collected using 

SEM and EDS on micron-sized grains of magnetic extracts confirm the existence of 

titanomaghemite /(titano)magnetite with various Ti contents. High resolution X-ray 

diffraction patterns of the magnetic extracts fit well with titanomaghemite and magnetite 

standard samples.  

Thermal demagnetization of NRM indicates that negative inclination components 

in these Arctic sediments are carried by titanomaghemite that has blocking 

temperatures largely below 350°C due to inversion. SEM and EDS observation of high 

Ti content titanomaghemite /(titano)magnetite grains with estimated x values of up to 

0.85 , and high oxidation state with z > 0.9 estimated using lattice parameters calculated 
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from the XRD data, provide the conditions for a certain proportion of titanomaghemite 

grains in the Arctic sediments to undergo self-reversal by ionic reordering. Negative 

inclination intervals and the generally shallow inclinations in these studied Arctic cores 

resulted from modifications of the original DRM by a self-reversed CRM carried by 

titanomaghemite formed during diagenesis from host (titano)magnetite grains. 
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Table 8-1.  Location, length, water depth, and age model information for cores studied in this chapter. 
Core Location Latitude Longitude Length Water depth  Age constraints 
HLY0503-08JPC MR 79.593°N 172.502°W  11.88 m 2792 m [1-3] 
HLY0503-10JPC MR 81.226°N 177.194°W 12.72 m 1865 m [3] 
HLY0503-11JPC AR 83.144°N 177.194°W 10.19 m 2644 m [3] 
HLY0503-13JPC AR 84.306°N  160.680°W 12.00 m 1400 m [3] 

MR denotes Mendeleev Ridge, AR denotes Alpha Ridge. [1]: Kaufuman et al., 2008; [2]: Adler et al., 2009; [3] Polyak et 
al., 2009.  
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Table 8-2.  2θ values and estimated lattice parameters (L.P.) for (titano)magnetite and titanomaghemite derived by 
modeling of the 6 high-resolution X-ray diffraction peaks in Figure 8-8D~G.  

Components Parameters Diffraction plane Mean 
[2 2 0] [3 1 1] [4 0 0] [4 2 2] [5 1 1] [4 4 0] 

(titano)magnetite 2θ (°) 30.0595 35.4414 43.0767 53.4418 56.9510 62.5559  
L.P. (Å) 8.4015 8.3933 8.3926 8.3924 8.3948 8.3926 8.3945 

titanomaghemite 2θ (°) 30.1830 35.5376 43.2078 53.7190 57.1725 62.7973  
L.P. (Å) 8.3679 8.3713 8.3683 8.3523 8.3650 8.3636 8.3647 
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Figure 8-1.  Location of Cores 08JPC, 10JPC, 11JPC, and 13JPC retrieved by the 

HOTRAX05, in comparison with location of previously studied nearby cores. 
LR denotes Lomonosov Ridge, MR denotes Mendeleev Ridge, and AR 
denotes Alpha Ridge. Base map data is from international bathymetric chart 
of Arctic Ocean (IBCAO, Jakobsson et al., 2008). Map is processed using the 
GeoMapApp© software. References for previously studied cores listed on the 
map are as following. NW5: Poore et al., 1993; Core 4: Phillips and Grantz, 
1997; T3-67-11: Herman, 1974; Sejrup et al., 1984; T3-67-6 and T3-67-12: 
Hunkins et al., 1971; Witte and Kent, 1988; FL224: Steuerwald et al., 1968; 
Clark et al., 1980; FL270 and FL228: Clark et al., 1980; FL196 and FL199:  
Clark et al., 1984; PS2180 and PS2178: Nowaczyk et al., 2001; LOREX-B8 
and LOREX-B24: Morris et al., 1985; 96/12-1PC: Jakobsson et al., 2000; 
PS2185-6: Spielhagen et al., 1997; ACEX Sites: Backman et al., 2008. 
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Figure 8-2.  Component inclination and declination with maximum angular deviation 

(MAD) calculated for the 20-80 mT peak alternating field range for Cores 
08JPC, 10JPC, 11JPC, and 13JPC. Results calculated using data from XYZ 
and ZXY demagnetization sequence for the three sample axes are in blue 
and red, respectively. Note that Core 13JPC samples were measured using 
only the XYZ demagnetization sequence. Declination values are arbitrary as 
cores were not oriented in azimuth. Gray shaded areas indicate intervals 
where magnetic extracts were made. Red triangles represent depth levels 
where thermally demagnetized samples (Figure 8-3) were collected. Green 
triangles indicate depth levels where low temperature data (Figure 8-5) were 
acquired and orange triangles show depth levels where high temperature 
data (Figure 8-4) were obtained. Vertical green lines are expected inclinations 
for a geocentric axial dipole field at the coring sites. 
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Figure 8-3.  Orthogonal projection of thermal demagnetization (orange heading) for 

discrete cubic (~2x2x2 cm3) samples from Cores 08JPC, 10JPC, 11JPC, and 
13JPC, compared to orthogonal projection of alternating field 
demagnetization (blue heading) for u-channel intervals from the same depth 
level. Circles (red) and squares (blue) denote projection on vertical and 
horizontal planes, respectively. Declination values are arbitrary as cores were 
not oriented in azimuth. Unit for intensity scale is mA/m. Meter levels 
correspond to meter levels of each core as in Figure 8-2.  
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Figure 8-4.  A) Saturation magnetization (Ms) and B) Coercivity of remanence (Hcr) 

derived from hysteresis loops (saturation field of 0.4 T) measured at 
increasing temperatures (in 25 °C steps in an helium atmosphere) using a 
vibrating sample magnetometer (VSM). Values have been normalized to 
saturation magnetization at room temperature. C) Magnetization in a 0.4 T 
applied field measured for two samples from Core 08JPC during heating and 
cooling. Magnetizations during heating were derived from the hysteresis loops 
measured at 25-600°C in 25°C steps. Magnetizations during cooling were 
measured at each ~1°C step. Refer to Figure 8-2 for positions of samples 
from each core.   
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Figure 8-5.  A) Saturation isothermal remanent magnetization (SIRM), acquired in a 2.5 

T field at room temperature, on cooling (open symbols) and warming (closed 
symbols); measured using a Quantum Designs Magnetic Properties 
Measurement System (MPMS). Measurements have been normalized to the 
room temperature magnetization of the samples on cooling. B) Field (2.5 T) 
cooled (FC, open symbols), and zero field cooled (ZFC, closed symbols), low-
temperature SIRM measured on warming. Measurements have been 
normalized to the field cooled magnetization of the samples at room 
temperature.   
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Figure 8-6.  IRM acquisition curves for magnetic extracts from A) Core 08JPC and C) 

