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Sedimentary records from the North Atlantic, instrumental in the development of 

modern paleo-geomagnetic concepts, show a highly variable field even during times of 

constant polarity. Yet, our understanding of how the magnetization is acquired in the 

sediments is poorly understood.  Primary magnetizations preserved in deep-sea sediments 

are known to be acquired through a depositional or possibly, a post-depositional 

remanent magnetization (DRM or pDRM). A pDRM process implies that the 

magnetization is “locked-in” at depth creating an offset between the age of the 

magnetization and the age of sediment. The process is not currently accounted for in 

paleomagnetic records despite the wide use of magnetic records to elucidate the timing 

and rate of change of many paleomagnetic and environmental processes.  This 

dissertation uses seven Northern North Atlantic (NNA) deep-sea sediment cores that 

were studied by alternating field demagnetization of natural and laboratory imposed 

remanence on uchannel samples, providing for detailed paleomagnetic and environmental 

magnetic records. These high-quality Holocene and deglacial magnetic data are 

combined with independent radiocarbon chronologies to better understand the: (1) 

magnetic acquisition process, (2) the NNA paleo-geomagnetic signal and (3) the 

influence of rock magnetic parameters on the sedimentary paleomagnetic record.  

Under the traditional paradigm of magnetostratigraphy, sediment deposition and 

magnetization are assumed to occur synchronously and with little to no signal 



 

 

 

attenuation. In Chapter 2, we compare independently dated Holocene paleomagnetic 

records from the seven deep-sea sediments cores across the North Atlantic with regional 

paleo-geomagnetic reconstructions derived from ultra-high resolution sediment records.  

We find variable delays between the timing of these records, consistent with a 

magnetization  “locked-in” at depth and over an interval that results in smoothing of the 

geomagnetic signal. Optimization modeling of the post-depositional remanent 

magnetization (pDRM) accounts for both offset and some of this smoothing. It also 

demonstrates that the preserved magnetization is acquired ~20 cm below the sediment-

water interface. Consistent with previous observations, this potentially ubiquitous process 

results in age offsets of 350-2000 years even in deep-sea sediment accumulation rates in 

excess of 10 cm/kyr that is rarely if ever accounted for in magnetostratigraphy or 

paleomagnetic records.   

In Chapter 3, we assume that the new “pDRM-corrected” chronologies developed 

for Chapter 2 more accurately represent each paleomagnetic record and create a NNA 

stack of both direction and intensity from ~15,000 years ago to present (NAPstack15).  

Uncertainty analyses and comparison to data derived from global field models at the 

same locations suggest that both, our directional and intensity stacks robustly capture the 

evolution of the mean geomagnetic field variations of the NNA. Broader regional 

comparisons with data from North America and Europe begin to define the evolution of 

the geomagnetic field during this time interval. Geomagnetic morphology and 

spatial/temporal variability can be roughly broken into three time intervals consistent 

with the evolution of global intensity and implicate the dynamics of the high-latitude 

Holocene flux patches as a source of this variability. 

We evaluate the effect of rock magnetic properties on the fidelity of the NNA 

paleomagnetic record from the Holocene through the last deglaciation. NNA records have 

been argued to consistently record high-quality paleomagnetic records over millennial to 

orbital time scales with little concern for lithologic variability resulting from glacial-

interglacial environmental changes. We find that rock magnetic variability has little effect 

on the fidelity of the NNA’s directional record, but has a variable and sometimes large 

influence on normalized remanence records, which are commonly used as a relative 

paleomagnetic intensity proxy. We find that the eastern NNA records are most affected 



 

 

 

by the use of different normalizers during the Holocene.  The western NNA cores are 

more affected by the use of different normalizers during the deglacial period but to a 

lesser extent. The Iceland Basin cores are an exception, providing consistent normalized 

remanence records regardless of the normalizer during both the Holocene and deglacial 

interval. This likely reflects their proximity to Icelandic basaltic sources and the 

consistent magnetite grain-size regardless of physical grain-size that these sources 

provide.   
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Deep-sea sediment paleomagnetism: A case study from the North Atlantic 

 

Chapter 1  

Introduction 
 

1.1 Forward 

In 1905, shortly after composing his special relativity paper, Albert Einstein described 

the origin of Earth's magnetic field as one of the great unsolved problems facing modern 

physics. More than one hundred years later, the Earth’s magnetic field remains an enigma 

as well as a major field of research. Earth’s present magnetic field and some of its basic 

forces are well understood, yet how and why it changes with time, and its effects are not. 

We know that the modern field is varying at a rapid rate, with intensity dropping and the 

pole moving (Merrill et al., 1998). We know that the geomagnetic field has existed for at 

least three billion years and we know the field has changed over a range of time scales 

(Gubbins and Kelly, 1993; Bloxham and Gubbins, 1989), yet historical records are too 

short (400 yrs) to provide much guidance for understanding past field behavior or reliably 

predict its future (Jackson et al., 2000).  The record of the ancient magnetic field preserved 

in geological and archeological materials allows us to extend the record, providing context 

and enabling improved understanding of the present geomagnetic change.  Though these 

ancient records are relatively rare, their newer data sets suggest that the geomagnetic field 

is characterized by abrupt changes and distinct regional patterns.  They will need to be 

mapped through time if we are to understand what their organizing structures are, much 

less their implications (Korte et al., 2005).  Thus far, terrestrial records have been the 

primary source of records to enable this mapping on multi-millennial to centennial time-

scales that could provide insights into these organizing structures. 

The geomagnetic field has been a key component of oceanography since its birth. 

Along with navigation, geomagnetism helped us solidify the theory of plate tectonics.  

However, the newer data sets still leave much uncertainty, because many of the deep sea 

processes that occur as sediments are deposited and eventually preserve the magnetic field, 

are unknown.  Therefore, in order to extract useful and reliable information from these 
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data, we have to understand the journey of the sediments - how they capture and preserve 

the geomagnetic field - and how to translate what they reveal into what we can understand.    

The paleomagnetic field is of particular interest to people who study 

paleoprocesses, and has become a widely used dating tool.  Magnetic polarity stratigraphy, 

intensity and more recently Holocene directional variability have all been used to correlate 

and date sedimentary records; this general field is referred to as Magnetostratigraphy 

(Opdyke and Channell, 1996).  Magnetostratigraphy has the advantage of providing 

constraints on time when it is not possible and/or economically feasible to date materials 

using absolute dating techniques.  However, if we want to use paleomagnetic records as a 

dating tool, we must better understand the process by which the magnetic field is preserved 

in the oceanographic environment.  

While it is well-accepted that the geomagnetic field shields the earth from cosmic 

rays (Elsasser, 1956), it is uncertain how the changing magnetic field strength changes 

cosmogenic radionuclide production. The idea that the magnetic field affects the Earth in a 

known structure dictated by the geocentric axial dipole hypothesis is the foundation of our 

present understanding of cosmic ray shielding, cosmogenic nuclide production and 

reconstructions of solar variability. Solar variability is proposed as a driver of millennial-

scale Holocene climate change (variability) (Bond et al., 2001). Our lack of understanding 

of the past record of the geomagnetic field is, however, the “Achilles heel” of solar 

variability reconstructions; because at present we do not have the data to properly remove 

the geomagnetic influence from cosmogenic nuclide records (Snowball and Muscheler, 

2007). This dissertation focuses on exploring how the magnetic field is preserved in deep-

sea sediments; and how it affects our ability to reconstruct past geomagnetic changes, and 

to use paleomagnetic records for stratigraphic purposes. 

 

1.2 Project Objectives 

Here, we iintroduce the suite of paleomagnetic records and radiocarbon chronologies 

that form the backbone of this dissertation, as well as a brief introduction into 

Paleomagnetic and Rock Magnetic tool kits that we use to carry out this work.  Chapter 2 

explores the existence and relative affect of the post-depositional remanent magnetization 

(pDRM) process by which deep-sea sediments preserve and record past magnetic field 
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changes. Here we undergo the first well-constrained, comprehensive and quantitative study 

of this process based on Holocene sediments with well-constrained age control (14C dates) 

Holocene sediments.  Using observational and modeling based approaches, we show that 

this process occurs, causing the magnetization to lock-in over a depth interval greater than 

previously shown and may be more pervasive than previously realized.  We also see that it 

influences the paleomagnetic record with large implications for magnetic stratigraphy.   

Chapter 3 builds on our improved understanding of the magnetic acquisition process 

(specifically, the age offsets between the age of the sediment and age of magnetization that 

results from the pDRM process) based on our exploration of the geomagnetic field 

variability of the North Atlantic region. Our records, combined with the findings in Chapter 

2, allow us to generate stacks (or averages) of directions (inclination and declination) and 

intensities over the Northern North Atlantic Basin for the past 15,000 years. Despite the 

wide use of North Atlantic sediments for paleomagnetic reconstructions, this study is the 

first to look at continuity of field morphology over this geographic area.  For this more 

recent time interval, we can evaluate similarities and differences over much larger areas 

(from North America to Eastern Europe and Scandinavia) than have been previously 

possible since we have a better picture of the relative timing of events in North America 

and Europe. Meanwhile, in Chapter 4, we use rock magnetic tools to improve our 

unterstanding of the fidelity of these records, especially the nuances related to which 

sediments make for good estimators of paleomagnetic intensity and which do not.   

 

1.3 Background 

1.3.1  The Earth’s Magnetic Field 

The Earth’s magnetic field is generated by a self-sustaining dynamo effect caused by 

convective motions of the liquid iron-nickel alloy in the outer core, nearly 3,000 km below 

the Earth’s crust (Merrill et al., 1998). The long-term average structure of the geomagnetic 

field is often described as a dipole centered on the Earth’s axis of rotation (Merrill et al., 

1998), much like a bar magnet in the center of the Earth.  This geocentric axial dipole 

(GAD) approximation does appear to hold true if averaged over tens of thousands of years 

(e.g. Tauxe et al., 2010; Merrill et al., 1998), and therefore is often used for reconstructing 

the motions of tectonic plates, which drift across the asthenosphere at speeds slow enough 
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to average out short-term fluctuations in the magnetic field. 

The directionality of the earth’s magnetic poles has been measured for more than 

two thousand years by the use of the mysterious lodestone, a naturally magnetized piece of 

magnetite.  By the 12th century, it became well known that you could rub a piece of iron on 

a loadstone and use this needle to point to what was eventually was realized by William 

Gilbert as the North Pole. While we now have ways to magnetize certain physical 

materials, most of the natural materials that we find in geologic samples are only slightly 

magnetized, and the amount of the magnetization they acquire depends on microscopic 

regions known as magnetic domains. These domains are part of the physical structure of 

ferromagnetic materials, like iron, cobalt and nickel. Each domain is a tiny, self-contained 

magnet with a north pole and south pole.  In an unmagnetized ferromagnetic material, each 

of the north poles points in a random direction. Magnetic domains that are oriented in 

opposite directions cancel one another out, so the material does not produce a net magnetic 

field. 

The Earth’s magnetic field has undergone significant directional (declination and 

inclination) changes during the Holocene (e.g. Korte and Constable, 2005a; Thompson, 

1973). Geomagnetic directional changes, known as paleomagnetic secular variation (PSV), 

have been used as a dating method for more than 30 years (Thompson, 1973). Recent 

studies have brought renewed attention to the Holocene PSV record (e.g. Snowball et al., 

2007; Stoner et al., 2007; Irurzun et al., 2006; St-Onge et al., 2003; Stockhausen, 1998; 

Lund, 1996), particularly its potential use as a dating method (e.g. Kotilainen et al., 2001; 

Turner and Thompson, 1979). 

 

1.3.2 Paleomagnetism 

Paleomagnetism is the use and study of the past geomagnetic field orientation and 

intensity. This involves the measurement of the natural remanent magnetization (NRM), 

which was formed and preserved in the geologic material over geologic time.  Most 

igneous rocks are given a magnetization when they are cooled through their curie 

temperature through a process known as the thermal remanent magnetization (TRM) 

(Thellier and Thellier, 1959). Much of these materials are eventually eroded and deposited 

as sediment in marine environments through a depositional or post-depositional remanent 



 

 

 

5 

magnetization process (DRM or pDRM) (Irving and Major, 1964). As magnetic grains fall 

through the water column and come to rest upon the sediment-water interface, they align 

with the ambient magnetic field.  After a short time, they become “locked in” as they are 

buried below the surface mixed layer (SML) where they are no longer affected by 

bioturbation, and dewatering and compaction limit mechanical reorientation, thus 

preserving the directional components of the magnetic vector.  It is important to understand 

this process, as sediments are among the few such archives with the unique capability to 

provide continuous, high-resolution records of PSV that can be well dated.   Combined 

with recent technological advances, such as the cryogenic superconducting u-channel rock 

magnetometer, we can accurately assess the paleomagnetic record preserved in even 

weakly magnetic sediments through rapid, inexpensive, and non-destructive means (Stoner 

and St-Onge, 2007). 

We can reconstruct the paleomagnetic record from geologic materials by measuring 

the NRM of these geologic materials.  Through alternating field (AF) demagnetization we 

can reconstruct the orientation of the characteristic magnetic vector. We recreate the 

directional component directions using principal component analysis (PCA) based on 

multiple AF demagnetization steps measurements (Kirschvink, 1980). Magnetic 

declination or magnetic variation is the angle on the horizontal plane between magnetic 

north (the direction in which the north end of a compass needle points, corresponding to the 

direction of the Earth's magnetic field lines) and true north (the direction along a meridian 

towards the geographic North Pole). Inclination is the angle made with the horizontal by 

the Earth's magnetic field lines.  

With respect to reconstructing the intensity component of the vector, geologic 

materials such as lavas and baked archeological artifacts are able to record absolute 

variations in Earth’s geomagnetic field intensity through an empirically derived thermo-

remanent magnetization (TRM) acquisition process (Thellier and Thellier, 1959).  

Meanwhile, the paleomagnetic record measured from unconsolidated sediments is only 

able to record relative changes in intensity down-core or relative paleomagnetic intensity 

(RPI). As the study of paleomagnetism has developed, various criteria have been 

established for records thought to provide reliable directional and RPI results (Stoner and 

St-Onge, 2007; Opdyke and Channell, 1996; Tauxe, 1993; King et al., 1983a). Magnetite 
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(an iron-oxide) in the pseudo single-domain (PSD) grain size range is typically viewed as 

the most reliable paleomagnetic recorder, and homogeneous sedimentary records 

containing high concentrations of magnetite typically produce the most dependable records 

of PSV (Stoner and St-Onge, 2007).  This is because the magnetic acquisition process of 

sediments is both sensitive to changes in geomagnetic intensity, as well as lithologic 

variations associated with changes in the environment of deposition over time.  Therefore, 

normalized remanence methods (Xuan and Channell, 2009; Valet, 2003; Tauxe, 1993) 

must be used to account for this lithologic variation and obtain a record of RPI.   

Variable lithology can greatly influence a paleomagnetic record.  Not all grains respond 

equally to an imposed magnetic field, and not all are capable of retaining a memory of the 

field at the time of deposition for extended periods of geologic time.  The stability of a 

paleomagnetic recorder is a function of its mineralogy, concentration within the sediment, 

and domain state (that is a function of magnetic grain size and domain state).   

This lithologic information we use to evaluate paleomagnetic records is commonly 

gained through the use of laboratory-applied magnetizations and rock magnetic 

measurements, the most common of which are anhysteretic remanent magnetization 

(ARM), and isothermal remanent magnetization (IRM).  Alone, or normalized by another 

magnetic parameter, the magnetic response to the induced magnetizations is again, a 

function of the concentration, mineralogy, and grain size, and can therefore be used to 

characterize the magnetic mineral assemblage serving as the paleomagnetic recorder, and 

the integrity of the paleomagnetic record over time (Stoner and St-Onge, 2007). 

 

1.3.3 Environmental Magnetism 

Many of the same methods that are measured to create the best RPI record are similarly 

used in the field of Environmental or Rock Magnetism. In any given depositional system 

(terrestrial or marine), the concentration, mineralogy, and grain size of magnetic materials 

are modulated by the environment of deposition over time, such that that many of these 

same measurements can provide a means of understanding environmental conditions that 

prevailed in the past (Evans and Heller, 2003).  As all materials exhibit some form of 

magnetic behavior, and iron is one of the most abundant minerals in the Earth’s crust 

(Evans and Heller, 2003; Thompson and Oldfield, 1986), magnetic minerals, often present 
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in minute proportions, can be readily detected.  They act as passive environmental tracers, 

or proxy parameters, informing the geologic pathways of bulk sediments as they form in 

situ, or are transported across the Earth’s surface and deposited in natural archives (Evans 

and Heller, 2003).  The study of Environmental or Rock Magnetism therefore seeks to 

elucidate changes in lithology in terms of their climatic or environmental forcing 

mechanisms that cause changes in provenance, transport/depositional pathways, and/or 

physical/chemical alteration (Evans and Heller, 2003). 

 Often times, when the conditions are favorable, sediments can provide both a 

quality paleomagnetic record, as well as a stimulating record of environmental magnetic 

variability.  It is in these special cases that these two seemingly unrelated branches of 

science become merged, and the theories and practices of each go hand in hand to recount a 

more complete story of Earth’s dynamic past.   

 

1.4 Our New Records 

Here we present five new high-quality paleomagnetic records with well-resolved 

radiocarbon based chronologies from locations spanning the North Atlantic deep-sea 

environments. All of these sedimentary records capture high-quality paleomagnetic secular 

variation (PSV) and relative paleomagnetic intensity (RPI) for the Holocene (the last 

~12,000 years), with five extending back to ~15,000 years and four to ~50,000 years ago. 

The cores, KN-158-4-2GC (43°29′N, 54°52′W, 3942 m), KN-158-4-22GC (44°18′N, 

46°15′W, 3959 m) and U1305 are from the Northwestern Atlantic, on the continental rise 

and south of the St. Lawrence Estuary and the Eirik Drift, respectively.  These cores all 

have a marked change in sedimentation rate between 8,000 to 9,000 years ago.  Cores KN-

158-4-57GC (58°39′N, 25°25′W, 2768 m) and ODP Site 984 from the central North 

Atlantic, specifically the Iceland Basin and show a marked changes in sedimentation rate 

and rates of deposition Another set of cores from the Northeast Atlantic, KN-158-4-53GC 

(55°27′N, 14°42′W, 2184 m), and KN-158-4-46GC (52°58′N, 19°49′W, 2758 m) show 

notable temporal and spatial variations in Holocene RPI and PSV, and are consistent with 

ultra-high resolution PSV records from the Iceland and Greenland Margins. Whether these 

differences reflect the true geomagnetic or sedimentary artifacts is presently unknown and 

will be explored in this dissertation.  
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Implications are important for more fully understanding the dynamics of the 

geomagnetic field. Further study of the differences in these two sets of cores will enhance 

our understanding of geomagnetic flux lobes and geodynamo effects on sedimentary 

recording of PSV. These records will improve our ability to determine PSV and RPI from 

sediment cores by examining each core’s correlation with MD99-2269 from the Labrador 

Sea (Stoner et al., 2006), which represents the best archive we have of high-resolution 

North Atlantic PSV and RPI. This study will enhance our ability to find sites with useful 

records from the North Atlantic, improve our understanding of its geomagnetic field, as 

well as our ability to use North Atlantic sediment cores to understand Holocene PSV. 
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2.1 Abstract 

Magnetostratigraphy is a fundamental tool for dating the sedimentary record. Here we 

reconstruct seven Holocene paleomagnetic records from North Atlantic deep-sea sediments 

and 110 radiocarbon dates, and then compare them with a regional paleomagnetic record 

derived from an ultra-high sediment accumulation site. We found a large delay between 

deposition and the depth where the magnetization is “locked-in”, indicating that the 

traditional assumption is invalid and that a post-depositional remanent magnetization 

(pDRM) process exists. We show that this previously suggested delay is inextricably linked 

to smoothing (~70%) of the preserved deep-sea sediment magnetic signal. Using a post-

depositional remanent magnetization (pDRM) model that accounts for some of this 

smoothing, we demonstrate that the preserved magnetization is acquired ~20 cm below the 

sediment-water interface over an interval of ~10. This potentially ubiquitous process results 

in age offsets of 350-2000 years even in deep-sea sediments with accumulation rates in 

excess of 10 cm/kyr that is rarely if ever accounted for in magnetostratigraphy or the 

paleomagnetic record. 

 

2.2 Introduction 
Geomagnetic polarity reversals (Hays and Opdyke, 1967), polarity excursions (Lund et al., 

2006; Laj et al., 2000), and past intensity fluctuations (Laj et al., 2004; Guyodo and Valet, 

1999) are all preserved within deep-sea sedimentary archives, providing a wealth of paleo-

geomagnetic information and magnetostratigraphic opportunities. Primary magnetizations 

preserved in deep sea sediments are often thought to be acquired through a post-

depositional remanent magnetization (pDRM) process in which the magnetization is 

“locked-in” at depth (Suganuma et al., 2010; Sagnotti et al., 2005; Channell and Guyodo, 

2004; Roberts and Winklhofer, 2004; Bleil and Von Dobeneck, 1999; Lund and Keigwin, 

1994; Demenocal et al., 1990; Verosub, 1977; Irving and Major, 1964). Primary 

magnetizations preserved in deep sea sediments are widely considered to be acquired 

through a post-depositional remanent magnetization (pDRM process (Irving and Major, 

1964) where the magnetization is “locked-in” at depth (Suganuma et al., 2010; Channell 

and Guyodo, 2004; Bleil and Von Dobeneck, 1999; Demenocal et al., 1990; Verosub, 

1977; Irving and Major, 1964) and over a depth interval (Roberts and Winklhofer, 2004; 
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Lund and Keigwin, 1994). However, there is little consensus on how and therefore where 

sediments record the geomagnetic field (Roberts et al., 2013) because previous 

paleomagnetic observations are poorly constrained (Suganuma et al., 2010; Channell and 

Guyodo, 2004; Bleil and Von Dobeneck, 1999; Demenocal et al., 1990).  Meanwhile, 

laboratory experiments only partially mimic deep-sea environments (Carter-Stiglitz et al., 

2006; Tauxe et al., 2006; Kent, 1973), and theoretical approaches suggest lock-in should 

happen almost instantaneously (Roberts et al., 2013; Katari and Bloxham, 2001; Katari et 

al., 2000). As a result we do not know whether the paleomagnetic records preserved within 

deep-sea sediments are smoothed, removed and/or temporally offset relative to the 

geomagnetic record, and magnetic acquisition is not accounted for when using magnetic 

stratigraphy to constrain the age of geological processes (e.g. Lisiecki and Raymo, 2005).  

Preserving many of the highest quality paleo-geomagnetic records, the northern 

North Atlantic (NNA) is a region of importance for our understanding of these processes 

(Channell et al., 2010). To gain a deeper understanding of the magnetic acquisition process 

and its influence on the sediment paleomagnetic records, we employ: 1) improved 

knowledge of the Holocene paleo-geomagnetic field of the northern North Atlantic (NNA) 

(Stoner et al., 2013; Stoner et al., 2007), 2) modern AMS radiocarbon dating and 

uncertainty estimation methods, and 3) sediment paleomagnetic records developed from a 

range of deep-sea environments from across the NNA with accumulation rates high enough 

to resolve paleomagnetic secular variation (PSV) and variable enough to show differences.  

These results, reinforced through convolution modeling, provide new insights into the 

depth/time offsets, produced during the magnetic recording process, the impacts of the 

sediment magnetization acquisition process on the paleomagnetic record and its use as a 

stratigraphic dating tool. 

 
2.3 Results 

The paleomagnetic record of seven Holocene aged sediment cores obtained from across the 

NNA, from the Newfoundland Margin (cores 2GC and 22GC) to the west, the Eirik Drift 

in the Labrador Sea (Site U1305) and the Bjorn Drift in the Iceland Basin (core 57GC and 

Site 984) to the north, and the Feni Drift (cores 46GC and 53GC) to the east, were 

reconstructed (Figure 2.1) (Appendix A). Ninety-seven new radiocarbon dates and 25 



 

 

 

14 

previously published ages (Stoner et al., 2013; Praetorius et al., 2008; Bond et al., 2001) 

allow us to develop a series of age models with well constrained uncertainties (20-560 yrs) 

(Huybers and Wunsch, 2004) (Appendix A). Mean sedimentation rates for these cores 

range from 15-65 cm/kyr. Paleomagnetic records were studied through alternating field 

demagnetization of u-channel samples (Stoner and St-Onge, 2007; Weeks et al., 1993) and 

all cores reveal a well-defined, low coercivity magnetization consistent with a pseudo-

single domain magnetite mineralogy as supported by hysteresis data and previous studies 

on NNA sediments (Stoner et al., 2013; Barletta et al., 2010; Channell et al., 2010; 

Channell and Guyodo, 2004) (Appendix A). All records pass criteria for sediment likely to 

provide reliable relative paleomagnetic intensity (RPI) estimates (Stoner and St-Onge, 

2007; Tauxe, 1993) (Appendix A). Directions vary around historical predictions for the site 

locations (Jackson et al., 2000) and are generally consistent with predictions from 

Holocene global field models (GFMs) (Korte et al., 2011). New paleomagnetic records 

from well-dated ultrahigh resolution (> 200 cm/kyr) sediment cores from the east 

Greenland margin, core MD99-2322, and from the north Iceland shelf, core MD99-2269, 

(Stoner et al., 2013; Stoner et al., 2007), provide high quality, high resolution well dated 

records of the North Atlantics directional variability. This quality and regional 

representativeness of the MD99-2269 PSV record is supported by its similarity to: (1) 

MD99-2322, a similarly high-resolution record from the East Greenland margin (Stoner et 

al., 2007), (2) Icelandic Lake records (Ólafsdóttir et al., 2013) and (3) GFM predictions 

derived exclusively from archeomagnetic data (Korte et al., 2009), allow us to assume that 

MD99-2269 (Stoner et al., 2013; Stoner et al., 2007) accurately describes the region’s PSV 

record. 

 Comparing our deep-sea records with MD99-2269 (Stoner et al., 2013; Stoner et 

al., 2007), we find that PSV amplitude, rate of change and timing varies with sedimentation 

rate (Figure 2.2). Age offset can be accounted for by tuning each deep-sea record to MD99-

2269 (the most continuous individual record), providing an age for the magnetization, 

independent of radiocarbon dates. This is based on the assumption that the age and fidelity 

of the NNA’s paleo-geomagnetic record is most accurately defined by these highest 

resolution records (Stoner et al., 2013; Stoner et al., 2007) (Figure 2.2)  (Appendix A) in 

which the magnetization acquisition process could only induce minor (decadal) age offsets. 
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Large amplitude declination features are used as tuning targets because GFM predict little 

spatial variability in declination across the NNA during the Holocene (Korte et al., 2011; 

Korte et al., 2009) (Appendix A; Figure A.10). Statistically improved correlations (r2 

values) for declination (tuned) and inclination (not tuned) are observed for all records 

(Appendix A; Figures A.11-A.14, Table A.3). Declination tuning also improves the 

correlation between North Atlantic RPI and European archeomagnetic intensity (Genevey 

et al., 2008), further supporting the validity of this approach.  

We are able to assess age differences in each core by evaluating radiocarbon and 

magnetic chronologies. Age offsets range from ~350 to 900 yrs for records with 

sedimentation rate > 30 cm/kyr (core 57GC, Sites U1305 and 984) (Table A.4, Figures 

A.20-A.22) and ~700 to 2000 yrs for records with sedimentation rates < 20 cm/kyr (cores 

2GC, 22GC, 53GC, 46GC) (Figure 2.2) (Appendix A; Table A.4, Figures A.16-A.19). We 

further constrain this experiment by focusing on the post-glacial Holocene, these records 

that have consistent sedimentation rates, lithologies and surface mixed layer thicknesses 

(Thomson et al., 2006; Boudreau, 1998), while minimizing any complexities associated 

variable, marine radiocarbon reservoir ages (Thornalley et al., 2010; Bard et al., 1994). In 

most cases the age differences are significantly greater than the radiocarbon age model 

uncertainties (Huybers and Wunsch, 2004) that for MD99-2269 are ± 10-300 yrs (Figure 

A.23) and for the deep-sea cores ranges from ± 20-560 yrs (Figure 2.3; Appendix A, 

Figures A.20-A.22).  Anomalously old radiocarbon ages are consistent with the application 

of an inappropriately small marine reservoir correction (ΔR), however, the need for an 

additional ΔR above the standard global mean (used in this study) has not been detected in 

the subarctic North Atlantic during the postglacial Holocene (Thornalley et al., 2010; 

Reimer et al., 2002; Bard et al., 1994; Stuiver et al., 1986).  Furthermore, the observed age 

offsets, ranging from 350 to 2000 years, are substantially larger and more variable than 

could reasonably be explained by any unaccounted for ΔR.  These age offsets, therefore, 

imply that magnetic acquisition in these sediments occur at depth through a pervasive 

pDRM process (Roberts et al., 2013; Suganuma et al., 2011; Irving and Major, 1964).  

  Multiplying the age offset by the radiocarbon-derived sedimentation rate at each tie 

point allows an estimate of the depth at which the magnetization was acquired. For each 

time-series this is done continuously and at each tie point (Appendix A). For the lower 
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resolution records, where the recognition of PSV features is less certain, calculation of age 

and depth offset is also done using the three most robust easterly declination features 

clearly recognized in all records.  These features are North Atlantic counterparts of events 

d, f, h, originally described by Turner and Thompson (1981) from the British PSV Master 

Curve, and dated at ~1000, ~2500, ~6850 cal yrs BP in MD99-2269, respectively (Figure 

2.2).  Our results indicate depth offsets of 18, 21, and 26 cm for the higher sedimentation 

rate cores 57GC, Sites U1305, and 984 and 19, 12, 16, and 27 cm for lower sedimentation 

rate cores, 2GC, 22GC, 46GC, and 53GC, respectively. Our observations are generally 

consistent with average values found in previous Atlantic, ~16-20 cm (Channell and 

Guyodo, 2004; Demenocal et al., 1990), and Indian Ocean, ~15-17 cm (Suganuma et al., 

2011; Suganuma et al., 2010), studies using polarity reversals with much lower 

sedimentation rates and much larger age uncertainties (Channell et al., 2010; Lisiecki and 

Raymo, 2005; Skinner and Shackleton, 2005). The similarity of these results derived from 

different methods, ocean basins and sedimentary environments suggests that pDRM is a 

ubiquitous deep-sea sediment process.  

 

2.4 Discussion and Conclusions 
Our observations also suggest that paleomagnetic records derived from deep-sea sediments 

are substantially smoothed as clearly evident when viewing our lowest sedimentation rate 

records in Figure 2.2 (cores 2GC, 22GC, 46GC, 53GC). The most evident explanation for 

the extent of smoothing seen in these lower resolution records is the pDRM process as 

smoothing artifacts produced by geomagnetic field variability are unlikely in this regional 

context (Clement, 2004). And though convolution from the u-channel magnetometer’s ~4.5 

cm Gaussian response function (e.g., Weeks et al., 1993) is thought to disproportionately 

smooth lower resolution records (Channell and Guyodo, 2004), the reduction in amplitude 

is much greater than can be explained by u-channel smoothing alone (Appendix A; Figure 

A.35). Comparison of the amount of smoothing is actually quantified as the amount of 

signal preserved as defined by the proportion of the standard deviation of each deep-sea 

record to the standard deviation of MD99-2269 showing that the highest-resolution PSV 

record (Site U1305) captures much of the variability with a standard deviation ratio of 87% 

(Figure 2.2 b), while lower-resolution records, such as cores 53GC and 46GC have an 
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standard deviation ratio of 33% and 28%, and are more significantly affected by smoothing 

(Appendix A). These imply that the magnetization is acquired over a zone extending 

beyond the smoothing induced by u-channel measurements. Considering that all these 

observations are derived from high-resolution deep-sea sediment records (>10 cm/kyr), the 

preservation of the geomagnetic signal in some environments may be even less than 

previously quantified (Roberts et al., 2013; Tauxe et al., 2006; Roberts and Winklhofer, 

2004; Tauxe et al., 1996).  Though our findings are consistent with earlier studies 

illustrating decreased PSV variability within deep-sea sediments (Lund and Keigwin, 1994) 

and the contention of Roberts and Winklhofer (2004) that short duration (<2000 yrs) 

excursions are rarely observed because of the pDRM process.  

 To better constrain these observations, magnetic acquisition is modeled through 

convolution of core MD99-2269, the best available estimate for the region’s paleo-

geomagnetic signal (Stoner et al., 2013; Stoner et al., 2007), to replicate at the observed 

PSV record from our deep-sea sediment cores. The convolution filter is comprised of three 

parts (Figure 2.4) (See Appendix A.6), a surfaced-mixed layer (M), a lock-in zone (L), and 

a lock-in function (F); allowing separation of the processes involved.  The surfaced-mixed 

layer is represented as a zone of little or no (<2%) magnetization acquisition (Roberts and 

Winklhofer, 2004) that contributes to the depth offset, but little to smoothing. Below the 

surfaced-mixed layer is a lock-in zone (L) where an additional depth offset and almost all 

of the smoothing occurs. Previous studies have advocated a variety of functions (F), linear 

(Suganuma et al., 2011; Roberts and Winklhofer, 2004; Bleil and Von Dobeneck, 1999), 

exponential (Hyodo, 1984), and sigmoidal (tanh) (Channell and Guyodo, 2004), 

representing different assumptions about the lock-in process. In a series of sensitivity tests, 

M and L were allowed to vary from 1 to 30 cm and 1 to 50 cm, respectively, exploring how 

each function convolves the input signal. These tests show that the best results were 

obtained using cumulative (linear or tanh) lock-in functions characterized by ~50% lock-in 

half way through the lock-in zone, though neither worked perfectly nor gave the best 

results for all cores (Figure 2.3 c) (Appendix A). Exponential and parabolic functions that 

are consistent with theoretical expectations of rapid alignment (Tauxe et al., 2006; Katari 

and Bloxham, 2001), resulted in lock-in occurring too quickly to allow for the necessary 

smoothing. A composite function (Appendix A) that allows some smoothing within the 
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lower part of the mixed layer was also tested and suggests that more complex filters will 

eventually be required.  

Optimizing linear and tanh convolution filters to provide the best fit as derived by 

correlation coefficient and the root mean square for M and L at all sites allows us to derive 

a series of optimized outputs (Figure 2.3) (Appendix A; Table A.6; Figures A.37-A.43) that 

highlight the general similarity of the process at all sites. The location of highest 

correlation in M vs L space varies, pDRM is required for all with a very similar total depth 

offset (15 ± 10 cm), similar to those observed (Figure 2.3 c). Differences reflect the large 

variability in deep-sea sediment environments sampled (Carter-Stiglitz et al., 2006; 

Thomson et al., 2006; Laj et al., 2000). Maximum correlation coefficient produced by the 

composite function indicates that cores 46GC and 53GC have a total lock-in depth (M+L) 

of 25 and 30 cm and for core 57GC is 25 cm using a linear function. With an observed 

lock-in depth offsets of 15.7 ± 3.7, 20.1 ± 4.4 cm, and 18 ± 4.0 cm for cores 46GC, 53GC, 

and 57GC, respectively. For example, Site 984, which is characterized by much higher 

sedimentation rates (~50 cm/kyr) over the last 2000 yrs compared to the rest of the 

Holocene, shows the most complex model outputs (see Appendix A.7; Figure A.43).  

Differences in M and L are also consistent with prior estimates of mixed layer differences 

in the western NNA (Keigwin and Guilderson, 2009) and eastern NNA (Thomson et al., 

2006). Comparisons with direct observations provide similar depth offsets, direct 

observations only accounts for the difference between the magnetization (assumed to be the 

mid point of the lock-in zone) (Andree, 1987) and the depth of the radiocarbon dated 

sediment, which is approximately half way through the surface mixed layer (Barker et al., 

2007; Broecker and Peng, 1982). Modeling of the pDRM process should, therefore, allow 

for an independent assessment of the mixed layer thickness by accounting for both M and 

L.  

Although pDRM is commonly thought to result from progressive sediment 

consolidation and dewatering, our observational and convolution modeling studies 

demonstrate that pDRM is likely affected by a complex mélange of properties and 

processes, including previously proposed mechanisms, such as progressive sediment 

consolidation and dewatering (Verosub, 1977; Kent, 1973), lithologies and physical 

properties.  We confirm that preservation of paleomagnetic directional information in deep-
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sea sediments is indeed influenced by a sedimentation rate modulated complex low-pass 

filter; as well as by a semi-independent surface mixed layer, therefore, suggesting the 

importance of the surface mixed layer in controlling lock-in depth (Channell and Guyodo, 

2004). Sediment properties (e.g. density, permeability, physical and magnetic grain-size, 

etc.) are thought to act as secondary mechanism for the filtering process (Bleil and Von 

Dobeneck, 1999; Demenocal et al., 1990). Our results, in contrast, support a concept that 

bioturbation and dewatering ceases before much of the magnetization is locked-in 

(Suganuma et al., 2011), with the inherent smoothing and its variability likely a response to 

physical properties. Also, in contrast to previous assumptions that purely sediment 

dewatering drives pDRM and follows an exponential function (Roberts and Winklhofer, 

2004; Hyodo, 1984), our results are best documented using the linear, tanh and composite 

functions. Unlike previous results, we show that smoothing is an inherent part of the 

pDRM process.  

These definitive observations show that the magnetization is acquired over an 

interval of depth.  The combined results of our observations and modeling require us to 

speculate as to the theoretical mechanism that could slow down the acquisition process. 

The lack of a known mechanism for lock-in remains a major limitation in our 

understanding of the magnetic acquisition process (Roberts et al., 2013). Flocs containing 

many non-uniformly aligned magnetic particles have been proposed as a means by which 

viscous drag could be enhanced, thereby slowing down lock-in (Tauxe et al., 2006; Katari 

and Bloxham, 2001; Katari et al., 2000). Although flocs may commonly facilitate sediment 

deposition (Tauxe et al., 2006), there is, at present, little evidence for their survival or 

existence below the mixed layer;  and it has actually been postulated that sediment mixing 

is what allows for stronger recording of the geomagnetic field in sediments (Kent, 

1973).  The key to reconciling this problem may be found in recent observations showing 

the importance of poly crystalline silts with magnetite inclusions, rather than free clay sized 

magnetic minerals, as the primary source of bulk magnetic remanence records in the NNA 

(Hatfield et al., 2013). These new findings hint that magnetic anisotropic particles in the 

silt size range could provide both the viscous drag required to slow down the acquisition 

process and the lack of saturation magnetization required for sediment alignment to scale 

with the small changes in the strength of the geomagnetic field. 
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 We find that the majority of our deep-sea records are best modeled by a composite 

function that produces a lock-in zone that is intensified at depth while allowing for more 

gradual smoothing to occur in the upper ~ 20% of the lock-in zone. This smoothing is an 

important part of the pDRM process as it determines what geomagnetic information marine 

sediments preserve. One need only consider the last geomagnetic reversal at ~780 ka as an 

example of the importance of pDRM processes affecting the interpretation of some 

paleomagnetic archive, (Valet et al., 2012; Channell et al., 2010; Tauxe et al., 1996). The 

timing of this reversal has been typically dated using imperfect correlative tools (e.g. 

oxygen isotope stratigraphy, 10Be production) that are based on records from relatively low 

accumulation rate sites (<10 cm/kyr) (Channell and Guyodo, 2004; Clement, 2004). When 

extrapolated (Fig. 2), our age offsets relative to sedimentation rates as well as their related 

depth offsets are consistent with previously shown data that estimated lock-in depths of 

~17 cm (Suganuma et al., 2011; Channell et al., 2010).  These suggested that the actual 

B/M boundary may be at least 10 ka younger than the astronomically tuned and accepted 

age of 781 ± 2 ka (Tauxe et al., 1996; Bassinot et al., 1994), but in agreement with other 

studies based on ocean sediment and ice core records (Suganuma et al., 2011; Channell et 

al., 2010; Dreyfus et al., 2008; Demenocal et al., 1990) which provide ages between 765 

and 775 ka.  
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Figure 2.1. Locations of the North Atlantic core sites 

Map of the northern North Atlantic with relevant core sites shown as colors that are also 

uses to delineate them in the panel below the map.  The western cores are KN158-04-2GC 

(43°29’N, 54°52’W, 3942 m), KN158-04-22GC (44°18’N, 46°15’W, 3959 m) and Site 

U1305 (57°27’N, 24°06’W, 3460 m) are shown as black, purple and light green dots, 

respectively.  In the eastern NNA, cores KN-158-04-46GGC (46GC) (52°58’N, 19°49’W, 

2758 m) and KN-158-04-53GC (53GC) (55°27’N, 48°31’W, 1660 m) are plotted as dark 

green and orange dots.  In the central NNA, core KN-158-04-57GC (57GC) (58°39’N, 

25°25’W, 2768 m) is represented as the cyan dot, the magenta dot shows the location of 

Ocean Drilling Program (ODP) Site 984 (61°25’N, 14°42’W, 3460 m) and the red dot 

represents the location of the input record MD99-2269. 
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Figure 2.2. Declination for each core site as sedimentation rate increases 
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Declination is plotted in order of sedimentation rate from the lowest to the left and the 

highest to the right (cores 2GC, 22GC, 46GC, 53GC, Site 984, core 57GC, Site U1305 and 

MD99-2269). The radiocarbon dates for each deep-sea core are shown as gray triangles on 

top of the proxy data. The labels for declination features established by Thompson and 

Turner (1979) on MD99-2269 is plotted in red.  Declination values (-100° to 100°) 

computed based on PCA analysis and rotated to a mean of 0° plotted versus age from 0 to 

12 ka. The blues lines represent the five tie-points used (Appendix A). 
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Figure 2.3. Sedimentation rate versus age offsets, depth offsets and smoothing  
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(a) The panel to the left shows sedimentation rate expressed in cm/kyr on the x-axis vs age 

offset in cal. yrs B.P. on the y-axis, both on a plotted on a logarithmic scale. Both axes are 

plotted on a logarithmic scale. The black dashed lines represent the expected relationship 

between sedimentation rate and age offset for various lock-in depths as modeled by a linear 

lock-in function and is labeled with their lock-in depths. The solid symbols are the mean 

sedimentation rates and age offsets for each of the deep-sea records as calculated based on 

the three most robust easterly declination features (the d, f and h events) (2GC- black 

upwards facing triangle, 22GC-purple square, 46GC- dark green diamond, 53GC- orange 

pentagon, 57GC- blue circle, U1305- light green star, Site 984- magenta sideways pointing 

triangle).  The maximum and minimum age offsets and sedimentation rates are plotted for 

each record.  The black outlined stars are results from Indian Ocean cores determined 

based on RPI and depth relative to the Brunhes-Matuyama Boundary (Suganuma et al., 

2010).  (b) The panel below shows the sedimentation rate plotted on a log scale on the x-

axis and on the y-axis the degree of smoothing, defined as the percentage of variance that 

each record contains relative to MD99-2269, is plotted.  The sedimentation rate in 3a is 

calculated for each tie-point (Appendix A). This indicates that there is a sedimentation rate 

threshold, thus reinforcing the importance in sedimentation rate as well as its rate of 

change. (c) This plot shows the observed depth offsets (Appendix A), calculated my 

multiplying the mean age offset times the mean sedimentation rate (Figure 4.2) for each of 

the deep-sediment records in the solid markers and their respectively colored non-solid 

markers as the L-values that are produced from the model (Appendix A) using the most 

one half of the most likely M-value (Andree, 1987; Berger and Killingsley, 1982) for each 

site as well as the best match to the output record.  The M-values used were no less than 10 

for any site and sensitivity tests show that the total depth offset does not vary significantly 

with the different model outputs (Appendix A). 



 

 

 

26 

 

Figure 2.4. Example of pDRM model for core KN158-04-2GC  
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(a) The long left panel shows declination of 53GC (red line) compared to initial pDRM 

model outputs by convolving MD99-2269 declination (thin gray line) with a linear transfer 

function (dark blue curve), exponential transfer function (green curve) and the tanh 

function (cyan). (b) The long center panel shows declination of 57GC (red line) compared 

to initial pDRM model outputs by convolving MD99-2269 declination (thin gray line) with 

the same three transfer functions. The model outputs are shown with a constant surface 

mixed layer depth of M = 15 cm. Both panels show declination on the x-axis from -100° to 

100° and depth in cm of the deep-sea record on the y-axis. (c) These panels show the 

varying filter functions (F) and a schematic of the surface mixed layer as a gray bar (M) 

and lock-in depth (L). The upper panel shows the cumulative linear lock-in function (dark 

blue) with the amount of the sediment that is locked-in shown as a percentage on the x-axis 

and the lock-in depth on the y-axis in cm.  Below, are the cumulative exponential lock-in 

function (green) and the cumulative lock-in function for the sigmoidal or tanh filter 

function (cyan). The L values shown at the top of the two left panels (a and b) show the 

range of L depths using an M = 15 cm and the linear and tanh filter functions.
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3.1 Abstract 

Terrestrial records have dominated our understanding of the Holocene paleo-geomagnetic 

record, while marine sediments have traditionally been used for longer-term 

reconstructions.  Here we use seven high-resolution (~10-65 cm/kyr) deep-sea sediment 

cores taken from the western (KN158-04-2GC, KN158-04-22GC and IODP Site U1305) 

and eastern (KN158-04-53GC, KN158-04-46GC, KN158-04-57GC and ODP Site 984) 

North Atlantic to constrain the full magnetic vector in the Northern North Atlantic (NNA) 

through the Holocene.  All cores are studied by alternating field demagnetization of u-

channel samples and are constrained by independent radiocarbon chronologies. In 

comparison to well-dated regional ultra-high resolution paleomagnetic records (MD99-

2269 and the “Green-Ice” composite record), we see consistent bias in the radiocarbon ages 

of geomagnetic features in these records to nominally older ages.  The bias results from 

delayed magnetic “lock-in” as part of the post-depositional remanent magnetization 

(pDRM) process.  Assuming that the ultra-high resolution records have negligible lock-in 

age bias, we develop pDRM-corrected chronologies for each record by tuning 

paleomagnetic declination to MD99-2269 under a partially tested assumption of 

consistency of this parameter across the North Atlantic. We find that inclination and 

relative paleomagnetic intensity features, which were not used in the tuning process, are 

better correlated in all seven records when using the pDRM-corrected chronology.  They 

are most similar for the last 8 ka, with slight regional differences during the early time 

interval (8-15 ka).  We create directional and relative intensity stacks using the pDRM-

corrected chronologies to recover a regional picture of Holocene NNA geomagnetic field 

behavior.  We then compare with data from North America and Europe for broader 

regional comparisons.  This comparison helps constrain longer-term dynamics of the high-

latitude flux patches seen in historical geomagnetic field models. 

 

3.2 Introduction 

Paleomagnetic studies from both geologic (Channell, 2006b; Stoner et al., 2002; Laj et al., 

2000) and archeologic (Genevey et al., 2008) materials, as well as historic and modern 

data, show dynamic behavior in geomagnetic field strength and morphology.  These studies 

have enhanced our understanding of transient (Gubbins et al., 2006; Jackson et al., 2000) 
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and persistent (Johnson and McFadden, 2007) field features.  Northern North Atlantic 

(NNA) paleomagnetic records have been particularly instrumental in the development of 

many of our modern paleomagnetic concepts, focusing mostly on relative paleomagnetic 

intensity (RPI) variations (e.g. Channell et al., 2008; Stoner and St-Onge, 2007; Stoner et 

al., 2002; Laj et al., 2000), polarity transitions (e.g. Mazaud et al., 2009; Mazaud and 

Channell, 1999; Channell and Lehman, 1997) and excursions (e.g. Laj et al., 2006; 

Channell et al., 2005; Lund et al., 2005).  However, our understanding of more recent 

geomagnetic field history (i.e. the last 15,000 years) has come primarily from terrestrial 

records due to practical difficulties recovering data from marine sediment core tops which 

span this time period and due to the often deeper and older objectives of these studies. This 

has limited spatial coverage and hindered a more complete understanding over this time 

interval. 

Models of global and regional field intensity variations based on RPI records have 

provided a tool for fine-scale stratigraphic correlation and investigations of long-term 

geomagnetic field changes (e.g. Ziegler et al., 2011; Channell et al., 2009; Laj et al., 2004; 

Stoner et al., 2002; Laj et al., 2000; Stoner et al., 1998; Guyodo and Valet, 1996).  Limited 

attention has been given to paleomagnetic secular variation (PSV) stacks - Snowball et al. 

(2007)’s FENNOSTACK is an exception; as a result, the detailed dynamics of the full 

magnetic vector are under-explored.  Centennial to millennial time-scale PSV is proposed 

to result from drift of the non-dipole field (Merrill et al., 1996), dipole wobble (Nilsson et 

al., 2010), and/or high latitude flux lobes at recurrent locations (Stoner et al., 2013; 

Bloxham and Gubbins, 1985).  Dating uncertainties and concerns about phase offsets 

caused by remanence acquisition occurring through a post-depositional remanence 

magnetization (pDRM) process (Irving and Major, 1964) have reduced our ability to make 

the spatial comparisons required to evaluate mechanisms responsible for PSV at this 

temporal resolution. 

   In Chapter 2, we have addressed chronological concerns that influence the 

paleomagnetic record of NNA marine sediments by studying, quantifying and correcting 

for age offsets related to magnetization acquisition that occurs as part of the pDRM process 

(Stoner et al., 2013; Irving and Major, 1964) (Chapter 2; Appendix A).  Here, we compile a 

dataset of recently published, high-quality NNA deep sea sediment records and evaluate 
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the spatial continuity of the PSV and RPI records on their “pDRM-corrected” chronologies, 

(Stoner et al., 2013)(Appendix A).  The records are evaluated relative to each other, 

averaged across the NNA into regional PSV and RPI stacks and compared to North 

American (King and Peck, 2002; Lund, 1996; Lund and Banerjee, 1985; King et al., 

1983b) and European (Genevey et al., 2008; Snowball et al., 2007; Stockhausen, 1998; 

Thompson et al., 1979) records on either side of the Atlantic basin.  The records and 

resultant stacks provide the first well-resolved regional constraints on paleomagnetic 

variations for the NNA region over the last 15 thousand years. 

 

3.3 Holocene Paleomagnetic Records from the North Atlantic 

For investigation of the NNA regional Holocene variability, we compile seven cores from 

Chapter 2 and recently published literature (Stoner et al., 2013; Praetorius et al., 2008; 

Channell, 1999b).  Cores were collected from a range of NNA deep-sea locations (covering 

>3000 km), and at a variety of water depths (2.7 – 4 km) (Figure 3.1; Table 3.1). In the 

western NNA, site KN-158-04-2GGC (herein referred to as 2GC) (43°29’N, 54°52’W, 

3942 m) is located south of the Newfoundland Plateau and west of the SE Newfoundland 

Ridge and KN-158-04-22GGC (22GC) (44°18’N, 46°15’W, 3959 m) (Bond et al., 2001) is 

east of the Newfoundland Plateau, between the SE Newfoundland Ridge and the Flemish 

Cap.  North of 22GC, Integrated Ocean Drilling Program (IODP) Site U1305 (57°27’N, 

24°06’W, 3460 m) drilled into the Eirik Drift in the Labrador Basin (Stoner et al., 2013; 

Mazaud et al., 2012).  In the eastern NNA, sites KN-158-04-46GGC (46GC) (52°58’N, 

19°49’W, 2758 m) and KN-158-04-53GC (53GC) (55°27’N, 48°31’W, 1660 m) are 

located south of the Rockall Plateau with 46GC southeast of the Feni Ridge axis (Roberts 

and Kidd, 1979) and 53GC on the Feni Drift.   Sites KN-158-04-57GC (57GC) (58°39’N, 

25°25’W, 2768 m) and Ocean Drilling Program (ODP) Site 984 (61°25’N, 14°42’W, 3460 

m) are located in the Iceland Basin, from the southern end of the Gardar Drift and off the 

Bjorn Drift (Channell et al., 2004; Channell, 1999b), respectively.  
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Figure 3.1. Map showing the North Atlantic core locations used in this study 

Color of site locations are used consistently through this chapter.  The western sites 

KN158-04-2GC (2GC), KN158-04-22GC (22GC), and U1305 are shown as black, purple 

and light green dots, respectively.  In the eastern NNA, sites KN-158-04-46GGC (46GC) 

and KN-158-04-53GC (53GC) are plotted as dark green and orange dots.  In the central 

NNA, KN-158-04-57GC (57GC) is represented as the cyan dot, the magenta dot shows the 

location of Ocean Drilling Program (ODP) Site 984, and the red dots represent the 

locations of records MD99-2269 and MD99-2322 that make up the Greenland-Iceland 

composite. 
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The natural remanent magnetization (NRM) studied by progressive alternating field 

demagnetization of u-channels samples shows that all sites are characterized by a strong, 

stable, low-coercivity, magnetization consistent with a pseudo-single domain a 

predominantly magnetite carrier (Chapter 2, Appendix A). Characteristic remanent 

magnetizations (ChRM) were computed using traditional PCA analysis (Kirschvink, 1980). 

Steps and demagnetization intervals varied slightly from core to core.  Five cores used 

seven demagnetization steps: every 5 mT from 10 to 50 mT and 60 mT. For cores U1305 

and Site 984, ChRM directions were computed using ten (20-80 mT) and seven 

demagnetization steps (25-60 mT), respectively (Stoner et al., 2013; Channell, 1999b).   