Core 10JPC, measured using an alternating gradient magnetometer (AGM), 
and 2-component modeling of the IRM gradient data for magnetic extracts 
from B) 08JPC and D) 10JPC using the method of Heslop et al. (2002). 
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Figure 8-7.  Scanning electron microscopy (SEM) and X-ray energy-dispersive 

spectroscopy (EDS) analyses for micron-sized grains of magnetic extracts 
from A) Cores 08JPC and B) 10JPC sediments. The image comprises 
(titano)magnetite and/or titanomaghemite grains with various Ti contents with 
x values up to 0.85, and clay minerals. The total image spectrum acquired 
during the mapping is also displayed, where the carbon peak is attributed to 
the carbon tape background. 

http://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy�
http://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy�
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Figure 8-8.  X-ray diffraction (XRD) results for A) freeze dried bulk sediment powders from Core 08JPC (black), and 

magnetic extracts from B) Cores 10JPC (gray) and C) 08JPC (green), with (D~G) higher resolution scans 
around the major peaks associated with titanomaghemite and (titano)magnetite. The 2θ positions and 
magnitudes of XRD peaks for synthetic magnetite and titanomaghemite standards are indicated by vertical blue 
and red lines respectively.  
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Figure 8-9.  Conceptual models for the coercivity spectra (left) and the blocking 

temperature spectra (right) that can explain typical alternating field 
demagnetization behavior exhibited by orthogonal projections from Figure 8-
3. In this model, the (titano)magnetite carries a primary magnetization (DRM) 
and the titanomaghemite carries a partially self-reversed CRM. 



 

192 

CHAPTER 9 
PALEOMAGNETIC AND ROCK MAGNETIC STUDIES ON DEEP-SEA SEDIMENTS 

FROM LOMONOSOV RIDGE AND YERMAK PLATEAU 

Introduction  

Conventional piston cores from the Arctic Ocean often record intervals of negative 

magnetic inclinations, particularly in top several meters of the sediment cores. The 

thicknesses of the negative inclination intervals typically reach tens of centimeters. The 

negative inclination intervals have often been interpreted as polarity chrons recorded in 

the sediments implying mm/kyr scale deposition rates (e.g., Steuerwald et al., 1968; 

Clark, 1970; Hunkins et al., 1971; Herman, 1974). When it became clear that cm/kyr 

sedimentation rates were more likely, the negative inclination intervals were attributed to 

magnetic “excursions” within the Brunhes Chron (e.g., Sejrup et al., 1984; Løvlie et al., 

1986). Unusually long durations (>10 kyrs) for these apparent magnetic “excursions” 

and the absence of correlative magnetic excursions in sediments outside the Arctic 

region with much higher deposition rates implies that the observed negative inclinations 

represent special behavior of the magnetic field in the Arctic area, or distortions of the 

paleomagnetic record.  

Studies on sediments from Cores 06, 08, 10, 11, and 13 retrieved by the 2005 

Healy-Oden Trans-Arctic Expedition (HOTRAX05) to the Mendeleev-Alpha Ridge 

recognized titanomaghemite and (titano)magnetite as the magnetic remanence carriers 

(Channell and Xuan, 2009; Xuan and Channell, 2010). Thermal demagnetization of the 

natural remanences (NRM) indicates that low and negative NRM inclinations in these 

sediments are partially carried by titanomaghemite that could have formed during sea 

floor oxidation from original titanomagnetite. The authors proposed that negative 

inclinations in cores from the Mendeleev-Alpha Ridge represent partially self-reversed 
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chemical remanent magnetization (CRM). High Ti contents and high oxidation states 

indicated by the X-ray energy-dispersive spectroscopy (EDS) and X-ray diffraction 

(XRD) data seems to provide the conditions required for partial self-reversal by ionic 

reordering during diagenetic maghemitization. This process appears to have affected all 

HOTRAX05 cores collected from the Mendeleev-Alpha Ridge.  

Thick negative NRM inclination intervals are also commonly observed in top 

several meters of cores recovered from the central Arctic Ocean and Lomonosov Ridge 

(e.g., Jakobsson et al., 2000; Nowaczyk et al., 2001; O'Regan et al., 2008), and close to 

the Yermak Plateau (Nowaczyk et al., 1994; Nowaczyk and Knies, 2000; Nowaczyk et 

al., 2003). These negative inclination intervals have often been interpreted as magnetic 

excursions. It is important to understand whether the negative inclinations reported in 

Brunhes-aged cores from these two areas represent genuine magnetic field behavior or 

whether they are due to partial self-reversal processes similar to that observed in the 

Mendeleev-Alpha Ridge cores. This issue affects the ACEX core (IODP Expedition 302) 

from Lomonosov Ridge where the chronology was partially built on the recognition of 

magnetic excursions (O'Regan et al., 2008). In this chapter, paleomagnetic and rock 

magnetic measurements as well as EDS and XRD analyses were employed to study 

HOTRAX05 Core 20 from the Lomonosov Ridge and Core 22 from the Yermak Plateau, 

to understand the origin of the negative inclinations in these sediments and the regional 

importance of the possible partial self-reversal mechanism. 

Materials and Methods 

The 10.58-m long Jumbo Piston Core (JPC) 20 was retrieved from the Lomonosov 

Ridge at 88º 48.36’N, 163º 34.78’E, in 2654 meter water depth during the HOTRAX05 in 

September 2005 (Figure 9-1). Core 20 is mostly composed of brown to dark brown and 
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lighter colored yellowish (olive, grayish) brown silty clays, clays, and sandy clays, with 

occasional ice rafted debris (IRD). The 13.31-m long JPC 22 was recovered by the 

HOTRAX05 to the Yermak Plateau at 80º 29.39’N, 7º 46.14’E, in 798 meter water depth 

(Figure 9-1), and the core mainly consists of grayish/greenish to dark grey silty clays.  