The resulting maximum angular deviation (MAD) values, outside of a few intervals, are 

<2°at all sites regardless of paleomagnetic laboratory or steps used. Declinations were 

rotated to a mean of zero degrees (Figure 3.3 a).  Mean inclinations for each record are 

within 2° of the expected GAD value for each sites’ latitude (Figure 3.3 b).  The 

concentration of magnetic material as measured at each location by the isothermal 

remanent magnetization (IRM) and anhysteretic remanent magnetization (ARM) intensities 

vary by less than an order of magnitude through the studied interval, consistent with 

criteria (Tauxe, 1993; King et al., 1983b) for sediments likely to provide reliable relative 

paleomagnetic intensity. Because ARM does not satisfactorily normalize NRM at all 

locations as determined by correlation between normalized remanence (NRM/ARM) and 

the normalizer (particularly for cores 2GC and 22GC in the northwestern North Atlantic), 

we uniformly use IRM normalized remanence (NRM/IRM) as our RPI proxy.   

Each sediment record is constrained by independent radiocarbon chronologies with 

at least seven radiocarbon dates per Holocene sections of each core (Stoner et al., 2013; 

Praetorius et al., 2008; Bond et al., 2001) (Figure 3.2) (Chapter 2, Appendix A).    

Propagation of dating uncertainty between age-control points is quantified using a Monte 

Carlo based, random-walk model approach (Marcott et al., 2013) (Figure 3.2) (Chapter 2).  

The eastern NNA cores 46GC, 53GC and 57GC have relatively linear sedimentation rates 

of ~13, 23, and 65 cm/kyr, respectively, throughout the last ~15 ka. Those in the western 

NNA have more variable sedimentation rates with significant changes around 8-9 ka.  The 

sedimentation rate change for 2GC (~20-25 cm/kyr to > 80 cm/kyr) is maintained for the 

remainder of the core. However, the sedimentation rate change in 22GC (~17 cm/kyr to 
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>150 cm/kyr) only lasts for about 1.5 kyr and after 10.5 ka slows back to a mean ~30 

cm/kyr (Figure 3.2).   

We have additionally developed “pDRM-corrected” chronologies for the magnetic 

records, which more accurately represent the age of the sediment magnetization, as 

opposed to the age of the sediment deposition derived from their radiocarbon chronology 

(Chapter 2; Appendix A). This was accomplished by tuning declination from each deep-sea 

record to MD99-2269 (Stoner et al., 2007) under the assumption that this ultra high-

resolution core, which has the highest sedimentation rate, has negligible bias in 

geomagnetic age; the process was replicated using the Greenland/Iceland PSV composite 

which includes MD99-2269, for tuning with similar results (Stoner et al., 2013) (Appendix 

A).  Declination was used as the tuning parameter because global field models (Korte et al., 

2011; Korte et al., 2009) predict a spatially uniform signal for this parameter across the 

NNA during the Holocene (see Section 3.5) (Appendix A).   
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Figure 3.2. Depth to age models based on the 14C and pDRM-corrected chronologies 

AMS 14C results were derived from planktonic foraminifera and calibrated using CALIB 

6.0.1 (Reimer et al., 2009) with a constant 400-year reservoir correction. Calibrated 14C 

ages are shown as 1σ error bars in red. Solid lines represent the depth to age conversion 

using linear interpolation between 14C ages. Error envelopes represent the radiocarbon age 

uncertainty plotted in lighter colors. All dates prepared and run at ETH, Zurich, NOSAMS 

and UC Irvine (Stoner et al., 2013; Praetorius et al., 2008; Bond et al., 2001) (Chapter 2; 

Appendix A).  The dashed lines show the “pDRM-corrected” chronologies (See Chapter 2 

and the Appendix A for more details). 
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Figure 3.3. PSV and RPI for all records on radiocarbon and pDRM corrected chronologies 
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(a) Declination (top panel), (b) inclination (center panel) and (c) RPI (bottom panel) for 

each core are shown.  The radiocarbon dates for each core are indicated by gray triangles. 

Declination is plotted uniformly from -100° to 100°.  Inclination is plotted from 40° to 90°. 

RPIs are plotted on individual scales. All 3 panels are plotted in order of sedimentation rate 

from lowest (left) to highest (right). The right-most plot in (a) and (b) shows the ultra high-

resolution Green-Ice (Stoner et al., 2013) (black) and ARCH3k_cst.1 spherical harmonic 

model predictions (Korte et al., 2009) for the site location (gray) and shows European 

Archeomag (Genevey et al., 2008) in (c).  Labeled declination and inclination features on 

right-most plots are those established by Thompson and Turner (1979) for British PSV.  

Numbered RPI features (prominent highs and lows) on the right most RPI plot are 

established here to facilitate discussion. 
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3.4 Northern North Atlantic Stacks 

We create regional reference curves of Holocene and deglacial NNA geomagnetic field 

behavior by stacking and averaging the seven NNA records discussed above.  We 

investigate all three components: declination, inclination and normalized remanence 

(NRM/IRM) as an RPI proxy.  RPI records were each individually divided by the record 

mean such that each had an average of one prior to stacking.  The time-series for all records 

are interpolated to the same constant time-step (Δt = 100 years). They are then averaged at 

each time step with equal weighting given to all records.  Uncertainties given are ± one 

standard deviation of the mean.  We further evaluate the stack uncertainties using a delete-

1 jackknife procedure, where a stack is recreated leaving out one of the seven records each 

time. Calculating the standard deviation of the seven stacks yields comparable uncertainties 

with the exception of the edges where it estimates somewhat tighter bounds.  The 

correlation coefficients were calculated between the complete stack and each record as well 

as the stack and the stack generated from removing each respective record using the 

jackknife approach. Also, each jackknifed model shows significant correlation to the 

original stack (R > 0.94).  When two records are dropped, the correlation is still 

consistently greater than 0.90, suggesting that stack is capturing information preserved in 

all records and that no one or two records dominantly influences the stacked signal.    

The resulting stacks span approximately 1–15 ka.  Not all records extend to 15 ka: 

the interval from ~1-8 ka is composed of all seven records, that from ~8-12.5 ka is 

composed of six records (U1305 is not used), and 12.5-15 ka is composed of five records 

(U1305 and 2GC are not used).  The directional stacks yield reasonable correlations to the 

nearby Green-Ice PSV composite record (Stoner et al., 2013) (RDec = 0.66, RInc = 0.41) 

(Chapter 2).  The intensity stack correlates to the European archeomagnetic record 

(Genevey et al., 2008) (RInt = 0.49) as well as the normalized remanence record from 

MD99-2322 (Stoner et al., 2007) (RRPI = 0.49), whose PSV record is one of the two used to 

make the Green-Ice Composite (Stoner et al., 2013) (Table 3.1, Figure 3.6) (Appendix A; 

Chapter 2). We note that correlation in declination is expected as the “pDRM-corrected” 

chronologies were derived from tuning each records declination to MD99-2269 (Stoner et 

al., 2007) (Appendix A), which is one of the two records used in the Green-Ice composite 

(Stoner et al., 2013).  The differences in these records reflect of a number of factors such as 
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inherent smoothing that occurs as a result of the stacking process, differences in resolution, 

and averaging the geomagnetic field across the NNA (discussed below). 
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Table 3.1. Site Locations and stacking statistics 

Latitude and Longitude for each site location are shown in the second column (Figure 3.1).  

Water depth is the third column with the centimeter depth below sea floor, or depth down 

core is equivalent to the last 15,000 years (Figure 3.2) shown below the water depth.  The 

first set of R-values representing correlation of each respective time-series to the stack and 

the smaller italicized values are the correlation between the complete stack and the stack 

generated from removing each respective record using the delete-1 jackknifing approach. 

The variance reduction values are reported for declination, the next columns (6 and 7) 

show that for inclination and the last columns are for intensity.  The small italicized script 

below each value shows the R-value and variance reduction when each core is removed 

from the stack using a delete-1 jackknifing approach.

 
 

 

 
 

 

Core
Lat.)(°N))
Long.)(°W)

Water)
depth)
(m))
Core)
depth)
used)
(cm)

R-
value

Variance 
Reduction 

(%)
R-

value

Variance 
Reduction 

(%)
R-

value

Variance 
Reduction 

(%)
KN158<04<2GC 43.48 3942 0.77 51.37 0.38 14.30 0.74 50.63

-54.87 600 0.99 98.69 0.91 82.7 0.98 95.12

KN158<04<22GC 44.31 3959 0.85 65.31 0.49 23.75 0.53 24.73
-46.26 422 0.99 98.88 0.93 87.02 0.98 95.94

KN158<04<46GC 52.98 2758 0.84 27.72 0.38 9.40 -0.06 -43.78
-19.83 200 0.99 97.76 0.96 91.14 0.96 89.55

KN158<04<53GC 55.46 2184 0.71 34.33 0.14 -25.46 0.47 20.64
-14.71 290 0.99 96.17 0.96 91.12 0.85 72.74

KN158<04<57GC 58.66 2768 0.51 2.14 0.76 43.41 0.55 30.31
-25.42 425 0.98 92.68 0.93 83.95 0.95 89.50

U1305 57.48 3460 0.95 62.49 0.13 -13.36 0.60 30.66
-48.53 1050 0.98 95.94 0.97 92.11 0.99 98.75

ODP)Site)984 61.40 1660 0.74 47.57 0.54 23.88 0.72 38.21
-24.10 320 0.93 45.09 0.84 68.04 0.83 60.99
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3.4.1 Declination 

The declination stack is shown in Figure 3.4 b.  It maintains a high-degree of 

correlation with each individual record.  There is also no instance in which we see negative 

variance reduction, (Table 3.1), implying that all time-series are compatible with the stack.  

Variance reduction is calculated as the variance of the time-series minus the variance of the 

residuals (data-stack) all divided by the variance, and expressed as a percentage.  

Prominent easterly declination swings are evident at ~1.1, 2.5, 6.7, 8.6 and 11 ka, with 

smaller amplitude variability in the ~4 to 7.7 ka interval.  The main difference between the 

declination stack and individual records is resolution.  For instance, the stack has a standard 

deviation of 13.2°, while those of Site 984 and U1305 are 35.5° and 33.8°, respectively.  

46GC, 53GC, 2GC, 22GC, and 57GC are comparable to the stack, with standard deviations 

ranging from 10.3°-14.5°.   Correlation coefficients between the stack and individual 

records are above 0.70 for all but one record (R=0.51 for 57GC) (Table 3.1).   The slightly 

lower correlation for 57GC is likely a result of a significant change in sedimentation rate 

and thus PSV variability at 9 ka (Figure 3.2, Figure 3.3 a, Figure 3.7 b).   
 

3.4.2 Inclination 

Inclination and inclination anomaly (Inclination minus GAD prediction) stacks 

(Figure 3.5 b) show reasonable correlations (R > 0.35) to all but two deep-sea records 

(53GC and U1305). 57GC and Site 984 have the highest correlation coefficients, 0.76 and 

0.54 and variance reduction values of >40% (Table 3.1).  53GC has a correlation of R = 

0.14 with a variance reduction -25.46%.  U1305 is also not well correlated with the stack 

(R = 0.13). Various stacks were created cutting the last 500 to 1000 yrs of the record with 

no significant change in results.  These sensitivity tests show that the low correlation 

between U1305 and the NNA inclination stacks is not due to the spurious data close to ~8 

ka when the sedimentation rate for site U1305 changed drastically, but rather is either 

related to the high-frequency variability in this record that is not preserved by the stack 

and/or differences in the geomagnetic field at that site location.  

In general each core’s mean inclination is within 2° of the expected GAD value.  Cores 

from the western North Atlantic (2GC, 22GC) and Iceland Basin (57GC and Site 984) have 

mean inclinations that vary around GAD, while 46GC, 53GC, and U1305 vary about a 
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mean that is on average a little bit shallower than their expected GAD values. Core 57GC 

and Site 984 have the most variance about their GAD values. 

 

3.4.3 Relative paleomagnetic intensity 

Similar correlations are observed between individual RPI records and the stack  

(Figure 3.6 b; Table 3.1). The correlation between each record and the RPI stack is close to 

or above 0.6 for all cores except core 46GC (R = -0.06) (Table 3.1).  All of the records, 

except core 46GC, have a positive variance reduction with the lowest value of 20.64% for 

core 53GC and the rest between 30% and ~50%. When only the last 10 ka of core 46GC 

are used correlation increases (R = 0.53) and a positive variance reduction of 26.40% is 

observed. The low correlation of 10-15 ka in core 46GC is likely related to a large change 

in magnetic grain-size and mineralogy between the deglacial and the early Holocene.  It is 

within the ice-rafted debris (IRD) belt during the glacial (Bond et al., 2001; Bond et al., 

1992; Ruddiman, 1977) and a region of high-productivity during the Holocene (Thomson 

et al., 2006; Channell and Raymo, 2003; Oppo et al., 2003). The location of core 46GC is 

susceptible to significant shifts deposition and lithology that likely contribute to the 

different character of its RPI record.  This is explored further in Chapter 4 (Figure 3.1). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

48 

Figure 3.4.  Declination stack compared to NNA records and model predictions 

(a) Declination for cores 2GC (black), 22GC (purple), 46GC (dark green), 53GC (orange), 

57GC (cyan) and sites U1305 (green) and 984 (magenta) plotted on their pDRM-corrected 

chronologies. (b) The mean (stack) of all the time-series plotted as the thick black line with 

its standard error (grey envelope). (c) CALS10k.1b (Korte et al., 2011) model predictions 

for all site locations, using the same color scheme as in (a). Red dashed lines represent the 

model predictions for the sites MD99-2269 (thick) and MD99-2232 (thin).  (d) Green-Ice 

composite (Stoner et al., 2013) is shown in red with the light green representing the 

corresponding model prediction from ARCH3k_cst.1 (Korte et al., 2009).  
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Figure 3.5. Inclination anomaly stack compared to the NNA records and model predictions 

(a) Inclination anomaly for cores 2GC (black), 22GC (purple), 46GC (dark green), 53GC 

(orange), 57GC (cyan) and sites U1305 (green) and 984 (magenta) plotted on their pDRM-

corrected chronologies. (b) The mean (stack) of all the time-series plotted as the thick black 

line with its standard error (grey envelope). (c) CALS10k.1b (Korte et al., 2011) model 

predictions for all sites, using the same color scheme as in (a). Red dashed lines represent 

the model predictions for the sites MD99-2269 (thick) and MD99-2232 (thin). (d) 

Inclination from the Green-Ice composite (Stoner et al., 2013) is shown in red with the 

light green representing the corresponding model prediction from ARCH3k_cst.1 (Korte et 

al., 2009).  
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Figure 3.6. The intensity stack compared to the NNA records and model predictions 

(a) RPI normalized to a mean of one for cores 2GC (black), 22GC (purple), 46GC (dark 

green), 53GC (orange), 57GC (cyan) and sites U1305 (green) and 984 (magenta) plotted on 

their pDRM-corrected chronologies. (b) The mean (stack) of all the time-series plotted as 

the thick black line with its standard error (grey envelope). (c) CALS10k.1b (Korte et al., 

2011) model predictions for all sites, using the same colors scheme as in (a). Red dashed 

lines represent the model predictions for the sites MD99-2269 (thick) and MD99-2232 

(thin).  (d) 20-point smoothed RPI record from MD99-2322 (Stoner et al., 2007) (Appendix 

A) is shown in red with the light pink representing the unsmoothed time-series.  
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3.5 Discussion 

3.5.1 Effect of tuning prior to stacking 

Global Holocene field models (e.g. Korte et al., 2011) predict that PSV (declination and 

inclination) in the region spanned by our set of cores is expected to be relatively consistent, 

particularly declination (Figure 3.4).  However, large amplitude, longer-period declination 

swings, prominent in our data, are not synchronous on the cores individual radiocarbon 

chronologies (Appendix B).  If westward drift were the cause for the offsets, one would 

still expect coeval declination features for clustered westerly (U1305, 2GC and 22GC) and 

easterly cores (57GC, 53GC and 46GC), with perhaps an offset between them.  This is not 

what we observe; rather temporal inconsistencies are related to differing sedimentation 

rates (Chapter 2).  We argue that it is necessary to evaluate and stack the deep-sea records 

on their pDRM-corrected, rather than radiocarbon chronologies, in order to more 

accurately reconstruct the paleo-geomagnetic signal. Combining paleomagnetic data (both 

PSV and RPI) in a stack on an accurate magnetic chronology has the advantage of reducing 

local lithologic effects, coring disturbances, measurement errors and other sources of noise 

and therefore enhances the true geomagnetic record. However, accurate chronologies are 

necessary to optimally recover the geomagnetic signal.  To assess the impact of using 

pDRM-correcting chronologies, we performed the same stacking analysis with records on 

their radiocarbon chronologies.  The results are broadly similar, but with some important 

differences in timing of longer-period events and a reduction of apparent artifacts when 

using the pDRM corrected chronology (Appendix B). Improved correlation of the pDRM-

corrected stack with independent and higher-resolution paleomagnetic data (See Section 

3.3) support our conclusion that the stacks generated from data on their pDRM-corrected 

chronologies are more representative of the NNA paleo-geomagnetic field.   

 

3.5.2 Comparison to CALS10k.1b global Holocene field model 

We stacked the Holocene predictions from the CALS10k.1b spherical harmonic 

model outputs (Korte et al., 2011) for the seven sights that are the focus of this study (see 

site predictions in Figure 3.4 c, Figure 3.5 c and Figure 3.6 c).  The variability of the 

individual and stacked records and model outputs are similar for inclination (σ2
stack = 2.9 

and σ2
model =5.3) and intensity (σ2

stack = 0.0131 and σ2
model = 0.0291); however, the stacked 
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declination record has a variance (σ2
stack = ~140) that is double that produced by the model 

outputs (σ2
model = 65); this is likely because of smoothing out of some small-scale signal in 

the CALS10k.1b model, which authors state is “a rather conservative field reconstruction 

maintaining only the most robust spatial and temporal field characteristics” (Korte et al., 

2011). The methodology behind the modeling, uncertainties associated with sedimentary 

paleomagnetic reconstructions, and poor chronologic constraints on some of the input 

records are all likely to reduce the amplitude of some field features in the resultant model 

(Korte et al., 2011; Korte and Constable, 2005a).  The large degree of smoothing seen in 

the model predictions of declination for each site is not unexpected given the limited NNA 

regional data used in the model construction (Korte et al., 2011; Korte and Constable, 

2005b).   

Predictions from the CALS10k.1b model (Korte et al., 2011) show greater 

inconsistencies in inclination across the NNA region (Figure 3.5) than what we see in the 

seven records making up our NNA stack. This also suggests that the new NNA records will 

provide a more defined regional signal for incorporation into future models.  Additionally, 

it supports the conclusion that the inclination differences outlined above in broader regional 

comparisons are likely caused by geomagnetic field morphology rather than poor data 

quality.    

 

3.5.3 Regional comparisons 

3.5.3.1    Comparison Records from North America to Europe 

 The evolution of Earth’s magnetic field is investigated through comparisons 

between our NNA stacks and available records from North America, Europe and high-

resolution North Atlantic records.  For PSV (declination and inclination) comparisons 

within the NNA we use the ultra-high resolution, Greenland-Iceland (“GreenIce”) 

composite created by averaging the PSV records of cores MD99-2269 and MD99-2322 

during periods of overlap, while using the best available record to fill gaps (Stoner et al. 

(2013) (Figure 3.3 a-b, Figure 3.4 d, Figure 3.5 d).  European PSV records used in our 

comparison include the British Master Curve, the FENNOSTACK compilation of 

Scandinavian lake cores (Snowball et al., 2007), and the German Maar Lakes record 

(Stockhausen, 1998).  For North American directions we use the Eastern North America 
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PSV stack created by King and Peck (2002) from two Pennsylvanian lakes (Sandy and 

Labeouf) and one New York lake (Seneca).  The NNA and European records have well-

constrained chronologies while the North American lake records (e.g. Seneca Lake, Lake 

St. Croix, Lake Labeouf) (King and Peck, 2002; Lund, 1996; Lund and Banerjee, 1985) 

and the British Master Curve were dated using bulk sediment radiocarbon techniques.  For 

comparison, the original radiocarbon chronologies have been extracted from the 

publications (King and Peck, 2002; Thompson and Turner, 1979) and recalibrated here 

using INTCAL98 (Stuiver et al., 1998) as data and dates versus depth were not always 

available. Additionally, no pDRM age correction was employed; as a result, there remain 

more chronologic uncertainties for these records.  

  The North Atlantic RPI record is compared with the European archeomagnetic 

intensity stack of (Genevey et al., 2008), extending back to 8 ka (Figure 3.9), and the 

Scandinavian lakes stack FENNOPRIS (Snowball et al., 2007), extending back to 10 ka.  

For the purpose of this study, an RPI stack was created based on three North American 

intensity records: Lake Labeouf, Pennsylvania (King et al., 1983b) in eastern North 

America and Lake St. Croix (Brachfeld and Banerjee, 1990; Lund and Banerjee, 1985) and 

Lake Pepin, Minnesota (Brachfeld and Banerjee, 1990; Lund and Banerjee, 1985) from the 

Midwestern United States (Figure 3.9 a). In order to create this stack, the original 

radiocarbon chronologies and the chronology from Lake Labeouf taken from Tauxe (1993), 

were calibrated using INTCAL98 (Stuiver et al., 1998). The data from all three lakes were 

resampled at a constant 5 yr resolution, making sure all data from core breaks or other gaps 

were removed.  For the upper ~ 8 ka, the averages result from either two or three records 

and were not considered if only one core could contribute (Figure 3.9 a).  Lake St. Croix is 

the only record that extends beyond 8 ka.  Lastly, we also compare to the Global Intensity 

models by Knudsen et al. (2008) and Ziegler et al. (2011).  

 

3.5.3.2     Declination from North America to Europe 

There are at least five clearly identifiable features that occur during the Holocene 

over the entire NNA as can be seen in the stack and the Green-Ice composite (Figure 3.3 a, 

Figure 3.4 d).  Some features (the d-k events) are more or less coeval with declination 

changes seen in the British Master Curve (Thompson and Turner, 1979), the Scandinavian 
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FENNOSTACK (Snowball et al., 2007), and Maar field lakes in Germany (Stockhausen, 

1998) (see Figure 3.7). This is particularly apparent over the last 5 ka, where the d, e, f and 

g events, are observed in all records with similar relative amplitudes. From 5 to 9 ka the 

comparison is somewhat different with the NNA more similar to that of North America. 

Prior to that the general similarity from North America across the North Atlantic to Europe 

returns (Figure 3.7).  A prominent eastward declination swing at ~11 ka in the NNA stack 

(Figure 3.7) and the German Maar Lake record is observed a bit younger in the North 

American stack.     

At ~4 ka, the NNA stack begins a steady and gradual build-up to its largest 

amplitude easterly declination feature at ~2.5 ka (Figure 3.7 b). This feature, commonly 

known as the ‘f-event’ in Europe (Snowball et al., 2007; Thompson and Turner, 1979), is 

also suggested to be present in North America (Barletta et al., 2010; Snowball et al., 2007). 

The clearly observed declination swing in the NNA at approximately the same time as the 

previously dubbed ‘f-event’, suggests all regions in Figure 3.7 are recording an event of 

common geomagnetic origin. 
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Figure 3.7. Declination variability from North America to Europe 

(a) Eastern North America declination stack (orange dots) of King and Peck (2002).  (b) 

NNA declination stack (NAPStack15k) plotted as the black line with the stack’s 

uncertainty (grey envelope). (c) The British Master Curve (Thompson and Turner, 1979) 

(light blue line),  (d) 10 point smoothed FENNOSTACK (Snowball et al., 2007) (thick 

green line with light green ± 1 standard deviation) and (e) Meerfelder Maar (MFM) 

declination record (Stockhausen, 1998). 
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3.5.3.3      Inclination from North America to Europe  

During the late Holocene the NNA stack and European records show substantial 

similarities while the eastern North American stack is distinct (Figure 3.8). In North 

America, inclination values are slightly shallower than GAD during the 1-4 ka interval 

(median = -0.65°) while they are slightly steeper than GAD in the NNA (+0.88°), and 

FENNOSTACK (+3.71°).  This time interval is represented by relatively steep inclinations 

in the British Master curve as well, though that curve has persistently shallow inclinations 

(i.e. median inclination anomaly for whole record of -8.5°) such that the 1-4 ka median is -

0.1° ‘shallow’ (Figure 3.8 c).   

The mid-late Holocene is more similar across the observed region.  Prominent 

inclination highs and lows during this time have been identified and labeled for the British 

Master Curve (Thompson and Turner, 1979). Adopting that nomenclature, inclination 

events ι, κ, λ, υ and ν occurring from ~ 6 to 11 ka appear to be consistently observed 

features that extend across the North Atlantic.  It is important to note that while they follow 

the same relative pattern of variability, the overall average anomaly from GAD is 

inconsistent.  North America is steeper than GAD, while European inclinations are more 

consistently shallow, with the North Atlantic somewhere in between.  Steep inclination in 

North Atlantic records from ~8 – 8.5 ka (Figure 3.3 b, Figure 3.5, Figure 3.8), particularly 

in the GreenIce composite, combined with eastward and variable North Atlantic declination 

and westward European declination (Figure 3.3 a, Figure 3.4, Figure 3.7) allow us to 

postulate that the northern geomagnetic pole was near Iceland at this time.  
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Figure 3.8. Inclination variability from North America to Europe 

(a) Eastern North America inclination stack (orange dots) of King and Peck (2002).  (b) 

NNA inclination anomaly stack (NAPStack15k) plotted as the black line with the stack’s 

uncertainty (grey envelope). (c) The British Master Curve (Thompson and Turner, 1979) 

(light blue line).  (d) The 10 point smoothed FENNOSTACK (Snowball et al., 2007) is 

plotted as the thick green line with the standard deviation plotted in lighter green and (e) to 

the far right is the record from the German Maar Lakes (Stockhausen, 1998).  (d) 10 point 

smoothed FENNOSTACK (Snowball et al., 2007) (thick green line with light green ± 1 

standard deviation). (e) Meerfelder Maar (MFM) inclination record is plotted in purple 

(Stockhausen, 1998).  
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3.5.3.4 Intensity from North America to Europe 

We most confidently recover the global intensity high from ~1-3 ka, as well as the 

transition into a regime of relatively lower intensity towards ~5 ka, as illustrated by tighter 

uncertainty bounds in our stack as well as strong agreement with European VADMs 

(Figure 3.9).  The period from 9.5 – 12 ka is marked by wider disagreement between the 

individual NNA records (reflected in the greater uncertainty in the stack at that time).  This 

could reflect rock magnetic complexity and associated noise (Table 3.1).  Alternatively, it 

suggests greater small-scale spatial field structure, perhaps from the changing influences of 

regional flux concentrations on the North Atlantic from a strong European flux lobe at the 

end of the Holocene to North American flux lobe dominance during the earlier Holocene 

(Appendix B).  However, 8.2 – 12 ka marks the Holocene to deglacial climatic transition 

and is characterized by slightly more lithologic variability, which could be affecting the 

NRM normalization process and therefore data quality (see Chapter 4).   Unfortunately, 

quality comparison records do not extend beyond 8 or 10 ka limiting further interpretation 

of regional spatial structure at this time (Figure 3.9). 