Continuous u-channel samples (typically 2×2×150 cm3) were collected from 

working halves of Cores 20 and 22. NRM of u-channel samples was measured at 1-cm 

spacing before demagnetization and after alternating field (AF) demagnetization at 14 

steps in the 10-100 mT peak field range, using a 2G Enterprises cryogenic 

magnetometer designed to measure u-channel samples. For each demagnetization 

step, samples from Core 20 were measured after two separate demagnetization 

sequences for the X, Y and Z sample axes to monitor any spurious anhysteretic 

remanence (ARM) acquisition during AF demagnetization. The first XYZ 

demagnetization sequence was followed by measurement, and then the ZXY 

demagnetization sequence was followed by repeat measurement. As no discernable 

affect was observed with differing order of demagnetization, only the XYZ 

demagnetization sequence was applied to samples from Core 22. Susceptibility 

measurements were carried out using a susceptibility track designed for measuring u-

channel samples (Thomas et al., 2002). ARM was acquired in a peak AF of 100 mT and 

a 50 µT DC bias field, and measured prior to demagnetization and after 

demagnetization at 9 steps during the 20-60 mT peak field range.  

Discrete (2×2×2 cm3) samples were collected from Cores 20 and 22 in cubic 

plastic boxes alongside the u-channel samples for NRM measurements during thermal 

demagnetization. The discrete samples were dried in a magnetically shielded space 
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with flowing helium gas before being taken out from the plastic containers and wrapped 

in Al foil for thermal treatment. Magnetizations of the discrete samples were then 

measured after thermal treatments in 25°C steps in the 50-600°C temperature range. 

Ten discrete samples (approximately 2×2×2 cm3) were subsampled from the u-

channels of Cores 20 and 22, after u-channel measurements were completed. The 

samples were from intervals that are characterized by typical positive and negative AF-

derived NRM inclinations. Samples were first dried and wrapped in Al foil in preparation 

for a 3-axis isothermal remanent magnetizations (IRM) thermal demagnetization 

experiment, following the method of Lowrie (1990). IRM was acquired in DC fields of 1.2 

T, 0.5 T, and 0.1 T sequentially along three orthogonal axes of the samples, and then 

the composite IRM was measured before the thermal treatment and after thermal 

treatments in 25°C steps in the 50-600°C temperature range. 

Magnetic extracts were made using sediments from the 0.91-1.02 m, 3.64-3.74 m, 

3.93-4.05 m, and 4.86-4.97 m depth intervals of Core 20, and from the 0.67-0.77 m, 

1.01-1.13 m, 1.93-2.06 m, and 3.43-3.55 m depth intervals of Core 22. The extracts 

were made by dispersing ~2×2×10 cm3 sediment (~45 g) taken from the u-channels 

(after finishing u-channel measurements) in a sodium metaphosphate solution of 4 

wt.%, and using an automated extraction system to separate magnetic particles. The 

extraction system is equipped with a peristaltic pump so that the sediment slurry can 

repeatedly flow next to a glass tube filled with strong rare earth magnets. The acquired 

extracts were then intermittently washed into a glass container using distilled water until 

no further extraction was achieved. A string of rare earth magnets in a glass test tube 
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was then used to refine the extract. Extracts were again washed using distilled water, 

then methanol.  

A proportion of the magnetic extract samples were used for the IRM acquisition 

experiments. IRM of the extracts was measured at one hundred equidistant field steps 

on a logarithmic scale ranging from ~7 mT to 1 T, using an alternating gradient 

magnetometer (AGM). Selected magnetic extracts were spread on a carbon tape and 

examined under a Zeiss EVO scanning electron microscopy (SEM) equipped with 

Genesis EDS. Elemental maps were collected on micron-sized grain clusters in the 

extract samples for up to 20 hours using the EDS. XRD analyses were performed on 

the magnetic extracts using a Rigaku Ultima IV X-ray diffractometer. The extracts were 

placed on a zero background sample holder, and diffraction patterns were collected 

within four 2θ intervals (i.e., 29-31°, 34-37°, 42-44.5°, 52-65°) that cover the dominant 

peaks of standard magnetite and titanomaghemite associated with the [2 2 0], [3 1 1], [4 

0 0], [4 2 2], [5 1 1], and [4 4 0] diffraction planes. A 0.01° step-size and a 20-second 

count-time were used for the analyses. Susceptibility of the magnetic extract samples 

were monitored on heating from room temperature to 700°C and subsequent cooling to 

room temperature, in an argon gas environment, using a KLY-3S Susceptibility Bridge 

equipped with heater. For two extract samples (i.e., extracted from 0.91-1.02 m and 

4.86-4.97 m depth intervals) from Core 20, a second heating and cooling curves were 

measured.  

Results and Discussions 

From u-channel measurements, component declination and inclination with 

maximum angular deviation (MAD) were calculated from the NRM measurements for 

the 20-80 mT demagnetization peak field range, using the principal component analysis 
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method (Kirschvink, 1980). For Core 20 from the Lomonosov Ridge, MAD values are 

generally less than 10°, indicating that the component directions are reasonably well 

defined (Figure 9-2). The inclination record of Core 20 is characterized by several thick 

(up to ~50 cm) intervals of low/negative inclinations in top 10 m of the core, with the first 

significant inclination drop occurring at ~3.4 m depth level. In addition, component 

inclinations of Core 20 are generally tens of degrees lower than the expected inclination 

(vertical green line in Figure 9-2) for a geocentric axial dipole field at the location of 

Core 20. There are no significant differences in component directions calculated using 

data from the XYZ (blue lines in Figure 9-2) and the ZXY (red lines in Figure 9-2) 

demagnetization sequences. Therefore, low/negative inclinations are not be caused by 

spurious ARM acquisition during AF demagnetization. These observations are very 

similar to those of the Mendeleev-Alpha Ridges cores studied by Channell and Xuan 

(2009), and by Xuan and Channell (2010). For Core 22 from the Yermak Plateau, MAD 

values associated with the component direction calculation are mostly less than 5° 

(Figure 9-2), which is much lower than that of Core 20 and the Mendeleev-Alpha Ridge 

cores. Component inclination of Core 22 appears to be less shifted from the expected 

geocentric dipole field value, however, four 10-30 cm thick shallow/negative inclination 

intervals can be observed at ~1 m, ~2.5 m, ~3.5 m, and ~5.5 m depth level of this core 

(Figure 9-2).  

Component inclinations of Core 20 appear to be comparable to inclinations 

observed in other Lomonosov Ridge cores including 96/12-1 (Figure 3 of Jakobsson et 

al., 2000), 2185 (Figure 3 of Spielhagen et al., 2004), and ACEX (Figure 3 of O'Regan 

et al., 2008). Ages of sediments from the central Arctic Ocean provided by correlating 
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manganese and color cycles to lower latitude δ18O records (Jakobsson et al., 2000), 

optically stimulated luminescence dating (Jakobsson et al., 2003), as well as sporadic 

biostratigraphic markers such as E. huxleyi that has late Brunhes age, usually yield >1 

cm/kyr sedimentation rates of the area during the late Brunhes. This is consistent with 

the long-term (last 17 Ma) >1 cm/kyr sedimentation rates derived from the10Be/9Be age 

model (Backman et al., 2008; Frank et al., 2008). Therefore, it is reasonable to expect 

top several meters (e.g., 5 m) of Core 20 to be within the Brunhes Chron, restricting the 

low/negative inclinations to Brunhes aged magnetic excursions or distortion of the 

paleomagnetic record. For instance, the first apparent drop in inclination at ~3.4 m in 

Core 20 was commonly observed in other central Arctic cores, and was often 

interpreted as the Biwa II excursion that has an assumed age of ~240 ka (e.g. O'Regan 

et al., 2008).  

Component inclinations in Yermak Plateau Core 22 mimic those of nearby cores 

1533 and 2212 (Figure 4 of Nowaczyk et al., 1994), and core 2138 (Figure 4 of 

Nowaczyk and Knies, 2000; Figure 3 of Nowaczyk et al., 2003), which have been dated 

using radiocarbon, oxygen isotope stratigraphy, and relative paleointensity correlations. 

In these cores, 3-4 magnetic excursions were reported with durations often reaching 10-

20 kyrs (i.e., Figure 11 of Nowaczyk et al., 1994) after adopting the age models. These 

durations far exceed excursion durations estimated from outside the Arctic where 

excursion durations are typically < 5 kyrs (see Laj and Channell, 2007). The magnetic 

grainsize proxy, κARM/κ, the ratio of ARM susceptibility (ARM intensity divided by the 

ARM bias field) to susceptibility, was calculated for Core 22 using u-channel ARM and 

susceptibility measurements (Figure 9-2). The κARM/κ curve of Core 22 apparently 
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resembles an oxygen isotope record, with finer grains (larger κARM/κ) occurring in 

interglacial intervals. For instance, the κARM/κ peak intervals at ~25 cm and ~5.6 m could 

be correlated to late Holocene and marine isotope stage (MIS) 5, respectively. A similar 

correlation of the κARM/κ magnetic grain size proxy to δ18O has previously been noticed 

by Nowaczyk and Knies (2000) in nearby core 2138. A tentative age model was 

constructed by correlating Core 22 κARM/κ curve to the PISO-1500 oxygen isotope 

stack record (Channell et al., 2009) for the last ~160 kyr (Figure 9-3), using the 

automated dynamic correlation method by Lisiecki and Lisiecki (2002). It seems clear 

that the four low/negative inclination intervals in Core 22 can be constrained to the last 

~130 kyrs, and low/negative inclination intervals appear to occur at paleointensity 

minima (Figure 9-3).  

For both Cores 20 and 22, thermal and AF demagnetization of the NRM for 

samples from the sample depth level show comparable behavior (Figure 9-4), with 

characteristic components generally revealed after 50-175°C thermal treatments or after 

20-30 mT peak field AF demagnetization, respectively. Thermal demagnetization data 

usually show hints of overlapping components on high temperature steps (300-600°C) 

for samples that have either negative (e.g., 22JPC 1.98 m, 20JPC 7.62 m) or shallow 

positive (e.g., 22JPC 2.15 m) AF-derived inclinations. Furthermore, NRM intensities 

monitored during thermal demagnetization (bottom plots in Figure 9-4) clearly show that 

the negative inclination or shallow positive inclination components are often largely 

unblocked below ~300°C. These observations indicate that shallow/negative inclinations 

in Cores 20 and 22 are carried by a magnetic phase that has unblocking temperatures 

largely below ~300°C. Similar results were reported by Channell and Xuan (2009), and 
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by Xuan and Channell (2010) for the Mendeleev-Alpha Ridge cores, in which 

low/negative inclinations were interpreted as being partially carried by a self-reversed 

CRM carried by diagenetic titanomaghemite that has “unblocking” temperatures (due to 

inversion) largely below ~300°C.  

Thermal demagnetization of the three-orthogonal-axis IRM (Figure 9-5) shows that 

samples from both Cores 20 (in red) and 22 (in blue) are dominated by soft (< 0.1 T) 

and medium (0.1-0.5 T) coercivity magnetic phases. The abrupt drops below ~300°C, 

presumably due to the inversion of titanomaghemite, can be observed on both soft and 

medium coercivity component IRM, and are dominant on medium coercivity component 

IRM, indicating that titanomaghemite grains in these cores have various coercivities, 

possibly due to variations in grain size and/or oxidation states, and that medium 

coercivity (0.1-0.5 T) magnetic phases are mostly titanomaghemite grains. A difference 

between samples from intervals of typical positive and negative AF-derived inclinations 

is not apparent in either core. This is probably because samples from positive (usually 

shallow) and negative inclination intervals have all been subjected to diagenetic 

maghemitization, and the inclination of a sample depends not only on the amount of 

grains that have experienced oxidation (hence distortion of the NRM directions), but 

also on the statistic orientation and oxidation states of those grains. On the other hand, 

samples from Core 20 (in red) clearly have higher proportion of the medium coercivity 

magnetic phase (Figure 9-5), and therefore more titanomaghemite grains, than Core 22 

samples (in blue). This observation is consistent with the fact that component 

inclinations of Core 22 appears to be less shifted from the expected geocentric dipole 

field value than those of Core 20, and MAD values associated with component 
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directions from Core 22 are also much smaller than those of Core 20 (see Figure 9-2). 

Core 22 is from the Yermak Plateau, at the edge of the Arctic Ocean, with water depth 

of 798 m. It is likely that seafloor oxidation of sediments from Core 22 is less developed 

at this location of the Arctic Ocean, generating less alteration of the magnetic 

remanences.  