The fidelity of the NNA record can to a first-order approximation be evaluated by 

comparison with global dipole field intensity reconstructions because geomagnetic field 

intensity is thought to be predominantly dipolar for time scales longer than a 5-10 thousand 

years (Hulot and Le Mouël, 1994).  Comparisons between the NNA stack and global 

reconstructions (Ziegler et al., 2011; Knudsen et al., 2008) show similar features with a 

regional high at ~ 11 ka, a low at ~ 6.5 ka and another high at ~2.5 ka (Figure 3.9).  We 

note that while the RPI records normalized by IRM predict Holocene geomagnetic field 

intensity in the NNA consistent with global field models (Figure 3.6, Figure 3.9), an ARM 

normalized NNA RPI stack produces very different records across the NNA (See Chapter 

4).  This further supports NRM/IRM as the most appropriate RPI proxy at these sites 

(Appendix A). 

The NNA intensity stack shows similarity to that seen in Europe and North 

America, however, intensity variability on millennial time scales does not appear in phase 

between Europe and North America (though chronologies in North America are too 

uncertain for robust comparison) (Figure 3.9).  The NNA stack appears to capture features 

observed in both, with less pronounced short-duration peaks and instead a broad high 
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(Figure 3.6 b, Figure 3.9). Improved chronology of the North American record will be 

required before firm determinations can be made.   It does seem that the general intensity 

increase from ~1-2 ka followed by a decrease between ~4 and 5 ka, and a prolonged low 

until ~8 ka with higher intensity values from 8 to 12 ka is consistent across eastern North 

America, the NNA, through Europe (Figure 3.9).  The older part of the record is even more 

difficult to assess, as the European and North American reconstructions are much less 

robust beyond 8 ka.   

The new NNA stack fills an RPI data gap between North America and Europe 

during the Holocene to the last glacial, as the time period between ~0-15 ka (or sometimes 

20 ka) is lacking in the most commonly-used Atlantic RPI stacks (e.g. NAPIS, SAPIS, 

GLOPIS) (Channell et al., 2009; Knudsen et al., 2008; Laj et al., 2004; Stoner et al., 2002; 

Laj et al., 2000).  With very careful attention paid to the normalizer and chronology, this 

stack helps ground-truth the North Atlantic records that we use for understanding and 

correlating RPI over longer-time periods (Roberts et al., 2013) (Figure 3.10). 
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Figure 3.9. Intensity variability from North America to Europe  

(a) Eastern North American RPI, based on normalizing and stacking RPI reconstructions 

from three different lakes:  Lake Labeouf, Pennsylvania, Lakes St. Croix and Pepin, 

Minnesota.  The three segments represent times where 3, 2, or 1 record was available for 

the composite stack.  (b) The NNA stack (solid black line) with the standard error plotted 

as the gray envelope. (c) Western European VADM record of (Genevey et al., 2008). (d) 

The 10 point smoothed FENNOPRIS (Snowball et al., 2007)  (thick green line) with the 

standard deviation (light green). (e) Global dipole intensity reconstructions of Knudsen et 

al. (2008) (gold) and (Ziegler et al., 2011) in black. 
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3.5.4  Implications for broader field dynamics 

We further assess the relationship between our NNA stack and broader 

geomagnetic field structure and dynamics by looking at CALS10k.1b snapshots during 

times of strong declination deviations (Appendix B).  Stoner et al., (2013) proposed that 

NNA declination is a strong indicator of the relative strength of North American and 

European high latitude flux lobes by comparing declination from site U1305 and GreenIce 

composite to European and North American intensity estimates over the last 5 ka (Figure 

3.10, Appendix B).  Here, we take advantage of having estimates of global Holocene field 

structure as well as our regionally representative NNA declination to further evaluate this 

hypothesis.  We do see, for instance, that the 4 ka westerly declination swings corresponds 

to slightly higher intensities in North American longitudes, while from ~2.5-3 ka where 

NNA declination swings easterly are characterized by high latitude intensities, highest at 

European longitudes (Figure 3.10, Appendix B).  From these and other comparisons it 

seems that on timescales of >5 kyr, there is a clear global signal (e.g. in intensity), whereas 

smaller scale field morphology such as high-latitude flux lobes contribute to regionally 

distinct PSV on shorter timescales. The question of whether particular flux lobes may 

significantly contribute global intensity still needs to be address.  But it is interesting to 

note that oscillatory behavior is observed during ramp up into the highest intensities of the 

at least the last 40 ka with strong overall correlation between eastward declination and 

intensity in the NNA.  Therefore, while disagreement between records on these timescales 

may be due to chronologic uncertainties (e.g. Marcott et al., 2013; Shakun et al., 2012; 

McMillan and Constable, 2006; Huybers and Wunsch, 2004; McMillan et al., 2002), it is 

also likely that the multi-millennial scale (~<5 kyr) dynamics are characterized by 

regionally distinct PSV. 
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Figure 3.10. The 15 ka NNA stacks for declination, inclination anomaly and intensity 

Our NAPStack15k of the NNA records are shown stacked on their “pDRM-corrected 

chronologies” with age on the y-axis from 0 to 15 ka.  From left to right: (a) inclination 

anomaly (green), (b) declination (blue) and (c) intensity (purple) are plotted with their 

standard error in gray.  
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3.6 Summary 

We have created the first deglacial through Holocene northern North Atlantic PSV and RPI 

stacks.  We show that by stacking multiple well-constrained NNA records on their 

“pDRM-corrected” chronologies, we recover a reliable estimate of NNA field behavior. 

Developing a comprehensive PSV stack in the NNA is important for understanding how 

the regional field relates to the larger-scale morphology, particularly with respect to North 

America and Europe.  This improved understanding of NNA PSV and RPI enhances our 

understanding of high-latitude geomagnetic flux lobes (particularly through declination) 

and will improve our ability to interpret regional PSV and RPI over longer time periods, 

given the large amount of NNA paleomagnetic data available at older and longer 

timescales. 
These stacks preserve more high-frequency geomagnetic field variability than in 

global field models but less than what can be observed in higher-resolution individual 

records (e.g. MD99-2269, U1305).  Our analysis supports the hypothesis proposed by 

(Stoner et al., 2013) that NNA easterly (westerly) declination anomalies are associated with 

relative intensity highs in Europe (N. America) (Figure 3.10, Appendix B).  The late to mid 

Holocene NNA inclinations are consistent with European inclinations, while the earlier 

Holocene and deglacial inclinations become consistent across the NNA, Europe and North 

America in terms of relative highs and lows (though not necessarily in absolute inclination 

anomaly).  The relative intensity variations we have created for 1-15 ka, which is a time 

period previously unconstrained and unavailable in regional Atlantic stacks will be 

beneficial for radiocarbon dating studies and core top chronostratigraphy. 

Determining the relative synchronicity of North Atlantic and North American 

records could be facilitated by improving the chronologies of North American lake records, 

many of which were dated using bulk AMS dates over 20 years ago when measurements 

were less precise and reliable.   
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4.1 Abstract 

Seven deep-sea sediment records from across the Northern North Atlantic (NNA) are 

used to evaluate how rock magnetic properties influence the fidelity of paleomagnetic 

records. The cores were studied by alternating field demagnetization of natural and 

laboratory imposed remanences on u-channel samples, providing detailed paleomagnetic 

and environmental magnetic records.  Radiocarbon dates on all records provide well-

constrained chronologies that allow accurate knowledge on the age of the sediment, 

independent of lithology and/or paleomagnetic behavior.  Cores are derived from the 

western, central, and eastern NNA and the last 15 ka additionally subdivided into the 

post-glacial Holocene (0- 8 ka) and deglaciation (8-15 ka) are the focus intervals. We 

compare easily derived magnetic concentration parameters, magnetic grain-size sensitive 

ratios and hysteresis measurements with paleomagnetic quality indicators, directions, and 

intensity estimates. We find that rock magnetic variability observed from last 

deglaciation through the Holocene has little influence on the fidelity of directional 

records (sedimentation rate has a greater influence), but can, as expected, have a 

significant and variable influence on relative paleointensity (RPI) proxies.  We observe 

that eastern NNA records show the most significant disparity using different normalizers 

during the Holocene, while those in the western NNA are more affected during the 

deglacial period. Cores collected from the Iceland Basin are an exception providing 

consistent normalized remanence records throughout the studied interval, regardless of 

the normalizer employed. We propose that these differences result primarily from source 

rather than depositional mechanism, suggesting that records from the Iceland basin with a 

lithogenous component dominated by Icelandic sourced materials are likely to provide 

the most consistent long-term RPI records. Additionally, we conclude that isothermal 

remanent magnetization appears to be a better normalizer than anhysteretic remanent 

magnetization at other NNA locations.   

 

4.2 Introduction 

Northern North Atlantic (NNA) paleomagnetic records have been instrumental in our 

understanding of the paleo-geomagnetic field, particularly the paleointensity record 

during the Pleistocene. (Ziegler et al., 2011; Channell et al., 2010; Channell et al., 2009; 
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Mazaud et al., 2009; Laj et al., 2000; Channell and Lehman, 1999; Mazaud and Channell, 

1999; Channell and Lehman, 1997; Stoner et al., 1995a). Long time series have been 

developed that tell us about how Earth magnetic field intensity has evolved over 

thousands and even millions of years during both normal and reversed polarity intervals. 

Many of these same NNA records have also been the focus of rock and environmental 

magnetic studies, providing information on Northern Hemisphere ice-sheet (Evans et al., 

2007; Stoner and Andrews, 1999; Stoner et al., 1996; Stoner et al., 1995b) and ocean 

circulation dynamics (Channell and Hodell, 2013; Kissel et al., 1999; Andrews and 

Stravers, 1993). However, few studies have considered how lithologic variations that 

influence magnetic properties affect paleomagnetic records, or why sediments from the 

NNA consistently produce quality paleomagnetic records (Roberts et al., 2013; Tauxe 

and Yamazaki, 2007; Valet, 2003). 

The quality of the NNA as a magnetic archive is in general thought to result from 

the high concentration of magnetic material deposited in the basin (e.g. Channell and 

Hodell, 2013; Kissel et al., 2009; Kissel et al., 1999; Channell et al., 1997; Robinson et 

al., 1995; Robinson, 1986), ground fine by glacial erosion of the surrounding bedrock 

(Hatfield et al., 2013; Colville et al., 2011; Carlson et al., 2008; Hemming et al., 1998; 

e.g. Bond et al., 1993), ocean circulation concentrating material (Kissel et al., 2009; 

Kleiven et al., 2008; Praetorius et al., 2008; Bianchi and McCave, 1999; McCave et al., 

1995a; McCave et al., 1995b). This environment is conducive to long-term preservation 

of high-resolution records (e.g. Stoner et al., 2013; Mazaud et al., 2012; Channell et al., 

2010; Channell, 2006a; Channell, 1999a) because of minimal diagenetic alterations. The 

magnetic assemblage in NNA sediments is dominated by pseudo single domain (PSD) 

magnetite (Hatfield et al., 2013; e.g. Channell et al., 2005; Channell et al., 2004), where 

changes in concentration are generally less than an order of magnitude.  These with 

sediments that routinely pass most, if not all criteria for sediments likely to provide 

quality relative paleomagnetic intensity (RPI) records (Stoner and St-Onge, 2007; Tauxe, 

1993; King et al., 1983b; Levi and Banerjee, 1976). The resulting well-resolved magnetic 

vectors are exploited to provide quality paleomagnetic records useful for both paleo-

geomagnetic and stratigraphic purposes (Channell et al., 2010; Stoner and St-Onge, 2007) 

(see Appendix A, Chapter 2 and 3).  However, given that the NNA is in an active 
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sedimentary basin with varying lithogenous and biogenous sediment sources and delivery 

mechanisms, these are likely to have had at least some effect on the paleomagnetic 

record. However, we know that the NNA basin is consistently affected by lithologic 

variability (e.g. Evans et al., 2007; Channell et al., 2005; Channell et al., 1997; Stoner et 

al., 1995b). This variability should affect the paleomagnetic recording process.  

Hatfield et al., (2013) found that source and particle size distribution of the source 

material influence magnetic properties that could possibly influence the quality of 

paleomagnetic records explain why some NNA records might be better than others.  Here 

we explore these ideas further through a comparison of rock magnetic and paleomagnetic 

records from well-dated cores across the NNA from the last deglaciation through the 

Holocene (last 15 ka) to provide insight into the quality and continuity of the 

paleomagnetic record. By comparing, stacking, and utilizing our best estimates for known 

PSV and RPI behavior in the NNA along with an assessment of rock magnetic variability 

through this time interval we begin to constrain where, why, and how lithologic changes 

influence paleomagnetic records.   

 

4.3 Geologic Setting  
The sediment cores discussed in this study were collected from the Northern North 

Atlantic (NNA) during a series of Expeditions of the RVs Knorr (KN), Marion Dufresne 

II (MD) and JOIDES Resolution (Sites). In the western NNA, core KN-158-04-2GGC 

(2GC) (43°29’N, 54°52’W, 3942 m) was recovered south of the Newfoundland Plateau 

and west of the SE Newfoundland Ridge and core KN-158-04-22GGC (22GC) (44°18’N, 

46°15’W, 3959 m) (Bond et al., 2001), east of the Newfoundland Plateau, between the 

SE Newfoundland Ridge and the Flemish Cap (Figure 4.1) (Appendix A). North of 

22GC, Integrated Ocean Drilling Program (IODP) Site U1305 (57°27’N, 24°06’W, 3460 

m) drilled into the Eirik Drift in the Labrador Basin (Stoner et al., 2013; Mazaud et al., 

2012). In the eastern NNA, cores KN-158-04-46GGC (46GC) (52°58’N, 19°49’W, 2758 

m) and KN-158-04-53GC (53GC) (55°27’N, 48°31’W, 1660 m) are located on the Feni 

Drift south of the Rockall Plateau.  Core KN-158-04-57GC (57GC) (58°39’N, 25°25’W, 

2768 m) and Ocean Drilling Program (ODP) Site 984 (61°25’N, 14°42’W, 3460 m) are 

located in the Iceland Basin, from the southern end of the Gardar Drift and off the Bjorn 
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Drift (Channell et al., 2004), respectively (Figure 4.1) (Appendix A). For reference, core 

46GC is located less than 60 km from DSDP Site 610 and core 53GC is located less than 

3 km from ODP Site 980.  
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Figure 4.1. Bathymetric map of the Northern North Atlantic and study sites 

Color of core sites shown are used consistently throughout the chapter (Appendix A).   
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4.4 Methods 

Natural remanent magnetization (NRM) was studied by progressive alternating field (AF) 

demagnetization of u-channel samples using peak AFs, 10, 15, 20, 25, 30, 35, 40, 45, 50 

and 60 milli-Tesla (mT). U-channel samples were measured at 1-cm intervals, however, 

the width at half-height of the response function of the magnetometer pick-up coils is 

~4.5 cm (e.g., Weeks et al., 1993), so that smoothing occurs. Edge effects at core breaks 

resulting from this response function and were cut from the original data.  Anhysteretic 

remanent magnetization (ARM) was produced using a 100-mT peak AF and a 50 uT 

direct current (DC) biasing field. This ARM was measured then subsequently 

demagnetized after peak AF of 20, 25, 30, 35, 40, 50 and 60 mT.  ARM data were also 

expressed as a susceptibility of ARM (kARM) by normalizing ARM values by the strength 

of the biasing field. Three isothermal remanent magnetizations (IRM) were produced by 

imparting a DC field of 0.1 T, 0.3 T and 1 T and were measured, demagnetized and 

measured using the same peak field scheme as for the ARM.  All cores from the KN158-

04 and MD99 cruises were measured at the Paleomagnetism Laboratory at the University 

of California, Davis (UCD) using a 2-G EnterprisesTM Model 755 755-1.65UC-7 

superconducting rock magnetometer.  Magnetic methods for Site U1305 are described in 

detail by Stoner et al. (2013), for Site 984 by Channell et al. (2004), and those for cores 

MD99-2269 by Stoner et al. (2007).  

Remanence measurements (NRM, ARM, IRM) on a third section of cores 22GC 

and 57GC were measured on the 2G EnterprisesTM Model 755-1.65UC-14 

superconducting rock magnetometer in the Paleo-and-Environmental magnetism 

Laboratory at Oregon State University (OSU). Interlab calibration experiment was 

performed using duplicate u-channels from the same core and reacquiring, measuring, 

and demagnetization ARMs on the same u-channels.  These demonstrate that the 

magnetometer output from UCD, University of Florida (UF) and OSU are similar and 

that IRM and k are comparable.  However, ARM intensities at UF are,~72% of that 

measured at UCD and OSU and that AF demagnetization is not as efficient. This weaker 

and softer ARM is consistent with ARM being acquired with a lower AF field.  As a 

result, the ARM from U1305 was multiplied by a scaling factor of 1.39 so that it could be 

properly compared with other records.  The ARM for Site 984 was measured at Gif-sur-
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Yvette where the ARM was acquired in a 100-mT AF with a 0.05-mT biasing field 

(Channell, 1999a). And the IRM for Site 984 was imparted by pulling the u-channel 

through the poles of a DC magnetic field of 500 mT  (Channell, 1999) rather than a DC 

impulse used for all other records.  Only k, ARM30mT and k/kARM data are plotted however, 

the ARM and kARM are both calculated after the ARM was demagnetized by a 35 mT 

alternating field (Appendix C). The ARM for Site 984 was run at a different laboratory 

than the other cores. 

 Volumetric low field magnetic susceptibility (k) for all but the additional sections 

measured at OSU was obtained using the UF pass-through u-channel system that couples 

a Saphire Instruments SI2 magnetic susceptibility meter equipped with automated sample 

handler system (Thomas et al., 2003). k measurements made at OSU use a 30 mm MS2C 

loop coupled to an MS3 sensor with a home built automated sample handler system.  

Hysteresis parameters (Mr, Mrs, Hc and Hcr) were measured in a saturating field of 

1000mT on a Princeton MicroMag VSM at the Pacific Northwest Paleomagnetic 

Laboratory at Western Washington University (Hatfield et al., 2013; Stoner et al., 2013). 

For the purposes of this study, remanence intensities are expressed after the 30mT 

demagnetization step such that ARM intensities are expressed as the ARM after 30mT 

AF demagnetization (ARM30mT). IRM intensities are expressed after a DC field of 300 

mT is AF demagnetization at is 30mT (IRM30mT). Similarly, the NRM intensities are 

presented after 30mT AF demagnetization.  All results are also reported as means and 

standard deviations over a specific time interval of the last 15 ka, 0-8 ka and 8-15 ka.  

 

4.5 Results 

4.5.1 Chronology 

The independent radiocarbon based chronologies have been developed for all deep-

sea cores used in this dissertation (Figure 4.2), though parts of some of these 

chronologies have been published elsewhere (Stoner et al., 2013; Praetorius et al., 2008; 

Bond et al., 2001) (Chapter 2; Appendix A) (Table A.2). To account for chronologic 

uncertainty, we apply a Monte Carlo-based approach that perturbs the interpolated age-

depth model 10,000 times following a random draw from a normal distribution between 

the 2-σ calibrated 14C ages (Marcott et al., 2013) (Appendix A).  The uncertainty between 
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the age control points is modeled as a random walk, after Huybers and Wunsch (2004), 

with chronologic uncertainty assumed to be auto-correlated through time and modeled as 

a first order autoregressive (AR1) process.  Here we consider the last 15,000 yrs B.P. 

based on calibrated radiocarbon chronologies (Figure 4.2) (Appendix A). 

Cores 46GC, 53GC and 57GC, from the northern northeast Atlantic have relatively 

linear sedimentation rates over the last ~15 ka of ~13, 23 and 65 cm/kyr, respectively. 

Cores 2GC and 22GC from northwestern North Atlantic show a significant changes in 

sedimentation rate at ~9 ka (220 cm) and from ~9-10.5 ka (120 cm), respectively (Figure 

4.2). The sedimentation rate change for 2GC (~20-25 cm/kyr to > 80 cm/kyr) is 

maintained for the remainder of the core. However, the sedimentation rate change in 

22GC (~17 cm/kyr to >150 cm/kyr); the change is abrupt and only lasts for about 1.5 kyr 

and after 10.5 ka the sedimentation rate changes a mean ~30 cm/kyr (Figure 4.2).  
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Figure 4.2. Radiocarbon based Age Model for the seven sites used in this study 

The radiocarbon dates (dots) with their 2-σ calibrated uncertainties (red error bars). 

Interpolated chronologies are plotted as solid lines with there AR1 normalized 2-σ 

uncertainty for 2GC (black), 22GC (purple), 46GC (dark green), 53GC (orange), 57GC 

(cyan), U1305 (light green) and Site 984 (magenta). 
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4.5.2 Magnetic concentration parameters  

Magnetic susceptibility (k) varies by more than an order of magnitude across the 

NNA and, decreases in all cores over the last 15 ka to present (Figure 4.4 a).  There exist 

more notable high-frequency fluctuations between 8 to 15 ka, especially in cores 2GC, 

22GC and site U1305 (Figure 4.4 a).  Site U1305 has the highest k values averaging 

around 25.4 ± 9.4 × 10-4 SI for the last 15 ka. Site 984, cores 22GC and 57GC have 

approximately half the mean k values of 14.6 ± 1.8 × 10-4 SI, 11.8 ± 3.8 × 10-4 SI and 11.2 

± 2.3 × 10-4 SI, respectively.  Cores 2GC and 53GC have similar 15 ka mean values of 

4.7 ± 3.0 × 10-4 SI and 4.3 ± 1.2 × 10-4 SI.  Core 46GC has the lowest k values of 1.3 ± 

0.7 × 10-4 SI.  

The regional variability of ARM intensity is similar to that observed for k (Figure 

4.4 a,b).  Site U1305 and core 57GC consistently have the highest values (0.178 ± 

0.00003 A/m, 0.156 ± 0.020 A/m), with core 22GC falling just below (0.152 ± 0.035 

A/m) (Figure 4.4 b).  There is less high-frequency variability about the mean and almost 

no decreasing trend compared to k.  For cores 22GC, 57GC and site U1305, ARM 

intensity increases from 10 to 15 ka, and decreases from 0 to 8 ka. With a slightly lower 

mean ARM value, core 53GC (0.101 ± 0.013 A/m) shows less variability about its mean, 

similar to that seen at Site 984. The mean ARM value for 46GC (0.07 ± 0.012 A/m) is 

lower still.  2GC (0.077 ± 0.001 A/m) has a slightly greater mean than 46GC and much 

greater variability, with greater variability than any of the other cores between 9 to 13 ka 

(Figure 4.4 b). The mean ARM value for Site 984 (0.121 ± 0.013 A/m) is lower than that 

of the cores mentioned above but greater than cores 2GC, 46GC and 53GC.  However, it 

should be noted that ARM for Site 984 was measured in a different laboratory, that has 

not been intra-calibrated with results from the other cores and, therefore, the absolute 

values may be somewhat different and less important than the trend. 

The highest IRM intensity values are again found in site U1305 (8.12 ± 1.67 A/m) 

and core 57GC (6.2 ± 0.97 A/m) with the mean of core 22GC falling slightly below (5.01 

± 1.85 A/m) (Figure 4.4 c).  The mean values for cores 2GC and 53GC (1.66 ± 0.55 A/m 

and 2.00 ± 0.54 A/m) fall below the greater intensity records and that for core 46GC 
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below the rest with a mean of 0.98 ± 0.36 A/m.   Most records show higher and more 

variable records from 15 to 8 ka with means ranging form 1 to 13 A/m), with generally 

more subdued variability and lower mean values over the last 8 ka with a mean from 0 

.0001 to 7.5 A/m (Figure 4.4 b).  The overall IRM pattern is more similar to k than 

ARM,.  Sites U1305 and core 57GC have the highest mean concentrations (considering k, 

ARM and IRM) and cores 53GC, 2GC and 46GC have the lowest mean values, in that 

order (Figure 4.4 a-c). 

 

4.5.3 Magnetic grain-size dependent parameters 

Hysteresis data and bulk magnetic ratios provide information on the magnetic 

grain-size of the assemblage (Dunlop and Carter-Stiglitz, 2006; King et al., 1982a; 

Banerjee et al., 1981; Day et al., 1977). Figure 4.3 a shows that all measured sediments 

fall within the pseudo-single domain (PSD) field of a Day et al. (1977) plot consistent 

with theoretical and empirical single-domain (SD) to multidomain (MD) magnetite 

mixing line (Dunlop and Carter-Stiglitz, 2006; Dunlop and Ozdemir, 1997) (Figure 4.3 

a). These data suggest that the finest magnetic grain-size, or the lowest Hcr/Hc and the 

highest Mrs/Ms values, are associated with core 46GC. The Mrs/Ms values for Site 984, 

core 57GC and the portion of core 53GC from 0-8 ka are also greater than 0.2.  The 

Mrs/Ms ratios for site U1305 and cores 2GC and 22GC are less than with 0.2 with the 

lowest values of 0.135 coinciding with the previously mentioned larger Hcr/Hc ratio 

(Figure 4.3 a).  A value of 0.2 for the Mrs/Ms ratio has been postulated as a threshold 

value for detecting the difference between Greenlandic (less than) and Icelandic (greater 

than) sourced magnetic materials (Hatfield et al., 2013), though the range of potential 

sources to our sites are much greater.  Additionally this cut off was derived exclusively 

from silt-sized materials and, therefore, could be influenced by the sediment particle size 

distribution, and as a result only provides an initial first assessment.  

 Banerjee et al. (1981) showing the relationship between k and kARM, where a 

constant slope reflects constant grain-size (Banerjee et al., 1982; King et al., 1982).  The 

advantage of this plot is that they reflect all of the data measured (Figure 4.3 b). Plotting 

this information down core by using the ration kARM/k (Figure 4.3 b), show that all cores 

exhibit a relatively constant magnetic grain-size over the 15 ka interval that is consistent 
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with the presence of fine PSD sized magnetite, that using the calibration of King et al., 

(1983) imply magnetite < 0.1µm  (Figure 4.3 b). Because different instrumentation was 

used, these calibrations should be taken with a grain of salt. The Banerjee et al. (1981) 

plots from these cores show that most data falls along a trend with a mean slope of 4.75, 

which is slightly shallower than the slope of ~6 that is calibrated as magnetite < 0.1 µm 

(King et al., 1982a) (Figure 4.3 b).  Several records fall off this trend on both the high and 

low concentration ends of the spectrum, the most notable is cores 46GC and 53GC during 

the post-glacial Holocene.   