IRM acquisition data of magnetic extracts from Cores 20 and 22, plotted on 

logarithmic scale, show distinct features (Figure 9-6), indicating different magnetic 

contents in sediments from the two cores. Similar to the Mendeleev-Alpha Ridge cores 

studied by Xuan and Channell (2010), the gradient of the IRM acquisition data of Core 

20 magnetic extracts show apparent asymmetry in shape, and satisfactory fits were 

achieved by modeling the IRM gradient data using two magnetic coercivity components 

(method of Heslop et al., 2002). Analyses of three magnetic extract samples from Core 

20 are highly comparable to one another (Figure 9-7), yielding mean coercivities of ~55 

mT and ~108 mT for the two magnetic components, consistent with the presence of 

(titano)magnetite and titanomaghemite, respectively. As discussed in a previous chapter 

(Xuan and Channell, 2010), coercivities of titanomaghemite are expected to be slightly 

higher than those of (titano)magnetite. For Core 22 magnetic extracts, the gradient of 

the IRM data show less asymmetry (bottom plots of Figure 9-7). Reasonable fits seem 

to be obtained by modeling the IRM gradient data using one magnetic coercivity 

component with mean coercivity of ~32 mT, although small mismatches are also 

observable between the IRM gradient data and the fitting curves. The results are 

repeatable for magnetic extracts made from the three dominant negative inclination 

intervals in top 4 meters of Core 22 (Figure 9-7). The absence of apparent asymmetry in 
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IRM gradient data for Core 22 magnetic extract samples is probably due to the following 

reasons: 1) there is less titanomaghemite in Core 22 sediments, as suggested by the 3-

axis IRM thermal demagnetization data; 2) magnetic extraction can be grainsize 

selective, and tend to pull out coarser grains while finer grains are more likely to be 

oxidized titanomaghemite; 3) only a small proportion (few mg) of the magnetic extracts 

was used for the IRM acquisition measurements and the sample was inhomogeneous.   

Susceptibility of the eight magnetic extract samples from Cores 20 and 22, 

monitored on heating from room temperature to 700°C, show apparent humps at around 

300°C followed by an abrupt drop in susceptibility (red curves in Figure 9-8A and B). 

These features are, however, not observed in susceptibility measured during 

subsequent cooling from 700°C to room temperature (blue curves in Figure 9-8A and 

B). The humps are probably related to titanomaghemite inversion. As discussed in 

Chapter 8, titanomaghemite when heated up to 600°C typically leads to intergrowths of 

minerals including magnetite and ilmenite, without substantial increase in susceptibility 

thereby explaining the absence of ‘humps’ in the cooling curves. In addition, the humps 

are not seen in repeated heating and cooling curves of susceptibility (Figure 9-8C and 

D) measured for two magnetic extract samples from Core 20 that had been heated up 

to 700°C and cooled to room temperature. The repeated heating and cooling curves of 

the two samples show typical magnetite behaviors and seem to be reversible (Figure 9-

8C and D), consistent with magnetite being the magnetic inversion product from 

titanomaghemite during the first heating and cooling of the samples. The other 

observation from the high temperature susceptibility data (Figure 9-8A and B) is that the 

humps in the heating curves appear to be more apparent in core 20, indicating more 
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titanomaghemite in this core. This is consistent with the 3-axis IRM thermal 

demagnetization data, and apparent absence of asymmetry in the IRM gradient data for 

Core 22 magnetic extracts.  

From SEM/EDS observations, the total image spectra of magnetic extract samples 

from Cores 20 and 22, collected during the elemental mapping, are comparable to each 

other with dominant peaks for O, Ti, and Fe (Figure 9-9). The elemental maps clearly 

show a number of grains that are rich in O, Ti, and Fe, consistent with the presence of 

(titano)magnetite and/or titanomaghemite in these two cores. Ti compositions (x) of 

these grains were estimated using the simple equation: x = 3/(1+(Fe/Ti)), where Fe/Ti is 

the atomic ratio estimated from the EDS data (see Doubrovine and Tarduno, 2006a). 

The Ti composition varies widely from one grain to another, with calculated x values 

ranging from 0.33 to 0.95 for Core 20 extract sample (Figure 9-9A), and from 0.43 to 

0.89 for Core 22 extract sample (Figure 9-9B).  

From XRD data, magnetic extract samples from Core 20 show two distinct peaks 

that fit magnetite and titanomaghemite corresponding to all six diffraction planes 

associated with the dominant peak locations of titanomaghemite and magnetite 

standards (Figure 9-10). For magnetic extract samples from Core 22, the diffraction 

patterns are dominated by peaks that fit themagnetite standard. Titanomaghemite 

peaks are not apparently observable in the diffraction data from Core 22 magnetic 

extract samples. The XRD data of the two cores agree well with the results from the 

other experiments, showing that there is less titanomaghemite in Core 22.  

The generally shallow inclinations (tens of degree lower than the expected dipole 

value at core locations), and the unusually thick durations of the low/negative inclination 
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intervals means that the paleomagnetic record has been distorted. Similar to the 

explanation for the Mendeleev-Alpha Ridge cores (Channell and Xuan, 2009; Xuan and 

Channell, 2010), low/negative inclinations may be partially carried by a self-reversed 

CRM in titanomaghemite formed during the diagenetic oxidation of titanomagnetite. The 

reason why negative inclination intervals in Core 22 appears to occur at paleointensity 

minima (Figure 9-3) may be because during the paleointensity minima, only finer grains 

can be aligned to the weak geomagnetic field, and finer grains are more likely to 

undergo maghemitization resulting in self-reversed CRMs.   

Conclusions 

Several lines of evidence indicate the presence of titanomaghemite and 

(titano)magnetite in Lomonosov Ridge Core 20 and Yermak Plateau Core 22, although 

Core 22 contains less titanomaghemite than Core 20: 1) thermal demagnetization of the 

3-axis IRM data for bulk samples show an abrupt drop below ~300°C, and Core 22 has 

lower proportion of the medium coercivity component; 2) gradient of the IRM acquisition 

data for magnetic extract samples show asymmetries in shape, and the asymmetries 

are less apparent in Core 22 samples; 3) humps were observed around 300°C on 

heating curves of susceptibility and are not seen on cooling curves, and humps are less 

apparent for Core 22 samples; 4) elemental maps collected using EDS on micron-sized 

grains of magnetic extracts are consistent with the existence of titanomaghemite 

/(titano)magnetite with various Ti contents; 5) high resolution XRD patterns of the 

magnetic extract samples from Core 20 fit well with titanomaghemite and magnetite 

standards, XRD data of core 22 samples are dominated by (titano)magnetite peaks and 

titanomaghemite peaks are not apparently observable.  
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Thermal demagnetization of the NRMs indicates that low/negative inclinations in 

the two cores are carried by a titanomaghemite that has unblocking temperatures 

largely below ~300°C. Low/negative inclinations in Core 20 and 22 are probably caused 

by partially self-reversed CRMs formed during seafloor diagenetic maghemitization, 

similar to those of the Mendeleev-Alpha Ridge cores. Core 22 from the Yermak Plateau 

contains less titanomaghemite and was less altered, indicating the partial self-reversal 