By looking at kARM/k values down core Figure 4.4 d, we find that magnetic grain-

size shifts from the trend occur during specific time intervals.  One record dramatically 

stands out; core 46GC has the highest mean value (30.1 ± 10.2) while core 53GC has half 

the mean kARM/k value of 14.2 ± 5.2. Core 57GC has a mean value of 12.2 ± 0.6 and holds 

this mean value, with high-frequency variability throughout the 15 ka (Figure 4.4 d). The 

mean values for cores 2GC (11 ± 4.1) and 22GC (11.3 ± 2.6) are similar and fall slightly 

lower than for core 57GC (Figure 4.4 d). Site U1305 has the overall lowest mean 

(coarsest magnetite) (6.1 ± 1.0) with more variability and a slightly decreasing trend from 

~8 until 15 ka and then much less variability and slightly increasing values from 0 to 8 ka 

(Stoner et al., 2013) . The trend of the kARM/k data for Site 984 is more important for these 

comparisons given that ratio was calculated with ARM values demagnetized at 35 mT. 

IRM30mT normalized by susceptibility shows that, shows the greatest similarity with the 

susceptibility as evidenced by the values of IRM30mT normalized by susceptibility (Figure 

4.4 e), which can be interpreted as a proxy for magnetic grain-size.   

IRM30mT/k is also sometime attributed to magnetite grain-size, though this 

parameter can also be influenced by oxidation state.  The highest values are found for 

cores 46GC and 53GC with mean values of 6.28 ± 1.39 × 10-3 and 5.14 ± 1.78 × 10-3 A/m, 

respectively (Figure 4.4 e). Core 57GC has a slightly lower mean (5.50 ± 0.33 × 10-3 

A/m).  Site U1305 and cores 2GC and 22GC are composed of sediments with the coarsest 

magnetic grain-size; they have the lowest IRM30mT/k values of 3.37 ± 0.81 × 10-3, 3.95 ± 

0.64 × 10-3 and 4.30 ± 0.56 × 10-3 A/m. Site U1305 shows the most high-frequency 

variability. 57GC shows the least variability about its mean and one notable decrease in 

value at ~8 ka (Figure 4.4 e). Mean IRM30mT/k values for cores 46GC and 53GC (6.28 ± 
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1.39 × 10-3 and 5.14 ± 1.78 × 10-3 A/m) (Figure 4.4 e) values are greater than the other 

records; although when you break these record into two time intervals, they have ~1.5 

times the mean IRM30mT/k values and about half of the variability during 0-8 ka (7.30 ± 

0.56 × 10-3 and 6.56 ± 0.70 × 10-3 A/m) than during the 8-15 ka period (5.00 ± 1.01 × 10-3 

and 3.86 ± 1.41 × 10-3 A/m).  Both cores 46GC and 53GC show a similar linear trend of 

decreasing absolute values of 2.30 × 10-3 and 2.70 × 10-3 A/m, respectively, from 1-10 ka; 

this decrease is eight-times larger than the decrease seen in any other record.   

ARM(30mT)/IRM(30mT) (Figure 4.4 f), another grain-size proxy (King and Channell, 

1991; King et al., 1982b; Banerjee et al., 1981) shows that core 46GC again, has the 

largest overall mean value of 0.090 ± 0.018 SI (Figure 4.4 f). The 15 ka mean 

ARM(30mT)/IRM(30mT) values for cores 53GC (0.053 ± 0.010 SI) and 2GC (0.047 ± 0.016 

SI), approximately half that of core 46GC.  Core 22GC has a mean of 0.033 ± 0.002 SI.  

Below the others, core 57GC and site U1305 have means of 0.025 ± 0.001 and 0.016 ± 

0.004, respectively and show almost no linear trend (Figure 4.4 f). Cores 2GC, 22GC, 

46GC and 53GC all show mean values from 0-8 ka that are double the mean seen during 

the 8-15 ka interval.  

For IRM30mT, IRM30mT/k and ARM(30mT)/IRM(30mT) the timing of changes in cores 

2GC and 22GC and cores 46GC and 53GC mirror each other. kARM/k, IRM30mT/k and 

ARM(30mT)/IRM(30mT) all show that core 46GC has the greatest values (finest grain-size) 

with the most substantial decreasing trend back in time, with the kARM/k values decreasing 

the most next to ARM(30mT)/IRM(30mT) and  IRM30mT/k which has values similar to other 

records from 8 to 15 ka and then larger values from 0-8 ka (Figure 4.4 d-f).  
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Figure 4.3. Bivariate scatter plots showing magnetic grain-size measurements and proxies 

 (a) The top panel are results from hysteresis measurements shown on a Day plot (Day et 

al., 1977) (Mrs, saturation remanence; Ms, saturation magnetization; Hcr, coercivity of 

remanence; Hc, coercive force) with Mrs/Ms ratios on the y-axis and Hcr/Hc ratios on the x-

axis. Single domain (SD), pseudo-singe domain (PSD), and multidomain (MD) fields are 

after Day et al. (1977). The close symbols represent the measurements derived from 

depths associated with the post-glacial Holocene and open symbols represent the samples 

from the deglacial (8-15 ka). (b) Anhysteretic susceptibility (kARM) plotted against 

susceptibility (k) as a magnetic grain-size proxy after Banerjee et al. (1981). For both 

panels, the sites are color coded as follows: 2GC (black), 22GC (purple), 46GC (dark 

green), 53GC (orange), 57GC (cyan), Site U1305 (light green) (Stoner et al., 2013; 

Mazaud et al., 2012), Site 984 (magenta) (Channell, 1999a; Channell and Lehman, 1999). 
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Figure 4.4. Rock magnetic concentration (left) and grain-size (right) parameters over the 

last 15 ka 
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(a) Magnetic susceptibility (k), (b) ARM30mT (c) IRM30mT, (d) k/kARM, (e) IRM30mT/k, and 

(f) ARM(30mT)/IRM(30mT) plotted versus age. Time is plotted from 0 to 15,000 yrs on the x-

axis with each of the deep-sea time series, core 2GC (black), core 22GC (purple), core 

46GC (dark green), core 53GC (orange), core 57GC (cyan), Site U1305 (light green), and 

Site 984 (magenta).  To the right of each panel is the 0-8, 8-15 and 0-15 ka mean and 

standard deviation for each record. 
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4.5.4 Paleomagnetic Directions 

Progressive alternating field demagnetization of the NRM at all sites is 

characterized by a strong, stable, low-coercivity magnetization (Chapter 2; Appendix A) 

consistent with remanence carried by pseudo-single domain magnetite. Characteristic 

remanent demagnetizations (ChRM) were computed using traditional PCA analysis 

(Kirschvink, 1980) using demagnetization steps every 5 mT from 10 to 50 mT with low 

maximum angular deviation (MAD) values generally <1° (Figure 4.5 c). Component 

declinations were rotated to a mean of zero degrees (Figure 4.2 a).  Mean component 

inclinations are within ± 3° of the expected geocentric axial dipole (GAD) value for each 

site’s latitude (Figure 4.2 b) (Chapter 2).  

Overall, the component declinations and GAD normalized inclinations follow 

each other quite consistently (Chapter 2). However the amplitude of the variability in 

both declination and inclination differs from site to site. The amplitude of declination for 

sites U1305, 984 and core 57GC is twice that of cores 2GC, 22GC, 46GC and 53GC 

(Figure 4.5 a).  However, variability averaged over the 0-15 ka records is greatest in sites 

U1305, 984 and cores 57GC and 2GC, with root mean squared (RMS) values of 37°, 27°, 

16°, and 20° respectively (Figure 4.5 a).  While, the variability is more subdued in cores 

22GC, 46GC and 53GC (15.5°, 11°, 12°) (Figure 4.5 a).   

Outside of a few flyers, inclinations are within ± 15° of GAD (Figure 4.5 b) for all 

records (Chapter 2). Inclination anomaly (inclination relative to GAD prediction for each 

site’s latitude) (Figure 4.5 b) shows that sediments from Site 984 and cores 57GC, 2GC 

and 22GC have the most variability both in terms of amplitude and higher-frequency 

throughout the 0-15 ka interval, as reflected by RMS (6.6°, 7.6°, 7.3° and 5.1°).  

However, U1305 seems to show more high-frequency amplitude which is slightly greater 

than GAD from 0-8 ka, but changes to a slightly shallower than GAD bias from 8-15 ka 

(Figure 4.5 b). From 0-4 ka, core 57GC has a positive mean inclination anomaly (+1.5°), 

from 4-8 ka, the variability decreases by a third and the mean inclination anomaly 

becomes negative (-2.3°) than that seen during the 4-8 ka interval, with the variability 

increasing slightly from ~8 ka through 15 ka (Figure 4.5 b).  While 2GC and 22GC show 
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increased variability during the 8-15 ka time period, with inclination anomalies tending 

more towards negative values (Figure 4.5 b).   

The MAD values are generally very low, below 1° for most cores except for Site 

984 which has a 15 ka mean of 1.2° ± 0.4°(Figure 4.5 c).   53GC and 57GC have the next 

lowest mean MAD values of 0.9° ± 0.3° and 0.7° ± 0.4°.  U1305 and 46GC both have a 

mean of 0.6°, with standard deviations of 0.4° and 0.2°, respectively (Figure 4.5 c).  

Cores 2GC and 22GC have the lowest mean MAD value of ~0.4° (Figure 4.5 c). When 

divided into the 15 to 8 and 8 to 0 intervals, all records, except core 57GC which has a 

large decrease during the 8-15 ka period, have mean MAD values that are within their 15 

ka standard deviation. Overall, the directional data from these records is of excellent 

quality and it is difficult to determine whether the small deviations seen are artifacts of 

the magnetic acquisition process (Stoner et al., 2013) (Chapter 2; Appendix A) or 

measurement error (Stoner and St-Onge, 2007). 

 

4.5.5 Normalized remanence 

Relative paleointensity (RPI) is estimated by normalizing the intensity of the 

NRM with laboratory magnetizations in an attempt to account for lithologic variations 

like changes in the concentration remanence carries (Roberts et al., 2013; Stoner et al., 

2000; Stoner et al., 1995a).   Criteria (Tauxe, 1993; King et al., 1983b) have been set up 

to provide guidance, however, as the process(es) of magnetic acquisition are 

incompletely understood additional observations should help facilitate an increased 

understanding.  All of these sediment records fall within the criteria of (Tauxe, 1993; 

King et al., 1983b) for sediments likely to provide reliable RPI estimates (Tauxe, 1993; 

King et al., 1983b). In this section, we evaluate the affect of the different normalizers on 

their normalized remanence, which is used to reconstruct RPI.   

Comparing NRM(30mT)/ARM(30mT) at different locations shows substantial 

variations with the highest absolute values found at site U1305 with a mean for the last 

15 ka of 0.89 ± 0.16 (Figure 4.5 d).  The 15 ka mean NRM(30mT)/ARM(30mT) values from 

cores 2GC, 22GC, Site 984 and core 57GC fall below with mean values of 0.48 ± 0.16, 

0.45 ± 0.11, 0.30 ± 0.07 and 0.39 ± 0.07, respectively. Cores 53GC and 46GC have the 

lowest mean NRM(30mT)/ARM(30mT) values of 0.17 ± 0.02 and 0.16 ± 0.03 respectively 
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(Figure 4.5 d). While there is negligible change in NRM(30mT)/ARM(30mT) in the older and 

younger sections at Site 984 and core 57GC, cores 2GC and 22GC have much higher 

values in the older (8-15 ka) 0.55 ± 0.16 and 0.47 ± 0.10, compared to 0.23 ± 0.04 and 

0.32 ± 0.05 found, respectively, for the the younger (0-8 ka) interval (Figure 4.5 e).  

IRM normalized remanence (NRM(30mT)/IRM(30mT)) are somewhat different. Core 

46GC has a mean of, 0.0216 ± 0.0046 for the 0-15 ka interval, which is nearly double 

that of the other records (Figure 4.5 e).  Core 2GC has the next highest mean of 0.0180 ± 

0.0008.  Site U1305 and core 22GC have lower mean values of 0.0138 ± 0.0039 and 

0.0126 ± 0.0023, respectively.  While cores 57GC and 53GC are somewhat lower with 

similar means of 0.0097 ± 0.0020 and 0.0083 ± 0.0021, respectively (Figure 4.5 e). 

Meanwhile, Site 984 shows similar variability about its mean but has the lowest absolute 

value of 0.0028 ± 0.0008; we suspect that the overall lower ratio may be a result of the 

different IRM methods employed at Gif-sur-Yvette and UC Davis (see methods).  

The magnetic susceptibility normalized remanence (NRM(30mT)/k) for core 46GC 

has the highest 15 ka mean of 108 ± 33 with cores 2GC and 22GC somewhat lower 

means of 73 ± 23 and 60 ± 15, respectively (Figure 4.5 f).  Site U1305 and core 57GC 

fall lower with mean ratios of 46 ± 13 and 47 ± 6, respectively. Core 53GC has the lowest 

overall mean of 43 ± 18.  With the exception of cores 46GC and 53GC, all locations have 

a similar mean in the 0-8 ka and 8-15 ka time intervals (Figure 4.5 f).  The NRM(30mT)/k 

ratio for core 46GC is high (> 150) during the late Holocene and decreases to closer to 

that of the absolute values for the other records for the 8- 15 ka portion. Cores 2GC and 

22GC show similar means (62 and 67) and a similar trend with decreasing values from 8 

to 0 ka with an increase in the mean ratio for core 2GC to 78 and a decrease in core 22GC 

to 58 as well as their variability from ~8 to 15 ka.  Core 53GC shows a slightly lower 

ratio during the 0 to 8 ka time period but with much less variability. Between 9 and 10 ka 

the ratio shows very low values ka. Site U1305 and core 57GC show a relatively 

consistent mean with relatively low-amplitude high-frequency variability throughout the 

15 ka records (Figure 4.5 f).   

 

4.5.6 NNA Rock Magnetic Summary 
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The magnetic properties of the postglacial Holocene sediments vary through and 

across the northern North Atlantic. There is a consistent decrease in magnetic 

susceptibility for all records.  There is a small decrease in IRM for most records and 

almost no decrease in ARM.  This suggests that concentration of coarser grained 

magnetic material decreases steadily from 0-8 ka, with little to no decrease in fine-

grained ferrimagnetic minerals, This observation is consistent with a diminishing supply 

of glacially eroded materials that are either of a coarser physical grain-size (e.g. silt), 

come from a coarser magnetic source (e.g., Greenland), or some combination of the two.   

Magnetic grain-size decreases up core for all records except core 57GC as evidenced by 

kARM/k, ARM/IRM, and hysteresis ratios (Figures 4.3 and 4.4 d-f). In the eastern NNA, 

kARM/k values for core 53GC are similar to those seen in western NNA cores 2GC and 

22GC (Figure 4.4 d). 

The deglacial to early Holocene (8-15 ka) is characterized by greater variability 

among all rock magnetic parameters than during the 0-8 ka interval.   Higher magnetic 

concentrations are observed, with a notable maxima in most cores between ~10-11 ka 

(Figure 4.4 a-c).  The pattern in ARM is somewhat different reflecting it’s bias toward 

finer grained ferromagnetic materials (Maher, 1988) (Figure 4.4 b).   Core 22GC has k 

values closer to those of core 57GC during the 10 to 15 ka interval decreasing to values 

around those for cores 2GC and 53GC from 0-8 ka (Figure 4.4 a) reflecting its transition 

from a glacially proximal to distal location.  Site U1305, 57GC and Site 984 show the 

least variability likely reflecting the influence of bottom current on the depositional 

process through the studied interval.  
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Figure 4.5. Paleomagnetic direction (left) and normalized remanence (right) parameters 

over the 15 ka 
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(a) ChRM declination ranging from -100° to 100°, (b) ChRM inclination anomaly 

(inclination normalized by GAD) and (c) maximum angular deviation (MAD) values 

from 0 to 10°, (d) NRM(30mT)/ ARM(30mT), (e) NRM(30mT)/ IRM(30mT), and (f) NRM(30mT)/k 

plotted versus age.  Time is plotted from 0 to 15,000 yrs on the x-axis with each of the 

deep-sea time series: core 2GC (black), core 22GC (purple), core 46GC (dark green), 

core 53GC (orange), core 57GC (cyan), Site U1305 (light green), and Site 984 (magenta). 

To the right of each panel are the 0-8, 8-15 and 0-15 ka mean and standard deviation for 

each record. 
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4.6 Discussion 

Given the results presented in Section 4.5, we will now look at how the rock magnetic 

parameters affect the quality of the paleomagnetic records.  Directional data are relatively 

consistent at all sites, despite different and variable lithologies.  Intensity reconstructions, 

developed through normalized remanence records show much greater variability and 

therefore, appear to be more influenced than directions by lithologic changes over the last 

15 ka. Assuming that the dominant trends seen in European (Genevey et al., 2008) and 

global intensity reconstructions (Knudsen et al., 2008; Laj et al., 2004) apply for the 

North Atlantic, we would expect the evolution of geomagnetic intensity over the last 15 

ka to look something like that shown in Figure 4.6 a and discussed in Chapter 3. Highest 

intensities should be found between 0-5 ka, lower intensities between 5-9 ka, and higher 

intensities again before 9 ka, albeit not as high as the late Holocene (Figure 4.6 a). In 

contrast, in Figure 4.6 b, we see that the ARM normalized remanence stack (in red) has 

much lower values during the Holocene than during the preceding time interval.  While 

the IRM and k normalized stacks have prominent highs during the late Holocene, are 

preceded by intensity lows, with higher intensities before that either plateau (NRM/k) or 

decreases slightly in overall intensity (NRM/IRM) until 15 ka.  The IRM and k 

normalized remanence stacks (Figure 4.6) stacks are similar to the global reconstructions 

(Ziegler et al., 2011; Knudsen et al., 2008), and European records (Genevey et al., 2008).  

In contrast when viewed over the 15 ka time interval, the ARM normalized remanence 

deviate substantially from global paleointensity estimates and/or the NRM/IRM, NRM/k 

values, with the 10-15 ka interval much higher than the 0-5 ka interval. However, if you 

break the record apart and only look at the post-glacial Holocene (0-8 ka), NRM/ARM 

results are quite reasonable, and provide results comparable to either normalizer. 

NRM/ARM in the 8 to 15 ka interval is also not that different from values obtained using 

other normalizers, though the similarity is not good as the upper 0-8 ka interval. 

However, when viewed as the complete time-series the differences become extreme and 

show that an assumption that the same normalizer can be used for the whole record is 

invalid, if ARM is used for normalization.  
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4.6.1 Post-glacial Holocene  

The relatively similar trends in concentration parameters and magnetic grain-sizes 

between site U1305 and cores 2GC and 22GC suggests that cores 22GC and 2GC are 

likely dominated by Greenlandic-like sediments.  For all three normalized remanence 

ratios, site U1305 has much greater variability about its mean (Figure 4.4 a-c). For both 

NRM/IRM and NRM/k, the mean is greater for cores 22GC than 2GC, while the opposite 

is true for NRM/ARM (Figure 4.4 d-f).   The NRM/IRM and NRM/k for site U1305 are 

very similar to that of core 57GC and relatively similar to that seen in core 2GC and 

22GC, while the NRM/ARM ratio for site U1305 is much higher than all other records.  

The magnetic grain-size for site U1305 is coarse, so that magnetic material contributing 

to the NRM of site U1305 is likely to be carried by relatively less fine-grained PSD 

magnetite than from the central and eastern NNA studied locations.  

The normalized remanence record at core 46GC is quite different, especially during 

the post-glacial Holocene, from that observed at all other locations.  While, there is little 

variability in NRM, ARM and IRM, there is a noted intensity high that is seen in NRM 

and ARM (Figure 4.4 b) but not in IRM (Figure 4.4 c), which results in a much higher 

NRM/IRM ratio. Hysteresis (Figure 4.3 a) and kARM/k values (Figure 4.4 d) indicate that 

Core 46GC contains extremely fine-grained ferrimagnetic material during the late 

Holocene, consistent with biogenic magnetite (Roberts et al., 2011) in what is our most 

pelagic environment during the late Holocene .    

 

4.6.2 Deglacial to Holocene 

During the deglacial to early Holocene interval, 2GC and 22GC have a greater 

source of terrigenous inputs with k values double that seen from 0-8 ka; the k values for 

core 22GC is now more than double that of core 2GC (Figure 4.4 a).  These concentration 

changes are similarly evident in IRM (Figure 4.4 c), are not quite as evident when 

looking at the ARM (Figure 4.4 b).   Their grain-sizes are very similar to each other, 

according to hysteresis data, but it is much coarser than in the mid to late Holocene.  The 

increase in intensity of the remanence (NRM, ARM, IRM?) that is recorded may explain 

the increase in the higher-amplitude PSV variability especially with respect to inclination 
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and the declination high at ~12.5 ka. However, the increase in sedimentation rate also has 

a significant influence.  

The deglacial hysteresis data shows ratios decreasing more significantly for cores 

2GC and 22GC and slightly less so for site U1305.  U1305 shows extremely high 

susceptibility, NRM, ARM and IRM intensities at ~8, 10 and 12 ka (Figure 4.4 a-c).  This 

increased variability in U1305 is synchronous with increased noise in the PSV record, 

which may not be reflective of actual geomagnetic change (Stoner et al., 2013) but is 

more like attributed to major lithologic changes caused by rapidly deposited units 

resulting from glacial activity (Stoner et al., 2013; Evans et al., 2007; Stoner et al., 1996). 

During the deglacial through early Holocene, core 53GC has double the magnetic 

susceptibility as core 46GC with the k decreasing from 15 ka to 8 ka with the slope for 

core 53GC much steeper.  While the paleomagnetic directional variability (Figure 4.5 a-

b) is barely affected by this susceptibility decrease (Figure 4.4 a), it affects the 

normalized remanence record.  Core 46GC has exceptionally fine magnetic grain-size, 

however, cores 46GC and 53GC have relatively similar grain-size trends during the 15 ka 

interval. And despite dramatic grain-size changes seen during the deglacial to Holocene 

transition (Figure 4.5 c), core 53GC and 46GC have the most consistent NRM, ARM and 

IRM intensities of all records.   

 

4.6.3 Normalized remanence and rock magnetic variability in the Northern North 

Atlantic 

Recently, Hatfield et al. (2013) looked at the magnetic properties of different silt 

and clay size fractions from Greenlandic and Icelandic sediments; they found evidence 

for significant rock magnetic variation with source and grain-size.  They suggest that 

spatial variability seen in magnetic grain-size data may result from source rather than 

depositional process differences (Hatfield et al., 2013).  Sediments from Iceland are 

characterized by consistently finer magnetic grain-sizes regardless of the physical grain-

size, while the magnetic properties of sediments from Greenland scale with physical 

grain-size.  With some variability among Geology, they found that the highest 

susceptibilities are held in the silt-sized fraction and magnetic grain-sizes are not 

necessarily correlated to physical grain-size (Hatfield et al., 2013).   
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Chapters 2 and 3 involved a rigorous investigation of the fidelity of the PSV 

record. The excellent quality of the directional results presented in this dissertation 

indicates that, the NRM in these cores faithfully records directional variability.  The 

results above demonstrate that ARM, IRM and k do not consistently activate the same 

magnetic components as the NRM signal.  Cores in the Iceland Basin, core 57GC and site 

984 show that NRM normalized by ARM, IRM and k yield very similar results despite 

decreasing magnetic concentrations (e.g. k, ARM, IRM; Figure 4.4 a-c) and magnetic 

grain-size (Mr/Mrs, Hc/Hcr, kARM/k, IRM/k, ARM/IRM; Figure 4.3, Figure 4.4 d-e).  

Temporal consistency seen in almost all rock-magnetic parameters in core 57GC, 

Site 984 and other Iceland Basin records Kissel et al. (2009) sourced from the so called 

Nordic Basalt province.  Banerjee et al. (1981) plots show the uniformity in magnetic 

grain size at site MD03-2678Cq, which is almost identical to the grain-size distribution in 

sediments from the Gardar and Bjorn Drifts, core 57GC and ODP Site 984 (Kissel et al., 

2009; Channell, 1999a). The Iceland Basin sediments, Site 984 and core 57GC, are 

located south of the Iceland, where Icelandic inputs are known to be deposited, and 

demonstrate the concentration and grain-sizes closest to the Icelandically sourced 

sediments and can be designated as Icelandic-like end members (Hatfield et al., 2013).  

In the western NNA, records 2GC, 22GC and U1305 have a similar coarse 

magnetic grain-sizes according to hysteresis data (Figure 4.2 a) and kARM/k (Figure 4.3 d). 

For all three normalizers (Figure 4.3 a-c), U1305 has much greatest mean value, which 

could be attributed to its close proximity to Greenland and its order of magnitude greater 

sedimentation rate (Chapter 2; Chapter 3). Given what we know about the magnetic 

composition of sediments coming from Greenland (Hatfield et al., 2013), we can say that 

site U1305 is representative of Greenlandic-like end member with this contribution being 

greater before 8 ka than after (Carlson et al., 2008). The much higher susceptibilities and 

coarser grain-sizes recorded by site U1305 and to a lesser extent, core 22GC than core 

2GC may reflect a similar sediment source, that is carried by the Western Boundary 

Undercurrent (WBUC) that flows above these two site locations (Kleiven et al., 2008; 

Bond et al., 2001; Bond and Lotti, 1995). All three of these cores from the western NNA 

show significant changes in their normalizers and as result, their normalized remanence 

records between the post-glacial Holocene and Holocene to deglacial transition. 
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4.6.4 Overall Normalized Remanence comparison 

ARM, IRM and k, all appear to be appropriate normalizers for the 0-8 ka.  

However, when considered over the whole 15 ka interval characterized by a rapid flux of 

lithogenic sediment during the deglaciation followed by a greatly reduced flux during the 

end of the Holocene, IRM and k appear to be much more appropriate normalizers (Figure 

4.6) than ARM. This somewhat counter intuitive result, reflects the wider distribution of 

magnetic particle that NRM, IRM and k are sensitive to, compared with the relatively 

discrete range activated by ARM (Maher, 1988; Banerjee et al., 1981).  

  The consistency of the normalized remanence in core 57GC and Site 984 indicate 

that the dominant remanence carrier is fine-grained, pseudo-single domain magnetite.  

The evident differences between the results of the three normalized remanence ratios 

(NRM/ARM, NRM/IRM and NRM/k), for all cores but 57GC and Site 984, suggest that 

there are other magnetic grain-sizes and possibly mineralogies that contribute to their 

overall NRM intensity.  This reinforces the idea that sediment source has an important 

influence on normalized remanence and must be considered during times of lithology 

change.  Despite the presence of strict quality control guidelines and understanding that 

lithology plays a role in interpreting the paleomagnetic record, normalizers are often 

applied uniformly over long time intervals with little consideration for whether they are 

actually an effective and consistent normalizer through the entire time interval.  

Therefore over long time intervals it maybe best to use a normalizer that, like apparently 

NRM, can activate a wider range of magnetic materials. 

 

 

 

 

 

 

 

 

 



 

 

 

98 

 

 

Figure 4.6. Comparison of different remanence normalizers with global intensity 

reconstructions 
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(a) Global geomagnetic field intensity reconstructions are plotted versus age from two 

global field models.  The left y-axis shows intensity global field intensity from Knudsen 

et al. (2008).  The right y-axis shows global field intensity from the more globally 

representative field intensity model from PADM2M (Ziegler et al., 2011). (b) The 

average or stacked normalized remanence from the NNA (see Chapter 3 for stacking 

methodology) is shown as the solid blue line for the IRM normalized records 

(NRM/IRM), the red line from the average of the NRM/ARM and the gray line 

representing the average of NRM/k for Figure 5d, 5e, 5f.  The error envelopes represent 

the standard error for each of the respective stacks.
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4.7 Summary 
All of these sediment records fall within the criteria of (Tauxe, 1993; King et al., 1983b) 

for sediments likely to provide reliable relative paleointensity records (Tauxe, 1993; King 

et al., 1983b). Previous studies on these cores (Chapter 2; Appendix A) have used IRM as 

the chosen normalizer because ARM did not satisfactorily normalize the NRM in many 

of these records. Magnetic intensities, which are indicative of magnetic material 

concentrations, are relatively consistent during the Holocene.  

We see a decrease in the overall concentration of magnetic materials and a 

general fining of these particles from the deglacial to present day for all records.  This is 

likely a result of constantly decreasing input of terrigenous material or increasing 

biogenic component.  The NRM for these sediments records a quality paleomagnetic 

directional signal but that normalized remanence results vary both spatially and 

temporally, with the exception of the Iceland Basin cores.  The PSV smoothing is 

primarily the result of changes in sedimentation rate, however, changes in concentration 

that are especially well observed in parameters like k and IRM that affect the coarser 

magnetic grains seem to be a better normalizer and predictor of the quality of the NRM 

amplitude of PSV recorded during the deglaciation.  

The Iceland Basin is the only place studied that does not seem to be affected by 

different normalizers. These Iceland proximal sites likely have a consistent Nordic basalt 

province source less affected by ocean circulation, ice sheet and depositional conditions 

change (Kissel et al., 2009; Kissel et al., 2000; Channell and Lehman, 1999).  Many of 

the initial RPI studies were conducted on the Iceland Basin (Kissel et al., 2000; Channell 

and Lehman, 1999; Channell et al., 1997; Channell and Lehman, 1997), and thus these 

early studies happened upon the sweet spot where you can regularly replicate the RPI 

record by normalizing NRM with IRM, ARM and k. Our results further suggest that 

during times of deglaciation this location ideal normalizer within the NNA changes, 

related to changes in source.   Source changes result lithologic changes that change NRM 

recording. Apart from the Iceland Basin, which consistently yields high-quality 

paleomagnetic records (Hodell et al., 2009; Kissel et al., 2009; Laj et al., 2006; Bianchi 

and McCave, 2000), likely due to their relatively constant input of fine-grained magnetite 
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sourced from Iceland (Hatfield et al., 2013; Kissel et al., 2009; Watkins and Maher, 

2003), there is no significant evidence suggesting that the rest of the North Atlantic is 

equally well-located to produce consistently high-quality RPI records. 

 This study supports the conclusions of Hatfield et al. (2013) by showing that bulk 

magnetic records are likely affected by source changes and that evaluating it is likely to 

be useful to study magnetic properties of different grain-size fractions to better 

understand the paleomagnetic record. We find that the Iceland basin core, 57GC, is very 

similar to the Icelandic signature described by Hatfield et al. (2013) and reinforce that 

cores from this basin likely have a consistent source due to its proximity to Iceland and 

it's oceanographic location, bathed by the Iceland-Scotland overflow water (Kissel et al., 

2009). While k varies in this record, the kARM/k and hysteresis data do not vary like the 

cores from south of the Rockall plateau (cores 46GC, 53GC), the Newfoundland margin 

(cores 2GC, 22GC), and the Erik drift (site U1305) during times of climatic transitions, 

whose sediments seem most reminiscent of the Greenlandic sources. 
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Chapter 5  

5 Conclusion 
 

This dissertation is composed of three studies that address major questions 

relevant to the fields of paleomagnetism, geomagnetism and paleoceanography by using 

paleomagnetic measurements, radiocarbon dating and a suite of statistical techniques. We 

present a new well-dated suite of paleomagnetic and rock magnetic data from the 

Northern North Atlantic and use these to improve our understanding of the paleomagnetic 

record, cosmogenic ray production, and its utility for stratigraphy.   

 

5.1 Chapter Summaries 

In Chapter 1, the geomagnetic field and our ability to understand it through 

paleomagnetic records are discussed. We briefly introduce the new suite of Holocene and 

deglacial paleomagnetic records from North Atlantic deep-sea sediments and the 110 

radiocarbon dates that are used throughout the dissertation.  This data forms the backbone 

of this dissertation and will officially be published, as supplemental data, with Chapter 2.  

This new data, in itself, provides a large contribution to the field of paleomagnetism.   In 

the following chapters we use this data to further answer vital questions that have yet to 

be addressed adequately; and moreover, will also reliably contribute to furthering our 

understanding of the Earth’s magnetic field. 

Chapter 2 uses the above data set, in addition to an ultra-high accumulation rate 

Holocene paleomagnetic record (MD99-2269), to address a long-standing uncertainty 

about sedimentary paleomagnetic records.  We use our excellent radiocarbon derived age 

control and MD99-2269 to show that magnetic grains are “locked-in” somewhat below 

the sediment water interface. They are therefore subjected to the post-depositional 

remanent magnetization process that was proposed in 1964 by Irving and Major.  Until 

now, it has been subject to scrutiny due to uncertainties involved in previous studies. We 

accounted for these uncertainties by showing that the age offset produced by lock-in is 

greater than the age uncertainty associated with our radiocarbon based chronologies.  We 
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show that smoothing is an important and integral part of the process, as can be seen by 

the relative smoothness of directional variability depending on the sedimentation rate of 

each record.   By modeling the process using a variety of convolution filters, we can 

better understand what contributes to this delayed lock-in, at what depths it occurs and 

how it is likely to affect the records that we regularly obtain from deep-sea environments.  

In Chapter 3, we use our improved understanding of the pDRM process and our 

well-resolved records from across the NNA to create the stacks of intensity and direction 

over the last 15,000 years.   This allows us to evaluate the relative consistency of the 

records across a large spatial area, and compare this region from which many important 

paleomagnetic records are derived, to geomagnetic changes seen in North America and 

Europe.  We show that despite the imperfections in these records, when you average 

enough time-series, the noise or uncertainty associated with an individual record does not 

affect the spatial average.  We find that there is a significant amount of continuity 

between North America, the North Atlantic and Europe, reinforcing a theory by Lund 

(1996) stating that directional correlations can be made over large spatial areas.   These 

stacks, coupled with the improved understanding of regional field morphology, will help 

contribute to future global field models.  They also will enable improving our 

understanding of the importance of high-latitude flux lobes, which until now, have only 

been explored over the past few thousand years due to limited data (Stoner et al., 2013).   

In Chapter 4, we turn things upside down by looking at our rock magnetic 

measurements and their effects on the small differences we see in the paleomagnetic 

record.  We ask why these sediments show differences in past field variability even 

though they are traditionally considered to be excellent paleomagnetic recorders.  In 

Chapters 2 and 3, we have shown that some of the differences are likely not attributable 

to geomagnetic field changes.  We now use our rock magnetic measurements, which 

were used for quality control purposes in Chapters 2 and 3 to look at the differences 

between these records and why they may record signals slightly differently.  We are 

reassured to find that directions preserved in the NRM of the deep-sea sediments are 

sound, however, we find that there are large variations in the relative paleointensity 

reconstructions depending on how they are created.  We see that these differences are 

directly related to the location of the core locations and are likely a result of different 
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A. Appendix A - Fidelity of the deep-sea paleomagnetic record 

A. Appendix A - Fidelity of the deep-sea paleomagnetic record 

A.1   Core Background and Sedimentology 

A.1.1 Site Locations 

 The sediment cores discussed in this study were collected from the Northern 

North Atlantic (NNA), from a range of drift sites at a variety of water depths. In the 

western NNA, site KN-158-04-2GGC (2GC) and KN-158-04-22GGC (22GC) (Bond et 

al., 2001)  are both located on the Newfoundland Margin.  2GC is located south of the 

Newfoundland Plateau and west of the SE Newfoundland Ridge, while 22GC is east of 

the Newfoundland Plateau, between the SE Newfoundland Ridge and the Flemish Cap 

(Figure A.1). North of 22GC, Integrated Ocean Drilling Program (IODP) Site U1305 

drilled into the Eirik Drift in the Labrador Basin (Stoner et al., 2013; Mazaud et al., 

2012). In the eastern NNA, sites KN-158-04-46GGC (46GC) and KN-158-04-53GC 

(53GC) are located on the Feni Drift south of the Rockall Plateau.   While sites KN-158-

04-57GC (57GC) and Ocean Drilling Program (ODP) Site 984 are located in the Iceland 

Basin, from the southern end of the Gardar Drift and off the Bjorn Drift (Channell et al., 

2004), respectively (Figure A.1). For reference, site 46GC is located less than 60 km 

from DSDP Site 610 and site 53 is located less than 3 km from ODP Site 980.  
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Figure A.1. Map of sites used in this study 

The map shows site locations of cores used in this study and discussed in text. The blue 

dots represent the seven deep-sea cores. The red dot represents the high-resolution site.  

The green dots represent other cores and other sites mentioned in the text.  2GC and 

22GC were taken from the Newfoundland continental rise. Cores 46GC, 53GC were 

taken from south slope of the Rockall Plateau off of the slope and Feni Drift, respectively 

while 57GC was taken from the Gardar Drift in the Iceland Basin. In addition, previously 

published records from IODP Site U1305 and ODP Site 984 were taken from Eirik Drift 

and Bjorn Drift, respectively.  
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Table A.1. Core information and site locations 

Core names, site locations, water depth and Holocene length of the cores.  
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A.1.2 Sedimentology 

2GC, located just south of the St. Lawrence Estuary, is lithologically complex.  

The stratigraphy of the St. Lawrence Estuary has been studied extensively and has been 

subdivided into five units from the deglaciation to present (Syvitski and Praeg, 1989).  

There is also a consistently notable lithology change from red terrigenous clays, silts and 

sand during the glaciation, to deglacial brown and gray hemipelagic sediments (Keigwin 

and Jones, 1995).  22GC is located between where the Labrador Current turns 

northeastward to form the subpolar front, and the northward flowing North Atlantic 

Current (Bond et al., 2001).  The site is located proximal to the Newfoundland seamounts 

and was likely subject to some mass transport events during the early to mid-Holocene.   

46GC and 53GC are both located south of the Rockall Plateau on the Feni Drift in the 

Rockall Trough.  Site 53GC is located less than 3 km from ODP Site 980 from Leg 162 

(Channell and Lehman, 1999). Site 53GC is proximal to three sites used in a 230Thexcess 

study that determined a surface mixed layer depth and age in Feni Drift sediments 

(Thomson et al., 2006). They reported that the Feni Drift has higher then average 

sedimentation fluxes, lower CaCO3 contents and sediment mixed layer depths that range 

from 11-18 cm corresponding to mean ages of 2700-3100 yrs B.P.  Site 57GC is located 

southeast of the Bjornsson Drift, on the northwestern edge of the Gardar drift in the 

Iceland Basin.  This site is bathed by the main flow path of the Iceland-Scotland 

Overflow Water (ISOW), a deep water mass formed in the Nordic Seas and flows into the 

Northeastern Atlantic basin after passing over volcanic sills between Iceland and 

Scotland (Bianchi and McCave, 2000). The Iceland Basin sedimentation is a combination 

of hemipelagic fall-out, terrigenous supply from the south Icelandic margin and 

reworking by sea-bottom (contour) currents (Kidd and Hill, 1986). 57GC exhibits very 

similar sedimentology to core MD03-2678Cq, which was taken ~30 km northwest of site 

57GC. MD03-2678Cq is one of a transect of six cores studied extensively for 

environmental magnetic and sedimentologic purposes (Kissel et al., 2009).  

All five KN158-04 cores are gravity cores, taken off the RV-Knorr by Gerard 

Bond and colleagues in 1998.  Once on board ship, the cores were split and visually 

characterized in addition to observations from occasional smear slides.  The five cores 

have Holocene sections ranging from 150 to ~600 cm long (Bond et al., 2001) (Table 
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A.2.).  For the purposes of this specific study, depths have been cut off at ~12,000 yrs 

B.P. based on radiocarbon chronologies and only this portion of each core will be 

presented and discussed throughout the paper (Table A.1, Figure A.9; Chapter 2).  It 

should be noted that each core shows a notable transition in sedimentology at the 

associated depth of the core, reinforcing the legitimacy of our choice in depth cutoff.  For 

three cores, 2GC, 22GC and U1305, there are large and notable changes in sedimentation 

rate and sedimentology occurring more recently at ~ 8-9 ka. These changes are likely 

associated with the series of final major ice rafting events culminating in the North 

Atlantic at ~8.2 kyr (Stoner et al., 2013; Alley et al., 1997).  At ~8-9 ka, the large change 

in sedimentation rate changes the way we interpret the paleomagnetic record.  For this 

reason, the calculated depth offsets and modeled lock-in depths are constrained by the 

portion of these records that cover the last ~8-9 ka.  

 

A.1.3 Lithology, magnetic minerology and magnetic grain-size  

Magnetic susceptibility for all cores used in this study was measured at 1-cm 

resolution using a 2G Long Core V1.0 continuous magnetic susceptibility meter.  All 

measurements are presented in SI units and are drift corrected at the University of Floriad 

(UF). A magnetic grain-size proxy, the susceptibility of ARM divided by the magnetic 

susceptibility (kARM/k), (Figure A.3-A.7), shows that all cores exhibit a relatively constant 

magnetic grain-size over the Holocene that is consistent with the presence of fine-grained 

magnetite (<0.1 micron range) (King et al., 1983; King et al., 1982; Banerjee et al., 1981) 

(Figure A.2).  

In addition, hysteresis data show that the post-glacial Holocene sediments from all 

deep-sea cores used in this study fall within the pseudo-single domain (PSD) field of a 

Day plot (Day et al., 1977) and, except for the oxidized upper ~ 20 cm, fall consistently 

on a single-domain (SD) to multi-domain (MD) magnetite mixing line. More specifically, 

hysteresis ratios and thermal demagnetization of IRM from Feni Drift sediments  (ODP 

Site 980/981), which are representative of sediments from sites 53GC and 46GC in this 

study, indicate pseudo-single domain (PSD) magnetite as the principal remanence carrier 

in the drift deposits (Stoner et al., 2013; Channell et al., 2004; Day et al., 1977). 

Additionally, ARM versus κ diagram showing the uniformity in magnetic grain size at 
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site 

MD03-2678Cq, which is almost identical to the grain-size distribution in both cores from 

the Gardar Drift, 57GC and ODP Site 984 (Channell and Raymo, 2003; Channell et al., 

1998; Channell et al., 1997).  

 Figure A.2.  Bivariate scatter plot for the Holocene of kARM versus k 

Anhysteretic susceptibility (kARM) on y-axis plotted against susceptibility (k) on the x-axis 

as a magnetic grain-size proxy after Banerjee et al. (1981) for data from the last ~12,000 

yrs. B.P. For both panels, the sites are color coded as follows: 2GC (black), 22GC 

(purple), 46GC (dark green), 53GC (orange), 57GC (cyan) and Site U1305 (light green) 

(Stoner et al., 2013; Mazaud et al., 2012).	  
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Figure A.3. Day Plot of hysteresis ratios for all Holocene-aged samples 

Magnetic hysteresis parameters (Mrs, saturation remanence; Ms, saturation magnetization; 

Hcr, coercivity of remanence; Hc, coercive force) are plotted as the ratios Mrs/Ms and 

Hcr/Hc measured. The hysteresis loop above is plotted in the form of magnetization M as a 

function of driving magnetic field strength H. This practice is commonly followed 

because it shows the external driving influence (H) on the horizontal axis and the 

response of the material (M) on the vertical axis. The results from measurments of post-

glacial Holocene samples from 2GC, 22GC and Site U1305 and Holocene-aged 

sediments from the remaining cores (see Figure A.9) are plotted as the solid symbols. 

Single domain (SD), pseudo-singe domain (PSD), and multidomain (MD) fields are after 

Day et al. (1977).   
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A.1.4 Paleomagnetic measurements  

Natural remanent magnetization (NRM) measurements were made using 

progressive, alternating field (AF) demagnetization peak fields of 0, 10, 15, 20, 25, 30, 

35, 40, 45, 50 and 60 mT on a 2-G cryogenic u-channel magnetometer. The u-channel 

samples were measured at 1-cm intervals; however, the width at half-height of the 

response function of the magnetometer pick-up coils is 4.5 cm, so that smoothing occurs. 

Edge effects caused by this smoothing at core breaks were cut from the original data 

(Kissel et al., 2009). An anhysteretic remanent magnetization (ARM) was produced using 

a 100 mT peak AF and a 50 WT direct current (DC) biasing field. This ARM was 

subsequently demagnetized and measured after peak AF of 0, 20, 25, 30, 35, 40 and 50 

mT. The ARM data were also expressed as a susceptibility of the ARM (kARM) by 

normalizing the ARM by the strength of the biasing field. Three isothermal remanent 

magnetizations (IRM) were produced by imparting a DC field of 0.1 T, 0.3 T and 1 T. 

Each IRM was demagnetized and measured at the same peak AF as the ARM.  

Additionally, IRM was run in reverse after 0.3 T DC field was imparted upon it. All cores 

from the KN158-04 and MD99 cruises were measured at the Paleomagnetism Laboratory 

at the University of California, Davis (UCD) using a 2-G EnterprisesTM Model 755 

cryogenic magnetometer.  Magnetic measurement methods for other records are 

described in detail by Stoner et al. (2013), Channell et al. (2004) and Stoner et al. (2007) 

for cores from U1305,  Site 984 and MD99-2269, respectively.  

All parameters are plotted versus depth from top of core. Each panel shows the 

pertinent paleomagnetic results plotted versus depth from left to right: (a) NRM Intensity 

at AF demagnetization steps from 0 to 60 milli-Tesla (mT) (0-10 mT for 57GC) (b) PCA 

computed component inclination (green dots) values (c) PCA computed component 

declination (pink diamonds) rotated to a mean of 0° (d) Maximum angular deviation 

(MAD) values (solid black line) calculated from the PCA computed component 

directions shown in panel expressed in degrees, (e) k values (purple line) are expressed as 

SI units x 10-6, (f) ARM intensity (light blue dots) after the 30 mT demagnetization step 

was applied (g) IRM intensity (light green crosses) after 30 mT for IRMs imparted at 

0.3T, except for 22GC which was only run after 1T IRM was imparted (h) kARM/k is 

plotted in black with the x-axis reversed, lower values represent larger magnetic grain-
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sizes  (i) the median calibrated age (Table A.2) is plotted as a blue dot in the final panel 

with the blue line representing linear interpolation between each date. Each core has the 

same parameters plotted from left to right as explained above.  

 

A.2 Northern North Atlantic deep-sea paleomagnetic records 

All cores exhibit NRM intensity that decreases by at least 80% by 60 mT 

demagnetization.  The median destructive field (MDF) for NRM, ARM and IRM are 

~25-30 mT, for all five cores (Figures A.4-A.8).  Characteristic remanent 

demagnetizations (ChRM) were computed using traditional PCA analysis (Weeks et al., 

1993) using demagnetization steps every 5 mT from 10 to 50 mT. Maximum angular 

deviation (MAD) values are generally ~1°, almost always less than 2° (Figures A.4-A.8), 

indicating that the cores have a strong, stable, single component magnetization that 

reliably recorded depositional remanent magnetization (DRM).  Due to the lack of 

azimuthal orientation, the declination of each core section was rotated to fit the end of the 

overlying core section, depending on core length.  The resulting component declinations 

were then rotated to a mean of zero degrees (Figures A.4-A.8).  Mean component 

inclinations are within 3° of the expected geocentric axial dipole (GAD) value for each 

site’s latitude (Figures A.4-A.8).   
 

A.2.1 Normalized remanence: a proxy for Relative Paleomagnetic Intensity (RPI)  

Progressive alternating field demagnetization and magnetic grain-size parameters 

indicate that all cores preserved a strong, stable, pseudo-single domain, low-coercivity 

magnetization consistent with magnetite as the dominant remanence carrier (Figures A.4-

A.8) (Tauxe, 1993). Normalized remanence will be used as our relative paleomagnetic 

intensity (RPI) proxy.  For the purposes of this study, mean NRM/IRM from steps 10-60 

mT (Figure 3.3, A.19).  IRM was used as our preferred normalizer as opposed to ARM, 

which was correlated with the ARM normalized remanence data for the cores from the 

western part of the basin.  NRM/ARM for core 22GC shows a strong linear correlation 

with the normalizer at all demagnetization steps (R > 0.6), while IRM normalization 

shows a weak relationship with the normalizer.  The same is true for 2 although in order 
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to show this it is necessary to divide it into its two sedimentation rate regimes.  For the 

whole core, ARM and IRM normalized remanence both show a similarly weak linear 

relationship with an R-value ranging between 0.3 to 0.5 depending on the 

demagnetization step but regardless of the chosen normalizer.  However, the same 

analysis on the top 210 cm of the core shows a strong linear relationship between 

NRM/ARM and ARM (R > 0.6), and a weaker relationship (R<0.25) when IRM is used 

as the normalizer.  For cores 46GC, 53GC and 57GC there is not as strong a relationship 

between normalized remanence and the respective normalizers.  There is also less of a 

difference between the correlation coefficients between ARM and IRM their respective 

normalized remanences, suggesting that the magnetic material in these cores may have a 

larger coercivity spectrum then the cores in northwestern basin.  For this reason, and for 

continuity, remanence was normalized using IRM, and a mean of NRM/IRM was 

calculated over the same demagnetization steps that were used to calculate the directions.  
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Figure A.4. Raw paleomagnetic data for core KN158-04-2GC  
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Figure A.5. Raw paleomagnetic data for core KN158-04-22GC 
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Figure A.6. Raw paleomagnetic data for core KN158-04-46GC 
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Figure A.7. Raw paleomagnetic data for core KN158-04-53GC 
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Figure A.8. Raw paleomagnetic data for core KN158-04-57G
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A.2.2 14C Based Age Model 

Radiocarbon based chronologies have been developed for all deep-sea cores used 

in this study.  Each sediment record is constrained by independent radiocarbon 

chronologies with at least seven radiocarbon dates per Holocene sections of each core 

(Stoner et al., 2013; Praetorius et al., 2008; Bond et al., 2001) (Figure A.9; Table A.2). 

The eastern NNA cores 46GC, 53GC and 57GC have relatively linear sedimentation rates 

of ~13, 23 and 65 cm/kyr, respectively, throughout the last ~12 ka.  Meanwhile the cores 

from northwestern North Atlantic, 2GC, 22GC and U1305 show significant changes in 

sedimentation rates at 220 cm (~9 ka), 120 cm (~9-10.5 ka) and 450 cm (~8 ka), 

respectively. The sedimentation rate change for 2GC (~20-25 cm/kyr to > 80 cm/kyr) is 

maintained for the remainder of the core. However, the sedimentation rate change 22GC 

(~17 cm/kyr to >150 cm/kyr) is abrupt and only lasts for about 1.5 kyr decreases to a ~30 

cm/kyr.  

In addition, uncertainty for each radiocarbon chronology was modeled by 

propagation of dating uncertainty based on the 2-σ between age-control points is 

quantified using a Monte Carlo based, random-walk model approach (Marcott et al., 

2013; Huybers and Wunsch, 2004) (Figure A.9).  The error envelopes for each age model 

represent the 1-σ error predicted from all 10,000 Monte Carlo simulations that perturbs 

the age model 10,000 times following a random draw from a normal distribution. The 

uncertainty between the age control points (Figure A.9, Chapter 2) was modeled as a 

random walk, and chronologic uncertainty was modeled as a first order autoregressive 

process (Huybers and Wunsch, 2004). In order to show the most conservative estimate of 

the age uncertainty, the maximum AR1 normalized 1-σ error predicted from all Monte 

Carlo simulations was chosen for each depth point resulting in Holocene age 

uncertainties ranging between between ±150 and ~500 years (2σ) (Figure A.9).  
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Table A.2. Raw and 2-sigma calibrated radiocarbon dates 

All raw and calibrated radiocarbon dates used in this study. The lab and material that was 

analyzed and the raw output data.  The dates were calibrated using Intcal09 (Reimer et 

al., 2009), assuming a constant reservoir age.   

Core
Depth 

(cm)
Lab

Material 

Dated

Age (
14

C 

years 

B.P.)

1σ (
14

C 

years 

B.P.)

Median 

Prob. 

(cal. 

years 

B.P.)

Lower 2σ 

(cal 

years 

B.P.)

Upper 2σ 

(cal years 

B.P.)