processes are less apparent in the Yermak Strait than on the Lomonosov Ridge.  
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Figure 9-1.  Location of Cores 20JPC and 22JPC (red solid circles) retrieved by the 
HOTRAX05, in comparison with location of previously studied cores. LR 
denotes Lomonosov Ridge, MR denotes Mendeleev Ridge, AR denotes 
Alpha Ridge, and NR denotes Northwind Ridge, YP denotes Yermak Plateau. 
References for previously studied cores listed on the map are as following. 
06: Channell and Xuan, 2009; 08, 10, 11, and 13: Xuan and Channell, 2010; 
2178 and 2180: Nowaczyk et al., 2001; 96/12-1: Jakobsson et al., 2000; 
2002; 2003; 2185: Spielhagen et al., 1997; 2004; ACEX: Backman et al., 
2008; O'Regan et al., 2008. 1533 and 2212: Nowaczyk et al., 1994; 2138: 
Nowaczyk and Knies, 2000; Nowaczyk et al., 2003; 1535: Nowaczyk et al., 
2003. 
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Figure 9-2.  Component inclination and declination with maximum angular deviation 
(MAD) calculated for the 20-80 mT peak alternating field range for Cores 
20JPC (Lomonosov Ridge) and 22JPC (Yermak Plateau), and magnetic grain 
size proxy κARM/κ for Core 22JPC calculated using u-channel measurements. 
Results calculated using data from XYZ and ZXY demagnetization sequences 
for the three sample axes are in blue and red, respectively. Note that Core 
22JPC samples were measured using only the XYZ demagnetization 
sequence. Declination values are arbitrary as cores were not oriented in 
azimuth.  
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Figure 9-3.  Component inclination and κARM/κ data from Core 22JPC compared to 
PISO-1500 oxygen isotope and relative paleointensity stack records 
(Channell et al., 2009) for the last ~160 kyr. Age model for Core 22JPC was 
acquired by correlating κARM/κ record from 22JPC to PISO-1500 oxygen 
isotope stack record using automated correlation method (Lisiecki and 
Lisiecki, 2002).  
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Figure 9-4.  Orthogonal projection of thermal demagnetization for discrete cubic 
(~2×2×2 cm3) samples from Cores 22JPC and 20JPC, compared to 
orthogonal projection of alternating field demagnetization (blue labels) for u-
channel intervals from the same depth level, with NRM intensity variations 
during thermal demagnetization displayed. Peak demagnetizing field ranges 
are 10-60 mT in 5 mT steps then 60-100 mT in 10 mT steps. Temperature 
ranges are 50-600°C in 25°C steps for all samples. Circles (red) and squares 
(blue) denote projection on vertical and horizontal planes, respectively. 
Declination values are arbitrary as cores were not oriented in azimuth. Meter 
levels correspond to meters below sea floor (mbsf) of each core as in Fig. 2. 
Unit for intensity scale is mA/m. 
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Figure 9-5.  Thermal demagnetization of three-axis isothermal remanent magnetizations 
(IRM) imposed orthogonally and sequentially in DC fields of 1.2 T (hard), 0.5 
T (medium) and 0.1 T (soft), for samples collected from intervals showing 
positive (+) and negative (-) component AF-derived inclinations in Core 
22JPC and 20JPC. Results from Core 20JPC and 22JPC are in red and blue 
lines respectively. IRM values of each sample were normalized by the room 
temperature soft component IRM.  
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Figure 9-6.  IRM acquisition data for magnetic extracts from Cores 20JPC (squares 

linked with red lines) and 22JPC (circles linked with green lines).  



 

212 

 
 

Figure 9-7.  Two-component and one-component modeling of the IRM gradient data for 
magnetic extracts from Cores 20JPC (top plots) and 22JPC (bottom plots), 
respectively. 



 

213 

 
 

Figure 9-8.  Susceptibility monitored on heating from room temperature to 700°C and 
subsequent cooling to room temperature, in an argon gas environment, for 
magnetic extracts from A) 22JPC and B) 20JPC; and on repeated heating 
and cooling for magnetic extracts from C) 20JPC 0.9-1.02 m, and D) 20JPC 
4.86-4.97 m. Heating (cooling) curves are in red (blue). 
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Figure 9-9.  SEM and EDS analyses for micron-sized grains of magnetic extracts from 
A) Cores 20JPC and B) 22JPC sediments. The image comprises 
(titano)magnetite and/or titanomaghemite grains with various Ti contents with 
x values up to >0.9. The total image spectrum acquired during the mapping is 
also displayed, where the carbon peak is attributed to the carbon tape 
background. 
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Figure 9-10.  High resolution XRD results for magnetic extracts from Cores 20JPC and 
22JPC around the dominant peaks of standard titanomaghemite and 
magnetite associated with the [2 2 0], [3 1 1], [4 0 0], [4 2 2], [5 1 1], and [4 4 
0] diffraction planes. The 2θ positions and magnitudes of XRD peaks for 
synthetic magnetite and titanomaghemite standards are indicated by vertical 
blue and red lines, respectively. 
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CHAPTER 10 
CONCLUSIONS AND FUTURE WORK 

Assuming no uncertainty in reversal/excursion ages and orbital solutions, Rayleigh 

tests indicate no preferred phase distribution for reversals/excursions on the obliquity 

cycle at the 5% significance level over the last 3 Myr. There appears to be a statistically 

significant (at the 5% level) relationship between reversal age and the phase of orbital 

eccentricity for the last 3 Myr, and reversals seem to preferentially occur during 

decrease of the maximum obliquity envelope over the last 5 Myr. However, these 

relationships break down on adding just a few reversals beyond 3 Myr or 5 Myr. Monte 

Carlo simulations indicate that reversal/excursion ages would have to be known within 

5-10 kyr to resolve a preferred phase in obliquity over the last 3 Myr. Reversal/excursion 

ages would have to be known within ~15 kyr to resolve a preferred phase in orbital 

eccentricity for reversals over the last 3 Myr, and within ~40 kyr for the last 25 Myr. 

Comparison of astrochronological reversal timescales indicates that reversal age 

uncertainties exceed these limits, making it unlikely that a relationship of 

reversal/excursion age to phase of obliquity or eccentricity, which might imply orbital 

forcing or the geodynamo, would be resolvable.  