2GC 0.5 NOSAMS G.Bulloides 1050 40 630 538 679

2GC 50 UCI G.Bulloides 3050 15 2810 2749 2871

2GC 84.75 NOSAMS G.Bulloides 4080 55 4130 3946 4301

2GC 169.3 NOSAMS G.Bulloides 6350 50 6810 6681 6947

2GC 175 UCI G.Bulloides 8760 20 9440 9390 9492

2GC 220 UCI G.Bulloides 8465 20 9060 8994 9182

2GC 260 NOSAMS G.Bulloides 8880 60 9530 9425 9694

2GC 349.5 NOSAMS G.Bulloides 9720 65 10580 10428 10756

2GC 501 UCI G.Bulloides 10590 70 11870 11557 12110

2GC 525 UCI Planktics 10615 35 11940 11734 12061

22GC 0.5 ETH Zurich Planktics 1405 55 960 811 1085

22GC 10.5 ETH Zurich Planktics 1725 50 1280 1171 1374

22GC 30.5 ETH Zurich Planktics 2930 60 2710 2506 2839

22GC 50.5 ETH Zurich Planktics 4545 60 4750 4549 4875

22GC 70.5 ETH Zurich Planktics 6330 70 6800 6628 6973

22GC 100.5 ETH Zurich Planktics 8010 85 8470 8305 8692

22GC 120.5 NOSAMS Planktics 8820 50 9480 9390 9580

22GC 140.5 NOSAMS Planktics 8870 60 9520 9419 9683

22GC 160.5 NOSAMS Planktics 9080 60 9790 9591 10073

22GC 181.5 NOSAMS Planktics 9400 50 10240 10151 10386

22GC 201.5 NOSAMS Planktics 9400 55 10240 10146 10399

22GC 220.3 NOSAMS Planktics 9400 65 10250 10125 10427

22GC 240.3 NOSAMS Planktics 9450 60 10300 10182 10461

22GC 300.5 UCI Planktics 10625 25 11960 11825 12064

22GC 375.5 UCI Planktics 12120 35 13550 13417 13716

22GC 440 UCI Planktics 12930 50 14770 14230 15090

46GC 1.5 UCI G.Bulloides 640 15 280 248 325

46GC 50.5 UCI Planktics 4060 15 4100 3988 4169

46GC 75.5 UCI G.Bulloides 4965 20 5300 5259 5413

46GC 100.5 UCI Planktics 7025 20 7520 7457 7567

46GC 125.5 UCI G.Bulloides 5150 20 5520 5460 5574

46GC 150.5 UCI Planktics 9925 25 10840 10702 11048

46GC 175.5 UCI Planktics 11960 35 13380 13275 13509

46GC 200.5 UCI Planktics 13085 25 15040 14620 15244

46GC 250.5 UCI Planktics 17575 40 20350 20146 20533

46GC 300.5 UCI Planktics 20740 60 24290 23933 24479

46GC 375.5 UCI Planktics 29500 300 33730 32977 34576

46GC 440 UCI Planktics 25700 190 29930 29569 30495

53GC 0.5 NOSAMS G.Bulloides 1020 45 600 521 663

53GC 10.5 NOSAMS G.Bulloides 1570 40 1120 1025 1242

53GC 20.5 NOSAMS G.Bulloides 1860 35 1400 1313 1503

53GC 30.5 NOSAMS G.Bulloides 2240 45 1850 1717 1959

53GC 40.5 NOSAMS G.Bulloides 2700 45 2390 2295 2575

53GC 50.5 NOSAMS G.Bulloides 3520 45 3400 3307 3539
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53GC 60.5 NOSAMS G.Bulloides 4180 40 4280 4139 4396

53GC 70.5 NOSAMS G.Bulloides 4580 55 4780 4614 4939

53GC 80.5 NOSAMS G.Bulloides 5080 45 5450 5315 5555

53GC 90.5 NOSAMS G.Bulloides 5840 55 6250 6151 6391

53GC 100.5 NOSAMS G.Bulloides 6500 65 7020 6830 7169

53GC 110.5 NOSAMS G.Bulloides 6260 60 6710 6559 6873

53GC 120.5 NOSAMS G.Bulloides 7550 55 8000 7911 8150

53GC 130.5 NOSAMS G.Bulloides 7990 60 8450 8340 8579

53GC 140.5 NOSAMS G.Bulloides 8470 55 9080 8969 9259

53GC 150.5 NOSAMS G.Bulloides 8610 70 9290 9070 9439

53GC 160.5 NOSAMS G.Bulloides 9750 45 10600 10511 10724

53GC 170.5 NOSAMS G.Bulloides 9650 60 10520 10359 10636

53GC 180.5 NOSAMS G.Bulloides 9890 45 10790 10624 11037

53GC 190.5 NOSAMS G.Bulloides 9940 65 10910 10663 11108

53GC 200.5 NOSAMS G.Bulloides 9880 55 10780 10602 11038

53GC 210.5 NOSAMS G.Bulloides 10500 65 11670 11341 11935

53GC 220.5 NOSAMS G.Bulloides 11650 50 13150 13045 13267

53GC 230.5 NOSAMS G.Bulloides 11650 70 13160 12921 13275

53GC 240.5 NOSAMS G.Bulloides 12050 55 13440 13317 13655

53GC 250.5 NOSAMS G.Bulloides 12750 100 14300 13958 14963

53GC 280.5 NOSAMS G.Bulloides 15350 130 18370 17848 18567

53GC 450.5 UCI G.Bulloides 34160 530 38430 36984 40056

57GC 10.5 NOSAMS G.Bulloides 1220 25 845 750 681

57GC 20.5 NOSAMS G.Bulloides 1460 35 1102 1000 920

57GC 30.5 NOSAMS G.Bulloides 1490 30 1133 1030 950

57GC 40.5 NOSAMS G.Bulloides 1650 30 1279 1220 1139

57GC 50.5 NOSAMS G.Bulloides 1740 30 1357 1290 1230

57GC 60.5 NOSAMS G.Bulloides 2200 40 1900 1800 1689

57GC 70.5 NOSAMS G.Bulloides 2210 35 1901 1810 1704

57GC 80.5 NOSAMS G.Bulloides 2350 35 2083 1970 1871

57GC 90.5 NOSAMS G.Bulloides 2530 35 2304 2210 2104

57GC 100.5 NOSAMS G.Bulloides 2400 30 2124 2030 1936

57GC 110.5 NOSAMS G.Bulloides 2830 35 2705 2600 2456

57GC 120.5 NOSAMS G.Bulloides 2980 35 2837 2750 2694

57GC 130.5 NOSAMS G.Bulloides 3170 50 3134 2960 2823

57GC 140.5 NOSAMS G.Bulloides 3530 35 3521 3410 3331

57GC 150.5 NOSAMS G.Bulloides 3790 50 3870 3740 3590

57GC 170.5 NOSAMS G.Bulloides 4170 40 4392 4250 4126

57GC 190.5 NOSAMS G.Bulloides 5050 45 5530 5390 5295

57GC 210.5 NOSAMS G.Bulloides 5640 35 6159 6040 5935

57GC 230.5 NOSAMS G.Bulloides 6450 50 7106 6940 6793

57GC 250.5 NOSAMS G.Bulloides 6800 50 7420 7330 7230

57GC 300.5 UCI Planktics 8100 20 8632 8560 8479

57GC 375 UCI G.Bulloides 12265 35 13847 13730 13578

57GC 401 UCI G.Bulloides 18670 70 22151 21810 21476

57GC 451 UCI G.Bulloides 33200 470 38637 37370 36540

57GC 559 UCI G.Bulloides 43130 730 47386 45840 44686

U1305 0 UCI Planktics 760 20 409 320 465

U1305 15 UCI Planktics 1200 60 748 650 884



	  

	  

130	  

 

 

 

U1305 5.5 UCI Planktics 760 20 409 320 465
U1305 20.5 UCI Planktics 1200 60 748 650 884
U1305 60.5 UCI Planktics 2260 15 1867 1806 1932
U1305 105.5 UCI Planktics 3070 20 2832 2760 2913
U1305 145.5 UCI Planktics 3630 15 3527 3453 3601
U1305 180.5 UCI Planktics 3970 20 3965 3881 4063
U1305 230.5 UCI Planktics 4400 50 4558 4410 4723
U1305 255.5 UCI Planktics 4710 25 4929 4847 5023
U1305 280.5 UCI Planktics 5460 20 5846 5751 5901
U1305 310.5 UCI Planktics 5540 20 5922 5875 5982
U1305 327.5 UCI Planktics 5880 20 6295 6246 6375
U1305 355.5 UCI Planktics 6395 20 6872 6785 6947
U1305 380.5 UCI Planktics 6655 20 7194 7141 7249
U1305 400.5 UCI Planktics 6905 20 7420 7361 7477
U1305 428.5 UCI Planktics 7375 20 7847 7777 7918
U1305 451.5 UCI Planktics 7360 25 7829 7748 7913
U1305 480.5 UCI Planktics 7815 25 8291 8197 8354
U1306 694 UCI Planktics 9250 25 10107 9990 10176
U1305 738.5 UCI G.9Bulloides 10610 30 11913 11738 12044
U1305 819 UCI M.9Planktics 9660 60 10523 10376 10651
U1305 868.5 UCI G.9Bulloides 9755 35 10602 10526 10702
U1305 918.5 UCI G.9Bulloides 10055 30 11096 10929 11161
U1305 969 UCI M.9Planktics 11230 30 12692 12593 12850
Site9984 1 NOSAMS G.bulloides 805 40 448 333 506
Site9985 31 NOSAMS G.bulloides 1440 35 980 906 1072
Site9986 59 NOSAMS G.bulloides 2200 40 1794 1689 1900
Site9987 95 NOSAMS G.bulloides 3690 40 3596 3470 3716
Site9988 123 NOSAMS G.bulloides 4380 40 4511 4406 4655
Site9989 163 NOSAMS G.bulloides 5670 45 6064 5942 6190
Site9990 195 NOSAMS G.bulloides 6830 65 7346 7228 7471
Site9991 215 NOSAMS G.bulloides 7390 50 7842 7733 7956
Site9992 254 NOSAMS G.bulloides 8730 55 9255 9276 9508
Site9993 274 NOSAMS G.bulloides 9360 45 10029 10116 10326
Site9994 284 NOSAMS G.bulloides 9410 55 10064 10152 10407
Site9995 305 NOSAMS V.ash 10600 100 11707 11366 12252
Site9996 335 NOSAMS pacyderma9s 15500 60 17949 18026 18383
Site9997 345 NOSAMS pacyderma9s 16250 90 18812 18795 19377
Site9998 381 NOSAMS pacyderma9s 17850 100 20649 20374 21243
Site9999 405 NOSAMS pacyderma9s 18500 80 21398 21328 22040
Site91000 441 NOSAMS pacyderma9s 19950 80 23072 22697 22801
Site91001 465 NOSAMS pacyderma9s 21000 90 24000 24301 24955
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Figure A.9. Radiocarbon based age models for all seven deep-sea records 

Age models with radiocarbon dates, error bars, and error envelopes for all 7 deep-sea 

records with the x-axis representing age from 0 to 15 ka and the y-axis representing depth 

below sea floor surface.  The radiocarbon dates are denoted as dots with red error bars 

representing their 2-σ calibrated uncertainties. The radiocarbon dates and their 

interpolated chronologies are plotted as the solid line.  The error envelopes plotted around 

the solid lines represent the 1-σ AR1 normalized age uncertainty using a Monte-Carlo 

based approach that propagates uncertainty between age control points by following a 

random walk model forming Brownian bridges between the 2-σ uncertainty of the 

radiocarbon date.  Each age model is shown for 2GC (black), 22GC (purple), 46GC (dark 

green), 53GC (orange), 57GC (cyan), U1305 (light green) and Site 984 (magenta). 
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A.3 Tuning Methodology 

A.3.1 North Atlantic PSV 

Sediments from the North Atlantic are ideal for this study as they have a relatively 

consistent source of terrigenous input (i.e. magnetic material), are susceptible to minimal 

diagenetic alteration, preserve carbonate and are high enough in latitude to feel the pull of 

the magnetic pole. North Atlantic paleomagnetic records have been instrumental in the 

development of modern paleomagnetic concepts. They show a highly variable field even 

during times of constant polarity, therefore, are particularly useful for quantifying the 

lock-in process in the North Atlantic basin. Sediments from the Holocene North Atlantic 

is essentially a natural laboratory for this study; particularly the last ~8000 years, which 

shows relatively small changes in lithology, reservoir age, and consistent directional 

paleomagnetic records as predicted from global field models. 

	  

A.3.2 Global Field Model (GFM) predictions 

The validity of this approach was tested through the use of continuous field 

models that indicates the full magnetic vector is coherent across the study region in North 

Atlantic during Holocene, with declination as the most coherent feature (Donadini et al., 

2009; Korte and Constable, 2005; Constable et al., 2000; Jackson et al., 2000).  

Inclination normalized by the GAD predicted inclination for each site is plotted for all 11 

model output sites as well as the intensity predicted by the CALS10.k model (Korte et al., 

2011).  
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From left to right: age from 0 to 12,000 yrs B.P. is plotted versus surface field intensity 

(in μT), declination and deviation of inclination from GAD, as predicted for each site’s 

GAD value (both in degrees) (Korte et al., 2011). In all 3 plots, solid lines represent the 

model outputs for the deep-sea cores: 2GC (black), 22GC (purple), 46GC (green), 53GC 

(orange), 57GC (light blue), U1305 (light green) and Site 984 (pink); the dashed lines 

represent the model outputs for the sites used as the input or other geomagnetic field  

proxies: MD99-2269 (red), MD99-2232 (Stoner et al., 2007) and Paris, where the 

European Archeointensity stack (EAS) (Genevey et al., 2008) is calculated.  
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Figure A.10. Holocene global geomagnetic field model outputs for NNA deep-sea sites  



	  

	  

134	  

A.3.3 North Atlantic Paleomagnetic Input Record (MD99-2269) 

Our input record for the Holocene NNA geomagnetic field is core MD99-2269, 

which was collected from Húnaflói on the north Iceland shelf is an ultra-high 

accumulation rate (> 200 cm/kyr) site (Stoner et al., 2007). It is a 26-meter Holocene 

record, offering a high-quality and expanded view of the recent paleomagnetic record. A 

proximal core MD99-2322 of similar Holocene resolution was collected from the deepest 

part of the Kangerlussuaq Trough on the southeast Greenland shelf and provides an 

almost identical PSV record with slightly less resolution (Stoner et al., 2007). The 

declination and inclination records from both cores are combined into a single composite 

PSV record based on correlation between the two sites (Stoner et al., 2013; Stoner et al., 

2007) (Chapter 3, Figure 3.2). The Greenland/Iceland PSV composite averages the PSV 

records from these two Marion Dufresne II cores during periods of overlap, while using 

the best available record to fill gaps caused by sediment deformation and section breaks. 

An initial age model for these cores was developed using 25 radiocarbon dates from 

MD99-2269 and 19 from MD99-2322 (Stoner et al., 2007) (Figure A.19) combined into a 

single age to depth relationship (Stoner et al., 2013).  

These high quality deep-sea records are compared with a well-dated 

paleomagnetic record from an ultrahigh resolution (> 200 cm/kyr) sediment archive from 

the north Iceland margin (Stoner et al., 2013; Stoner et al., 2007). These records show 

that the geomagnetic field of the late Holocene North Atlantic is characterized by high 

amplitude asymmetric features that change abruptly and therefore provide distinct tuning 

targets (Ólafsdóttir et al., 2013; Stoner et al., 2013). The quality of the chronology and 

PSV record is supported by recent data from the East Greenland Margin (Stoner et al., 

2007), Icelandic lakes (Geirsdóttir et al., 2013; Ólafsdóttir et al., 2013; Stoner et al., 

2013; Ólafsdóttir et al., 2010; Larsen and Eiriksson, 2008) and GFM predictions derived 

exclusively from archeomagnetic data (Stoner et al., 2013; Korte et al., 2011; Korte et al., 

2009). Terrestrial ages of seven crypto-tephra and one discrete tephra layer 

(Saksunarvatn) from in MD99-2269 (Kristjansdottir et al., 2007) were correlated to those 

found in Icelandic lakes (Ólafsdóttir et al., 2013) in order to account for radiocarbon 

reservoir age uncertainties in the Norwegian-Greenland seas (e.g. Wastegård et al., 2008; 

Eiríksson et al., 2004). These additional constraints on chronology were used to further 
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adjust the Stoner et al. (2007) age model and result in a chronology up to 250 yrs younger 

(mean ~ 130 yrs, median ~ 90 yrs) than previously reported (Stoner et al., 2013). 

Recently, these two cores were combined to form a Greenland/Iceland PSV 

composite record (Stoner et al., 2013; Stoner et al., 2007) has a nominal 5-yr resolution, 

although additional smoothing as a result of stacking, sedimentation rate changes, and the 

response function of the u-channel magnetometer also exist. High mean sedimentation 

rates of ~ 200 cm/kyr of both cores and minimal mixing depth of 5 to 15 cm (based on 

cryptotephra distributions, G. Kristjansdottir pers comm. 5/2008 and A. Jennings pers 

comm. 6/2010) implies that the age of these sediments should provide a reasonable 

estimate for the age of the magnetization. This is supported by agreement between the 

Greenland/Iceland PSV composite and GFM (ARCH3k_cst.1) (Stoner et al., 2013; Korte 

et al., 2011; Korte et al., 2009) predictions (Chapter 3; Figure 3.2). It should be noted that 

there is less agreement between Greenland/Iceland PSV composite and model predictions 

made with less constrained data sets (Stoner et al., 2013). ARCH3k_cst.1 is derived 

exclusively from archeomagnetic data that passed quality criteria (Korte et al., 2009), 

suggesting that data quality, particularly chronology, may be more important than data 

completeness for the accuracy of model predictions, at least in reasonably well 

constrained locations.  

 

A.3.4 Holocene declination tuning 

In order to quantify this apparent age offset in terms of age and perhaps more 

importantly, depth, we tuned seven cores (2GC, 22GC, 46GC, 53GC, 57GC, U1305 and 

Site 984, Figures A.13-A.18) to a hypothetical geomagnetic input signal – the ultra-high 

resolution composite record based on MD99-2269 and (Korte et al., 2011; Korte and 

Constable, 2003a) (Paillard, 1996).  This is justified as MD99-2269 preserves a high-

quality paleomagnetic vector. In addition, its robust composite chronology consists of 

numerous cryptotephras layers and 44 radiocarbon dates (Stoner et al., 2013; Stoner et 

al., 2007) with reservoir age accounted for by eight terrestrially dated tephras (Stoner et 

al., 2013; Stoner et al., 2007; Ólafsdóttir et al., 2005). Also, because of its ultra high-

accumulation rate, it is believed that the effect of pDRM on MD99-2269 is likely to be 

negligible, making it the best possible proxy for a Holocene geomagnetic input. When 
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each deep-sea record is placed on its independent radiocarbon derived chronology and 

compared to MD99-2269, there is a very weak correlation between the time-series. Least 

squares linear regression of core MD99-2269 with each core’s independent radiocarbon 

chronology shows very weak correlations (Table A.3), < 0.2 for declination in all cores 

and <0.1 for inclination in all cores discussed in this paper except for 57GC (R = 0.365).  

Therefore, we aim to estimate the age of the sediment’s magnetization that we can 

compare to the age of the sediment itself.   

For all seven deep-sea paleomagnetic records, we create a “tuned” chronology, by 

correlating paleomagnetic features to MD99-2269, which we will treat as the most 

accurate representation of the NNA geomagnetic field. The records were tuned using tie-

points developed in Analyseries (Paillard, 1996) and used for the tuning process were 

constrained by the following criteria:  

(1) the age of the magnetization in the deep-sea sediments is equal to or younger than the 

radiocarbon dated age of the sediment.  At present there is no plausible mechanism for 

the preserved magnetization to predate bioturbation (Stoner et al., 2007).   

(2) Easterly declination shifts are used because of their distinct long period, large 

amplitude features (Figure 2.2, A.2) (Kristjansdottir et al., 2007).  

(3) A maximum of 8 tie-points were chosen.  

(4) The correlation value must be improved at the 95% confidence level, using a chi-

squared significance test, for the updated chronology to be accepted.  

 

The number of tie-points represents our degrees of freedom and, as a result are 

constrained by whether they significantly improved the r2-value (Table A.3).  This 

significance holds even when all records are interpolated to a conservative Holocene 100-

year time-step (dt).  The validity of this approach was tested through the use of GFMs 

(Korte et al., 2011; Korte and Constable, 2003b) which indicate that the full magnetic 

vector is coherent across our north Atlantic study region (>4500 km).  Declination 

predictions from the model show the most coherence thus supporting our choice of 

declination as our primary tuning parameter (Figure A.12).  These tuned chronologies 

account for an age offset, which significantly improves the correlation coefficient 

between our deep-sea records and the templates (Table A.3).  
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Figure A.11. Tie-points created to tune 2GC declination compared to MD99-2269  

The time-series to the right shows the 2GC declination record vs. time on the x-axis on its 

independent chronology.  The red record to the left is the high-resolution declination 

record, MD99-2269 on its own time-scale.  The dashed gray lines perpendicular to the x-

axis show the age of each tie-point on both records with the solid black line showing the 

actual tie-points. Radiocarbon dates are shown by black triangles. 
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Figure A.12. Tie-points created to tune 22GC declination compared to MD99-2269 

The time-series to the right shows the 22GC declination record vs. time on the x-axis on 

its independent chronology.  The red record to the left is the high-resolution declination 

record, MD99-2269 on its own time-scale.  The dashed gray lines perpendicular to the x-

axis show the age of each tie-point on both records with the solid black line showing the 

actual tie-points. Radiocarbon dates are shown by black triangles. 
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Figure A.13. Tie-points created to tune 46GC declination compared to MD99-2269 

The time-series to the right shows the 46GC declination record vs. time on the x-axis on 

its independent chronology.  The red record to the left is the high-resolution declination 

record, MD99-2269 on its own time-scale.  The dashed gray lines perpendicular to the x-

axis show the age of each tie-point on both records with the solid black line showing the 

actual tie-points. Radiocarbon dates are shown by black triangles. 
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Figure A.14. Tie-points created to tune 53GC declination compared to MD99-2269 

The time-series to the right shows the 53GC declination record vs. time on the x-axis on 

its independent chronology.  The red record to the left is the high-resolution declination 

record, MD99-2269 on its own time-scale.  The dashed gray lines perpendicular to the x-

axis show the age of each tie-point on both records with the solid black line showing the 

actual tie-points. Radiocarbon dates are shown by black triangles. 



	  

	  

141	  

 

Figure A.15. Tie-points created to tune 57GC declination compared to MD99-2269 

The time-series to the right shows the 57GC declination record vs. time on the x-axis on 

its independent chronology.  The red record to the left is the high-resolution declination 

record, MD99-2269 on its own time-scale.  The dashed gray lines perpendicular to the x-

axis show the age of each tie-point on both records with the solid black line showing the 

actual tie-points. Radiocarbon dates are shown by black triangles. 
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Figure A.16. Tie-points created to tune Site U1305 declination compared to MD99-2269 

The time-series to the right shows the Site U1305 declination record vs. time on the x-

axis on its independent chronology.  The red record to the left is the high-resolution 

declination record, MD99-2269 on its own time-scale.  The dashed gray lines 

perpendicular to the x-axis show the age of each tie-point on both records with the solid 

black line showing the actual tie-points. Radiocarbon dates are shown by black triangles. 
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Figure A.17. Tie-points created to tune Site 984 declination compared to MD99-2269 

The time-series to the right shows the Site 984 declination record vs. time on the x-axis 

on its independent chronology.  The red record to the left is the high-resolution 

declination record, MD99-2269 on its own time-scale.  The dashed gray lines 

perpendicular to the x-axis show the age of each tie-point on both records with the solid 

black line showing the actual tie-points. Radiocarbon dates are shown by black triangles. 
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Figure A.18. 14C and pDRM-corrected age models for 2GC over the last 12 ka 

Calibrated 14C ages for core 2GC are shown as 2σ error bars in red (Table A.2). Solid line 

represents the depth to age conversion using linear interpolation between 14C ages with 

the radiocarbon age uncertainty plotted in as the error bar. The dashed lines show the 

“pDRM-corrected” chronologies (Figure A.11, Table A.4).  The tie-points are shown on 

the dashed line with error bars (red) calculated based on uncertainty derived from MD99-

2269 (see Figure A.23).  The gray dashed line at 8000 yrs B.P. denotes the boundary 

between the post-glacial Holocene and the late deglacial to early Holocene.  The inset to 

the top left shows an example of a depth where the age offset is calculated using the 

comparison between the 14C-derived chronology and the pDRM-corrected chronology. 
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Figure A.19. 14C and pDRM-corrected age models for 22GC over the last 12 ka 
Calibrated 14C ages for core 22GC are shown as 2σ error bars in red (Table A.2). Solid 

line represents the depth to age conversion using linear interpolation between 14C ages 

with the radiocarbon age uncertainty plotted in as the error bar. The dashed lines show 

the “pDRM-corrected” chronologies (Figure A.12, Table A.4).  The tie-points are shown 

on the dashed line with error bars (red) calculated based on uncertainty derived from 

MD99-2269 (see Figure A.23).  The gray dashed line at 8000 yrs B.P. denotes the 

boundary between the post-glacial Holocene and the late deglacial to early Holocene.  

The inset to the top left shows an example of a depth where the age offset is calculated 

using the comparison between the 14C-derived chronology and the pDRM-corrected 

chronology. 
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Figure A.20. 14C and pDRM-corrected age models for 46GC over the last 12 ka 

Calibrated 14C ages for core 46GC are shown as 2σ error bars in red (Table A.2). Solid 

line represents the depth to age conversion using linear interpolation between 14C ages 

with the radiocarbon age uncertainty plotted in as the error bar. The dashed lines show 

the “pDRM-corrected” chronologies (Figure A.13, Table A.4).  The tie-points are shown 

on the dashed line with error bars (red) calculated based on uncertainty derived from 

MD99-2269 (see Figure A.23).  The gray dashed line at 8000 yrs B.P. denotes the 

boundary between the post-glacial Holocene and the late deglacial to early Holocene.  

The inset to the top left shows an example of a depth where the age offset is calculated 

using the comparison between the 14C-derived chronology and the pDRM-corrected 

chronology. 
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Figure A.21. 14C and pDRM-corrected age models for 53GC over the last 12 ka 

Calibrated 14C ages for core 53GC are shown as 2σ error bars in red (Table A.2). Solid 

line represents the depth to age conversion using linear interpolation between 14C ages 

with the radiocarbon age uncertainty plotted in as the error bar. The dashed lines show 

the “pDRM-corrected” chronologies (Figure A.14, Table A.4).  The tie-points are shown 

on the dashed line with error bars (red) calculated based on uncertainty derived from 

MD99-2269 (see Figure A.23).  The gray dashed line at 8000 yrs B.P. denotes the 

boundary between the post-glacial Holocene and the late deglacial to early Holocene.  

The inset to the top left shows an example of a depth where the age offset is calculated 

using the comparison between the 14C-derived chronology and the pDRM-corrected 

chronology. 
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Figure A.22. 14C and pDRM-corrected age models for 57GC over the last 12 ka 

Calibrated 14C ages for core 57GC are shown as 2σ error bars in red (Table A.2). Solid 

line represents the depth to age conversion using linear interpolation between 14C ages 

with the radiocarbon age uncertainty plotted in as the error bar. The dashed lines show 

the “pDRM-corrected” chronologies (Figure A.15, Table A.4).  The tie-points are shown 

on the dashed line with error bars (red) calculated based on uncertainty derived from 

MD99-2269 (see Figure A.23).  The gray dashed line at 8000 yrs B.P. denotes the 

boundary between the post-glacial Holocene and the late deglacial to early Holocene.  

The inset to the top left shows an example of a depth where the age offset is calculated 

using the comparison between the 14C-derived chronology and the pDRM-corrected 

chronology. 
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Figure	  A.23.	  14C	  and	  pDRM-‐corrected	  age	  models	  for	  U1305	  over	  the	  last	  12	  ka	  

Calibrated 14C ages for site U1305 are shown as 2σ error bars in red (Table A.2). Solid 

line represents the depth to age conversion using linear interpolation between 14C ages 

with the radiocarbon age uncertainty plotted in as the error bar. The dashed lines show 

the “pDRM-corrected” chronologies (Figure A.16, Table A.4).  The tie-points are shown 

on the dashed line with error bars (red) calculated based on uncertainty derived from 

MD99-2269 (see Figure A.23).  The gray dashed line at 8000 yrs B.P. denotes the 

boundary between the post-glacial Holocene and the late deglacial to early Holocene.  