Wavelet analyses reveal significant coherence between RPI records (that contain 

orbital periods) and records of the magnetic grain size proxy ARM/IRM (from the same 

sediment sequences) on orbital periods, indicating orbital periods in some RPI records 

are likely due to lithologic ‘contamination’ related to grain size. Orbital periods may have 

been introduced into the NRM records (and not normalized when calculating RPI 

records) through orbital control on bottom current velocity, which in turn controls 

magnetic grain size distribution at the deposition site or at sites of sediment 
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provenance. RPI records from the Atlantic and Pacific oceans, and RPI records in which 

orbital periods have been filtered by band-pass filters, are highly comparable with each 

other in the time domain, and are coherent and in-phase in time-frequency space, 

especially at non-orbital periods, indicating that “contamination”, although present (at 

orbital periods) is not debilitating to these RPI records as a global signal that is primarily 

of geomagnetic origin.  

Calibrated RPI and oxygen isotope stack records (PISO-1500) were developed by 

simultaneously matching and stacking both RPI and oxygen isotope data for 13 pairs of 

high-resolution global records. The simultaneous match reduces the degree of freedom 

associated with correlations using RPI or oxygen isotope records alone. The overall 

compatibility of RPI and oxygen isotopes indicates a dominant global (but independent) 

component in both signals. The PISO-1500 stack represents a new stratigraphic 

template that can be used to correlate among marine sediment records. Wavelet 

analyses on the PISO-1500 RPI stack record failed to show significant orbital periods, 

and no tendencies were found for RPI minima in the stack to occur at particular phases 

of orbital variations.  

UPmag software is introduced for easy and rapid processing of large volumes of 

paleomagnetic measurements for u-channel or other pass-through samples. The 

software comprises three MATLABTM graphic user interfaces: UVIEW, UDIR, and UINT. 

UVIEW allows users to open and check through measurement data from the 

magnetometer as well as to correct detected flux jumps in the data, and to export files 

for further treatment. UDIR reads file generated by UVIEW, automatically calculates 

component directions using selectable demagnetization range(s) with anchored or free 
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origin on orthogonal projections, and displays vector component plots and stepwise 

intensity plots for any position along the u-channel sample. UDIR can also display data 

on equal area stereographic projections and draw virtual geomagnetic poles on various 

map projections. UINT provides a convenient platform to evaluate relative paleointensity 

(RPI) estimates using the files exported from UVIEW. Two methods are used for RPI 

estimation: the slopes of the best fit line between the NRM and the respective 

normalizer, and the averages of the NRM/normalizer ratios. R values and standard 

deviations can be calculated simultaneously to monitor the quality of the RPI estimates. 

All resulting data and plots from UPmag can be exported into various file formats. 

Continuous high resolution Quaternary paleomagnetic records, spanning the last 

~1.5 Ma, were acquired from IODP Site U1304 sediments. Component NRM directions 

clearly record the Brunhes/Matuyama boundary, the Jaramillo subchron, and the Cobb 

Mountain subchron, as well as the Kamikatsura excursion and the Gardar excursion in 

the Matuyama Chron. The age model for IODP Site U1304 is constructed by correlating 

the IODP Site U1304 RPI record to the PISO-1500 RPI stack using an automated 

dynamic programming method, with a few tie points provided by the available oxygen 

isotope data and the recorded magnetic reversals and excursions at the site. The RPI 

record of IODP Site U1304 correlates well with the PISO-1500 RPI stack in both the 

time and time-frequency domain. Power spectral analysis and wavelet analyses failed to 

detect significant orbital periods in the RPI record. A unique characteristic of the IODP 

Site U1304 sediments is the episodic deposition of laminated diatom ooze throughout 

the sediment sequence. The rapid deposition (high sedimentation rates) of laminated 

diatom ooze dilutes the magnetic concentration of the sediments to about two 
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magnitudes lower than that of sediments from non-diatom intervals. Several lines of 

evidence indicate that diatom abundance, although yielding slightly noisier results, does 

not significantly degrade the reliability of the paleomagnetic direction and intensity 

records: 1) MAD values are generally less than 5° for directions calculated from diatom-

rich samples, indicating well defined magnetization components, as is also implied by 

orthogonal projections; 2) histograms of component inclinations (in the Brunhes) from 

diatom-rich and non-diatom intervals show similar distributions; 3) Linear correlation 

coefficients (R values) associated with the RPI calculations are very close to 1, 

indicating high quality RPI estimates; 4) RPI from diatom-rich intervals are comparable 

to the PISO-1500 RPI stack in the same time intervals.  

Component NRM inclination records of HOTRAX05 cores from the Mendeleev-

Alpha Ridge (JPC 06, 08, 10, 11, and 13), the Lomonosov Ridge (JPC 20), and the 

Yermak Plateau (JPC 22) reveal several thick low and negative inclination intervals in 

top several meters of these cores that have Brunhes age. Rock magnetic experiments, 

SEM and EDS analyses, as well as XRD studies, on bulk sediments and magnetic 

extracts recognize titanomaghemite and (titano)magnetite as the magnetic remanence 

carriers in these sediments. Thermal NRM demagnetization indicates that low and 

negative NRM inclinations in these sediments are partially carried by titanomaghemite 

that could have formed during sea floor oxidation from original titanomagnetite. 

Negative inclinations in cores from the Mendeleev-Alpha Ridge may represent partially 

self-reversed chemical remanent magnetization (CRM). High Ti contents and high 

oxidation states indicated by EDS and XRD data seem to provide the conditions 

required for partial self-reversal by ionic reordering during diagenetic maghemitization. 
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This process appears to have affected all the studied HOTRAX05 cores. Results from 

3-axis IRM thermal demagnetization on bulk sediments, susceptibility of magnetic 

extracts monitored on heating and cooling, and analyses on the IRM acquisition data of 

magnetic extracts, as well as high resolution XRD studies, indicate that Core 22 

contains less titanomaghemite and was less altered than the other studied cores, 

indicating that the partial self-reversal processes are manifest to a lesser extent on the 

Yermak Plateau, located at the edge of the Arctic Ocean.     

Results from this dissertation work indicate that orbital periods in the RPI records 

are most likely due to lithologic ‘contamination’. In other words, the RPI records, 

typically estimated by normalizing the NRM intensity by the intensity of a lab-induced 

magnetization such as ARM or IRM, are not ideal proxies of paleomagnetic field 

intensity changes. It has long been realized that, in addition to the geomagnetic field 

strength and the concentration of magnetic phases, depositional remanence is also 

related to a number of other factors including magnetic mineralogy, grain size of the 

magnetic phases, the nature of the non-magnetic matrix, and salinity/flocculation (e.g., 

Johnson et al., 1948; Levi and Banerjee, 1976; King et al., 1983; Tauxe, 1993). A ‘purer’ 

proxy for paleointensity would not only help in further determining the level of orbital 

‘contamination’ in the RPI records and benefit our understanding of the geodynamo, but 

also provides better tools for stratigraphic correlation. As pointed out by Levi and 

Banerjee (1976), the most appropriate normalizer should activate the same grains that 

carry the NRM. Therefore, intensities during demagnetization of NRM and of the ideal 

normalizer should track one another after being normalized by their respective values 

from certain demagnetization step (e.g., the first step). For most parts of the record at 
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IODP Sites U1308 and U1304, the demagnetization behavior of different normalizers 

such as ARM and IRM deviate from NRM in opposite directions when normalized and 

plotted against demagnetization step. ARM and IRM activate different grain size 

populations (e.g., Maher, 1988; Dunlop and Argyle, 1997; Dunlop and Özdemir, 1997; 

Egli and Lowrie, 2002). ARM is more effective in activating finer magnetite grains than 

IRM. It is possible that grains that carry the NRM are sometimes better represented 

partly by ARM and partly by IRM. It would be reasonable to combine the ARM and IRM 

data in a way that the resulting ‘normalizer’ optimally mimics the NRM data after 

normalization. The validity of the ‘combined’ normalizer method can be tested by 

comparing the correlations between two (or more) RPI records from the same time 

interval before and after performing the ‘combined’ normalization. If the 'combined' 

normalization method does improve the RPI estimates, we would expect to see an 

increased correlation between the two (or more) RPI records estimated using the 

'combined' normalization methods during that time interval.  

At present, best age models for sedimentary RPI records (e.g., RPI record from 

IODP Site 1308, Channell et al., 2008) are generally acquired by correlating the oxygen 

isotope record at the site to a standard oxygen isotope curve, and hence are subject to 

orbital assumptions, which may amplify the presence of orbital cycles in RPI records. An 

additional approach to the understanding of orbital periods in some RPI records is to 

develop ‘depth-derived’ age models using both RPI and oxygen isotope data from the 

sites. As has been suggested that the age of geological ‘events’ identifiable in multiple 

stratigraphies may be estimated using mean sediment accumulation rates (e.g., 

Huybers and Wunsch, 2004; Huybers 2007). The depth-derived age models serve to 
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divorce RPI and oxygen isotope time-series from the possible influences of orbital 

cycles by not relying on orbital solutions as the basis for age models. The following 

factors contribute to the quality of such a “depth-derived” age model: the number of high 

quality individual records in depth; the number of identifiable ‘events’ in each record; the 

synchronicity of each ‘event’ in all records; and the number of high quality age control 

points. Compared to depth-derived age models, constructed using oxygen isotopes 

alone, the coupling of RPI and oxygen isotope records would introduce ‘events’ at RPI 

minima that often feature magnetic reversals and excursions, in addition to the 

terminations and other ‘events’ recognized from the oxygen isotope records. The larger 

variability of RPI on short timescales (millennial) and its global manifestation also 

provide higher resolution and better synchronicity of the identified ‘events’. In addition, 

magnetic reversals and well documented magnetic excursions of the last few Myr have 

been dated using radiometric methods including radiocarbon, 40Ar/39Ar, and 230Th/238U, 

providing accurate age control points for the construction of a higher resolution depth-

derived age model, and potentially a well-calibrated template for stratigraphic 

correlation.  

There has been increasing interest on whether there is any link between the 

variations in the Earth's magnetic field and climate change on various timescales (e.g. 

Courtillot et al., 2007; Pazur and Winklhofer, 2008). Gallet et al. (2005) suggested a 

causal link between changes in geomagnetic field intensity and climate (and regime) 

changes over centennial time scales. St-Onge et al. (2003) suggested that the 

geomagnetic field may be the cause of millennial- and even some centennial-scale 

cosmogenic nuclide flux variations seen in the Greenland ice cores. Bond et al. (2001) 
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found a close correlation between changes in production rates of the cosmogenic 

nuclides and changes in proxies of drift ice measured in deep-sea sediment cores. The 

geomagnetic field may influence climate cycles through the shielding of galactic cosmic 

rays, and the influence of galactic cosmic rays on cloudiness and hence on climate. 

These are very topical questions that are at the threshold of an answer. The 

improvement in estimating paleointensity variations and the development of a depth-

derived age model using paleointensity and oxygen isotope records may allow detection 

of subtle leads and lags among aspects of the climate system, and between 

geomagnetic field variations and climate change proxies, and ultimately contribute to 

the understanding of these topics.  

RPI records dated using either traditional astronomical tuning or the above ‘depth-

derived’ age model will have age uncertainties due to sedimentation rate changes (e.g., 

Guyodo and Channell, 2002), uncertainties in the age of tie points, and magnetization 

lock-in effects (Kent 1973). For instance, according to Lisiecki and Raymo (2005), 

oxygen isotope stratigraphy has inherent uncertainties of ~6 kyr from 1-3 Ma, and ~4 

kyr since 1 Ma. When used to date an individual record, uncertainties usually propagate 

to several times that simply due to changes in accumulation rate (Guyodo and Channell, 

2002; McMillan et al., 2002). Even close to Terminations, global correlations may be 

problematic. For example, Skinner and Shackleton (2005) have demonstrated a 

discrepancy of ~4 kyr between Termination I (MIS 1/2 boundary) recorded by δ 18O in 

the deep North Atlantic and deep equatorial Pacific, due to local deep-water δ 18O and 

deep-water temperature. Uncertainties in ages of the RPI record would obviously alter 

or even destroy the frequency signatures of the “real” paleointensity variation.  It would 
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be useful to estimate the possible range of age uncertainty associated with the above 

mentioned processes and numerically demonstrate whether certain age uncertainty 

level(s) inhibit the detection of particular frequencies (i.e., orbital periods), assuming 

they are significant in the original signal.  

The UPmag software presented in this dissertation work will be continuously 

augmented and refined based on suggestions/comments from the increasing population 

of UPmag users. For instance, deconvolution of paleomagnetic measurements has 

been proved to improve the resolution of the acquired paleomagnetic direction and 

intensity data, overcoming the smoothing of measurements caused by the 

magnetometer response function (e.g., Oda and Shibuya, 1996; Guyodo et al., 2002). 

There have already been several requests for introduction of the deconvolution into 

UPmag. Hirokuni Oda (Geological Survey of Japan) will be visiting the University of 

Florida in February 2010 to help with this effort. It may also be possible to incorporate 

the new 'combined' normalization method for RPI estimates into the software, if and 

when the validity of the method is established.  
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