The inset to the top left shows an example of a depth where the age offset is calculated 

using the comparison between the 14C-derived chronology and the pDRM-corrected 

chronology. 
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Figure A.24. 14C and pDRM-corrected age models for Site 984 over the last 12 ka 

Calibrated 14C ages for site 984 are shown as 2σ error bars in red (Table A.2). Solid line 

represents the depth to age conversion using linear interpolation between 14C ages with 

the radiocarbon age uncertainty plotted in as the error bar. The dashed lines show the 

“pDRM-corrected” chronologies (Figure A.17, Table A.4).  The tie-points are shown on 

the dashed line with error bars (red) calculated based on uncertainty derived from MD99-

2269 (see Figure A.23).  The gray dashed line at 8000 yrs B.P. denotes the boundary 

between the post-glacial Holocene and the late deglacial to early Holocene.  The inset to 

the top left shows an example of a depth where the age offset is calculated using the 

comparison between the 14C-derived chronology and the pDRM-corrected chronology. 
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Figure A.25. Error envelope for MD99-2269 and MD99-2322 composite chronologies 

In pink is the chronology and error envelope when only the dates for MD99-2269 are 

used.  In green is the composite chronology that includes the 44 radiocarbon dates 

compiled by Stoner et al. (2007), used to create a composite chronology and GreenIce, a 

high-resolution NNA paleo-geomagnetic record (Stoner et al., 2013). 
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A.3.5 Testing the tuned chronologies 

The tie-points used to tune declination were compiled into a new chronology that 

was then applied to both inclination and RPI.   In all cases, the correlation coefficient 

between MD99-2269 and the deep-sea record improved significantly when using the 

tuned chronology. In addition, time-lagged cross-correlation was used to quantitatively 

compare all MD99-2269 versus our deep-sea records. In all but one case, our deep-sea 

time-series lagged the input, MD99-2269, by at least 700 years when on its independent 

radiocarbon chronology.  The lag decreases to less than 100 years in all cases when the 

tuned chronologies are used, suggesting that the lock-in offset is consistent throughout 

each time-series as long as sedimentation rate holds relatively constant. 
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Below are the R-values calculated when comparing declination and inclination from 

MD99-2269 (Stoner et al., 2007) and the deep-sea records showing the different 

correlations when each record is placed on their independent and tunedn chronologies. 

The 3rd set of values shows the comparison of European Archeointensity stack (Genevey 

et al., 2008) versus the RPI from the deep-sea records (see Figure A.29).

Table A.3. Correlation coefficients between the ultra-high resolution input records versus 

outputs before and after the output records are tuned 
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Figure A.26. Age versus declination for the deep-sea cores on 14C and tuned chronologies and MD99-2269 
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Declination values computed based on PCA analysis are plotted versus age for each core. Plotted from left to right: 2GC (black), 

22GC (purple), 46GC (green), 53GC (orange dots) and 57GC (blue solid diamonds) with the 3rd section of 57GC (measured on the 

magnetometer at OSU) (dashed light blue). Inclination values computed based on PCA analysis (dashed line). Plotted in order of 

sedimentation rate from left to right: 46GC (green), 53GC (orange dots), 22GC (purple), 2GC (black), ODP Site 984 (pink), 57GC 

(blue solid diamonds), U1305 (lime green) and MD99-2269 (light pink) and 20-point smoothed (red) (Stoner et al., 2007). The solid 

lines with symbols corresponding to the five cores in the center of panel are the declinations on their tuned chronologies based on 

tuning to our geomagnetic input MD99-2269 (Stoner et al., 2007). 
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Figure A.27. Age versus characteristic inclination for the deep-sea cores and MD99-2269 

Plotted in order of sedimentation rate from left to right: 46GC (green), 53GC (orange dots), 22GC (purple), 2GC (black), ODP Site 

984 (pink), 57GC (blue solid diamonds), U1305 (lime green) and MD99-2269 (light pink) and 20-point smoothed (red) (Stoner et al., 

2007). The solid lines with symbols corresponding to the five cores in the center of panel are the inclinations on their tuned 

chronologies based on tuning to our geomagnetic input MD99-2269 (Stoner et al., 2007). The black vertical line represents the 

expected GAD value for each site location.  
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Figure A.28. Normalized remanence or RPI on both chronologies for all cores 

Relative paleomagnetic intensity (RPI) calculated as the ratio of NRM intensity to IRM intensity (NRM/IRM) is plotted in order of 

sedimentation rate from left to right: 46GC (dark green), 53GC (orange), 22GC (purple), 2GC (black), ODP Site 984 (pink), 57GC 

(cyan), U1305 (green).  The RPI record for MD99-2322 (light pink), the 20-point smoothed version of MD99-2322 (red) (Stoner et 

al., 2007) and the European archeointensity stack (purple) (Genevey et al., 2008) are plotted to the right. 
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A.4 Observational age/depth offset calculation 

Age offset was calculated based on the difference between the radiocarbon dated age of 

the record at each tie-point and the age of the feature in MD99-2269 (e.g. age of 14C – 

age of MD99-2269).  This was done for each tie-point and for the three easterly 

declination features that were seen in all records (see Table A.4).  Both a bulk mean and 

standard deviation were calculated (Fig. A.22 and Table A.4).  In order to convert this to 

a depth offset, the age offset was multiplied by the sedimentation rate at each of the tie-

points. Sedimentation rates were first calculated based on linear interpolation between 

radiocarbon dates, however, due to the high density of radiocarbon dates for certain 

cores, sedimentation. 
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Table A.4. Depth and age of the tie points used for tuning and calculating the offsets 

Each deep-sea declination core was tuned to that from the 20-point smoothed version of 

MD99-2269 generating tie points on depth for the deep-sea records and age for MD99-

2269 (shown in the 2nd and 3rd columns).  The 4th column is the radiocarbon date from the 

depth in the deep-sea cores, the age offset is the difference between the 3rd and 4th 

columns in years.  The sedimentation rate in cm/kyr was calculated for each interval 

based on an iterative averaging approach and then multiplied by the age offset to derive 

the depth offset shown in the last column.  The purple highlighted rows are three tie-

points used in further calculations and those highlighted in red represent the tie-points 

created when the ends of time-series can be constrained using other prior information. 

The red fonts are tie-points that were necessary due to coring disruptions. The italicized 

values below the age offset estimates are the mean and standard deviation of all the age 

and depth offsets and the bold italicized values below are those from the three tie-points 

from the purple rows.  
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Figure A.29. Age offset of all observed tie-points versus the sedimentation rate  

The open symbols represent the values derived from each of three tie-points from each 

record and the solid symbols represent the mean depth offset of the three time points.  

The depth offset was calculated by multiplying the age offset at each tie-point by the 

sedimentation rate for that interval.   
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Figure A.30. Age offsets versus sedimentation rate from most robust tie-points 

Observed age offsets versus sedimentation rate at three tie points (open symbols) and 

their means (solid symbols).  The age offset expressed in yrs B.P. is plotted on the y-axis 

versus sedimentation rate on the x-axis.  The open symbols show the age offset and 

sedimentation rate calculated from the three most robust tie points (See purple 

highlighted rows in Table A.5).  The black open stars are the age offsets published by 

Suganuma et al. (2010) from Indian Ocean sediments. The larger solid symbols are the 

means calculated from these three tie points.  The dashed lines are labeled with the 

respective lock-in depths that relate age offset to sedimentation rate when using a 

continuous or linear lock-in function.  
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Figure A.31. Sedimentation rate versus depth offset calculated based on observations 

Above the observed depth offset is plotted versus sedimentation rate.  The open symbols 

represent the values derived from each of three tie-points from each record and the solid 

symbols represent the mean depth offset of the three time points.  The depth offset was 

calculated by multiplying the age offset at each tie-point by the sedimentation rate for 

that interval.   
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Figure A.32.  Sedimentation rate versus observationally derived lock-in depths 

The depth offset plotted on the y-axis was calculated by multiplying the age offset at each 

tie-point by the sedimentation rate (plotted on the x-axis) for the time interval where 

sedimentation rate was relatively constant (Figure A.10, Table A.2).  The black upright 

triangle represents the mean observed depth offsets for 2GC, the purple square for 22GC, 

the dark green diamond for 46GC, orange pentagon is 53GC, the cyan circle for 57GC, 

the bright green six-sided star for U1305 and the right pointing magenta triangle for Site 

984.   
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Figure A.33. Sedimentation rate plotted linearly versus age offset on a log scale 

The age offset is plotted on a log scale on the y-axis in yrs B.P. versus sedimentation rate 

on the x-axis.  The open symbols show the age offset and sedimentation rate calculated 

from the three most robust tie points (See purple highlighted rows in Table A.4).  The 

black open stars are the age offsets published by (Suganuma et al., 2010) from Indian 

Ocean sediments. The larger solid symbols are the means calculated from these three tie 

points.  The dashed lines are labeled with the respective lock-in depths that relate age 

offset to sedimentation rate when using a continuous or linear lock-in function.  
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A.5 Observational based smoothing 

A.5.1 Measurements of amount of smoothing 

It is visually evident that some of these times-series have less variability.  Spectral 

analysis has been attempted but does not yield significant results below the Nyquist 

frequency given the large time step and short total time interval of the Holocene 

(Genevey et al., 2008). This was calculated based on the amount of smoothing that is 

associated with each record.  The variability in each record was measured based on 

comparison between the deep-sea sediment records and that seen in MD99-2269.  

Multiple parameters were calculated to best account for the differences in variability on 

multiple time-scales including changes in amplitude of the signal. We measured this 

using the variance, root mean squared (rms), standard deviation and a measurement of 

smoothness defined as the root mean squared of the second derivative of the time-series 

(Table A.5).  

To test whether pDRM has an effect on this, the relationship between amplitude 

and sedimentation rate is examined by a least squares regression fit of PSV variance to 

sedimentation rate. Declination was chosen as our primary input, as informed by the 

similarity of this parameter over this region from global field models (Figure A.12), and 

indicates that these ultra-high resolution records retain higher amplitude variability for 

longer period features then our deep-sea sediment records. As a baseline for comparison, 

when declination for MD99-2269 is smoothed using a 40 cm-point running mean filter, 

implying a time averaging of 150-200 years, the variance only decreases by 5% (Figure 

A.35).  In comparison, ~90% of amplitude variance is lost in 53GC (Figure A.36). If this 

were a result of a pure DRM process, this loss of variance should be accounted for using 

a simple boxcar filter; it is not. It is believed that smoothing of the PSV record is related 

to sedimentation rate (Figure A.35, Figure A.36). For any given sedimentation rate, the 

trend line for the smoothed MD99-2269 should yield a declination record with greater 

preservation of signal then is seen in the deep-sea cores (Figure A.36). Also, it indicates 

that there is a sedimentation rate threshold, thus reinforcing the importance in 

sedimentation rate as well as its rate of change. 
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Figure A.34. MD99-2269 running-mean smoothing declination  

Declination from MD99-2269 smoothed by filters that would be theoretically equivalent 

to lower sedimentation rate cores that were also affected by convolution of the uchannel 

magnetometer (~4.5 cm Gaussian filter). 
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Figure A.35. Smoothing of MD99-2269 and deep-sea declinations 

The amount of signal preserved (ratio of smoothed records to unsmoothed MD99-2269) 

is plotted versus sedimentation rate filtered to varying resolutions.  In this case, the dark 

green triangles represent the signal preserved for MD99-2269 smoothed to varying 

resolutions (see Figure A.35).  The pink dots and black line are the same as those shown 

in Figure 2.3 b.    
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Table A.5. Statistics for declination variability the deep-sea records and MD99-2269 

Statistics used to evaluate attenuation, amplitude reduction, variability and the amount of 

signal preserved for the declination time-series for each of the deep-sea records and the 

high-resolution input, MD99-2269. The table below shows statistics about amplitude and 

variability of declination for each core, 2GC, 22GC, 46GC, 53GC, 57GC, 57GC over just 

the last 8000 years, U1305, Site 984 and MD99-2269 (first column).  The mean 

sedimentation rate expressed as the mean for the Holocene expressed as cm/kyr. 

Smoothness of each declination time-series was calculated by looking at the root mean 

squared of the second derivative. The minimum and maximum declination are expressed 

in degrees.  The root mean square, standard deviation and variance of declination are in 

the 6th, 7th and 8th columns.  The last column shows the amount of signal preserved, 

calculated as the variance of each record to the variance of MD99-2269. 
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A.6 Modeling 

A.6.1 The modeling methodology 

For the purpose of this study, convolution of declination of MD99-2269 is 

considered the input geomagnetic input signal, B(t). This record must be converted to the 

depth domain in order to properly assess the pDRM process, which occurs over a depth 

interval. The depth from MD99-2269 was interpolated to the depth-scale of each of the 

seven deep-sea sediment records based on the established sediment chronology of both 

records. We now have both the depth and declination of MD99-2269 on the depth scale 

of the deep-sea output record.  

𝐵(𝑡)⟹ 𝐵(𝑧)⟹ 𝐵(𝑧!)⟹ 𝐵(𝑗)  

𝐵 𝑧 𝑡 + 𝑑𝑡 = 𝐵 𝑧 𝑡 + 𝑠 𝑡 𝑑𝑡   

 

A.6.2 Filter Functions 

Filter functions (F) were chosen based on theoretically derived functions used in previous 

studies. 

𝑃𝐷𝑅𝑀 𝑧 =    𝐵 𝑧 − 𝑧! 𝐹 𝑧! 𝑑𝑧′
!!!

!
 

𝑃𝐷𝑅𝑀 𝑗 =    𝐵 𝑗 − 𝑘
!

!!!

𝐹(𝑘) 

Bioturbation produces a constant offset, M, which can be separated introducing a 

constant m in the discrete description so that the PDRM can be written as: 

𝑃𝐷𝑅𝑀 𝑗 =    𝐵 𝑗 − 𝑘 𝐹′(𝑘)
!!!

!!!

 

Filter functions (F) were chosen based on theoretically derived functions used in previous 

studies. 

A.6.2.1 Linear Filter 

𝐹(𝑘)!"# = 𝑎  ×
1
𝑥⟹ 𝐹! 𝑘 = 𝑎  × log(𝑥) 
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A.6.2.2 Exponential Filter 

𝑝 = 0.05 

𝜆 =
− ln(𝑝)
𝐿  

𝐹(𝑘)!"# = 𝑒!!" ⟹ 𝐹! 𝑘 = 1− 𝑒!!" 

A.6.2.3 Parabolic Filter 

	  

𝐹(𝑘)!"#" =
𝑎
𝑥! ⟹ 𝐹! 𝑘 = −

𝑎
𝑥! 

 

A.6.2.4 Hyperbolic (Tanh) Filter 

	  

𝐹(𝑘)!"#! = tanh(𝑥)⟹ 𝐹! 𝑘 = 1− tanh!(𝑥)	  
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Figure A.36. Schematic of pDRM model showing how the input is filtered and optimized used in	  this	  study	  

The schematic shows how the input (i.e. MD99-2269) is interpolated, then run through the linear, exponential, parabolic and tanh 

shaped filter functions.  The optimal surface mixed layer (M) and lock-in (L) depths are found by finding the filtered version of 

MD99-2269 that produces the highest correlation coefficient and closest root mean square (RMS) value to the deep-sea record. 
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A.6.3 Output comparison 

Along with our ability to make the above observations, we have derived a pDRM 

acquisition model, which allows us to develop a quantitative method to recreate this 

transformation, which may also provide insights into the process by which this 

transformation occurs. The model involves convolution of the presumed paleomagnetic 

input (i.e. MD99-2269 PSV) with three variables: filter shape (i.e. exponential, which are 

based on variable surface-mixed layer (M) and lock-in depths (L)) (Figure 2.4, Section 

A.7). The thickness of M and L are optimized to find the combinations that yield model 

output best match each of the deep-sea record. In the northern North Atlantic, direct 

observation of M from 230Thexcess and radiocarbon based studies on core tops have 

reported thickness of M ranging from 7 to <20 cm with a mean of ~11 cm (Keigwin and 

Guilderson, 2009; Thomson et al., 2006; Bond et al., 2001; Thomson et al., 2000) 

(Chapter 2).  

Below Figures A.33-A.39 show 12 model outputs for each core.  The label at the 

top of each figure lists the core and output record that we are attempting to model.  The 

longer panel to the left shows declination on the x-axis from -100° to 100° and depth in 

cm of the deep-sea record on the y-axis. The input record, MD99-2269, interpolated to 

the depth of the deep-sea record is shown as the thin line and the output or deep-sea 

record in red.  The other time-series represent the filtered versions of MD99-2269 with 

the results of the linear filter in dark blue, the exponential filter in bright green, the 

parabolic filter in magenta and the sigmoidal (tanh) filter in purple.   

The top right little panels show the lock-in depth on the y-axis in cm that is 

produced from the model optimization (note that this scale changes depending on the 

model output) and the amount of the sediment that is locked-in is shown as a percentage 

on the x-axis.  The lower right panel again shows the lock-in depths on the y-axis (from 0 

to 50 cm) and the correlation coefficient on the x-axis.  The fine text lists the M value, 

which are from left to right: 1, 2, 5 and 7 cm for the upper panels, 10, 11, 12 and 15 cm 

for middle panels and 17, 20, 25 and 30 cm for the lower panels.  Below the M value is 

the correlation coefficient produced between MD99-2269 and the deep-sea record, which 

is consistent for each figure.  Next, the optimized L-depth is printed above the correlation 

coefficient for each of the four filter outputs.  The below figures show that the 
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convolution model is most sensitive to different filter functions (i.e. parabolic and cubic 

versus linear and tanh) and are somewhat sensitive to the M value.  They show the 

sensitivity of each core and in some case the filter functions to different depths of M is 

different.  They show that the depth of M can vary in importance according depending on 

the record that we are trying to model, however, it seems likely that extremely low 

values, such as M = 1, 2 and 5 cm are physically unlikely according to our model.  

Similarly, very large values of M (e.g. M=25, 30 cm) do not produce ideal model outputs.  

In general, the total M+L values do not vary significantly however the correlation, which 

is related the variability of the signal is normally lower when unsuitable M values are 

used.   

	  

A.6.4 Model sensitivity 

Based on the above sensitivity tests, we can evaluate relative effects of M and L 

on the pDRM process. We find that though M is likely to change temporally and 

spatially, the total depth offset seems to be somewhat consistent as long as the M depth 

varies between 5 and ~25 cm. It is likely that the depth of M changes in both time and 

space due to environmental variability. We ignore temporal variability as it is likely not 

significant during the Holocene as compared to glacial-interglacial time-scales. Allowing 

M and L to vary independently, optimal M ranged depths were between 14 to 20 cm, 

consistent with measured values in the literature (Suganuma et al., 2011; Channell and 

Guyodo, 2004), and L values ranged from 14 to 30 cm.  Model optimization using an 

average depth of 17 cm for M yielded the highest correlation between the convolved 

signal and each individual record with L values of 15 cm for 2GC to 28 cm for 53GC  

(Keigwin and Guilderson, 2009; Thomson et al., 2006; Thomson et al., 2000; Boudreau, 

1998; Wu and Hillaire-Marcel, 1994). Correlation can be improved by using the linear or 

composite filter, instead of the traditional used bioturbation based exponential filter, for 

all but the highest sedimentation rate cores. However, we found that the sigmoidal shaped 

filter function produced the best match to the majority of our deep-sea records.  This is 

consistent with its use in previous magnetic acquisition studies in North Atlantic and 

Indian Ocean sediments (Keigwin and Guilderson, 2009; Thomson et al., 2006; Bond et 

al., 2001; Thomson et al., 2000) with sedimentation rates less than 30cm/kyr, while an 
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exponential function seems to produce an optimal match for cores with greater 

sedimentation rates (e.g. 57GC, U1305).  The different effect of filter shape is likely a 

reflection of a process that has yet to be uncovered (or deconvolved).  

 It is likely that the depth of M changes in both time and space due to 

environmental variability, we ignore temporal variability as it is likely not significant 

during the Holocene as compared to on glacial-interglacial time-scales. Allowing M and 

L to vary independently, optimal M ranged depths were between 14 to 20 cm, consistent 

with measured values in the literature (Suganuma et al., 2011; Channell and Guyodo, 

2004), and L values range from 14 to 30 cm (Figures A.36-A.42).  Model optimization 

using an average depth of 17 cm for M yielded the highest correlation between the 

convolved signal and each individual record with L values of 15 cm for 2GC (Figure 

A.36) to 28 cm for 53GC (Figure A.39). Correlation can be improved by using the 

exponential or sigmoidal filter, instead of the traditional linear filter, for all but the 

highest sedimentation rate cores. However, we found that the sigmoidal shaped filter 

function produced the best match to the majority of our deep-sea records.  This is 

consistent with its use in previous magnetic acquisition studies in North Atlantic and 

Indian Ocean sediments (Thomson et al., 2006; Boudreau, 1998) with sedimentation rates 

less than 30cm/kyr, while an exponential function seems to produce an optimal match for 

cores with greater sedimentation rates (e.g. 57GC, U1305).  The different affect of filter 

shape is likely a reflection of a process that has yet to be uncovered (or unraveled).  
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Figure A.37. Sensitivity tests for KN158-04-2GC convolution model 
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Figure A.38. Sensitivity tests from convolution model for KN158-04-22GC  
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Figure A.39. Sensitivity tests from convolution model for KN158-04-46GC  
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Figure A.40. Sensitivity tests from convolution model for KN158-04-53GC 
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Figure A.41. Sensitivity tests from convolution model for KN158-04-57GC 
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Figure A.42. Sensitivity tests from convolution model for U1305 
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Figure A.43. Sensitivity tests from convolution model for Site 984
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Figure A.44. Correlation coefficients for the model outputs for each M value 

(a) The top left panel shows model output L depths for the linear filter, (b) the top right 

panel shows output results from the parabolic filter, (c) the bottom left from the 

exponential filter and (d) the bottom right shows those from the parabolic tangent filter or 

sigmoidal filter. The size of each symbol represents the L depth optimized for each M 

depth run through the filter function; the Ms are 1, 2, 5, 7, 10, 11, 12, 15, 17, 20, 25 and 

30 cm.  The black upright triangle represents model outputs for 2GC, the purple square 

for 22GC, the dark green diamond for 46GC, orange pentagon is 53GC, the cyan circle 

for 57GC, the bright green six-sided star for U1305 and the right pointing magenta 

triangle for Site 984.  The L depths are plotted versus the average sedimentation rate for 

each record (Table A.6).  The solid versions of the symbol represent the L value for M = 

15 cm. 
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Figure A.45. Sedimentation rate versus lock-in depth as predicted by the different linearly 

modeled values 

The size of each symbol represents the L depth optimized for each M depth run through 

the filter function; the Ms are 1, 2, 5, 7, 10, 11, 12, 15, 17, 20, 25 and 30 cm.  The black 

upright triangle represents model outputs for 2GC, the purple square for 22GC, the dark 

green diamond for 46GC, orange pentagon is 53GC, the cyan circle for 57GC, the bright 

green six-sided star for U1305 and the right pointing magenta triangle for Site 984.  The 

L depths are plotted versus the average sedimentation rate for each record (Table A.4, 

Table A.6).  The solid versions of the symbol represent the L value for M = 15 cm. 
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Figure A.46. Modeled lock-in depth outputs 

These are the modeled lock-in depth outputs for each core and the four filter functions. 

(a) The top left panel shows model output L depths for the linear filter, (b) the top right 

panel shows output results from the parabolic filter, (c) the bottom left from the 

exponential filter and (d) the bottom right shows those from the parabolic tangent filter or 

sigmoidal filter. The symbol shows the mean L depth and the standard deviation (error 

bar) for each model output parameterized with M depths of 1, 2, 5, 7, 10, 11, 12, 15, 17, 

20, 25 and 30 cm.  The black upright triangle represents model outputs for 2GC, the 

purple square for 22GC, the dark green diamond for 46GC, orange pentagon is 53GC, the 

cyan circle for 57GC, the bright green six-sided star for U1305 and the right pointing 

magenta triangle for Site 984.  The L depths are plotted versus the average sedimentation 

rate for each record (Table A.6).   
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Figure A.47. Model outputs where M is 2/3 of the value compared to observations 

These are the modeled lock-in depth outputs for each core and the four filter functions. 

(a) The top left panel shows model output L depths for the linear filter, (b) the top right 

panel shows output results from the parabolic filter, (c) the bottom left from the 

exponential filter and (d) the bottom right shows those from the parabolic tangent filter or 

sigmoidal filter. The symbol shows the mean L depth and the standard deviation (error 

bar) for each model output parameterized with M depths of 1, 2, 5, 7, 10, 11, 12, 15, 17, 

20, 25 and 30 cm.  The black upright triangle represents model outputs for 2GC, the 

purple square for 22GC, the dark green diamond for 46GC, orange pentagon is 53GC, the 

cyan circle for 57GC, the bright green six-sided star for U1305 and the right pointing 

magenta triangle for Site 984.  The L depths are plotted versus the average sedimentation 

rate for each record (Table A.4).   
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Figure A.48. Observed depth offsets vs mean lock-in depths from modeled L values 

The upper left panel shows the modeled outputs for the linear filter function, the lower 

left for the exponential, the upper right for the parabolic and the lower right shows the 

tanh or hyperbolic tangent filter output with the highest L value plotted from the model 

output that had the highest correlation coefficient (thus M is varying and not included in 

this plot).  The open symbols are the model outputs of L depths where 50% of the signal 

is locked-in and the observed values are plotted as solid symbols.  Each depth is plotted 

on the y-axis versus the mean post-glacial Holocene sedimentation rates reported 

previously (Table A.4, Table A.6). 	  
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B. Appendix B  

B. Appendix B - North Atlantic Paleomagnetic Secular Variation and Relative 
Paleomagnetic Intensity over the last 15-ka 

B.1 Global map of flux lobes 

 

 

Figure B.1. Polar projection map of flux patches of the north hemisphere sites discussed 

in Chapter 3. 

This time-averaged field intensity map based on historical data from (Roberts and 

Winklhofer, 2004) 
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B.2 Stacks on both chronologies 

 

Figure B.2. Stacks on the their radiocarbon and “pDRM-corrected” chronologies  

To the left, the NNA records are shown stacked with age on the y-axis from 0 to 15kyr, 

on their radiocarbon chronologies of inclination anomaly (green), declination (blue) and 

intensity (purple) are plotted with their standard error in gray.  Right, the NAPStack15k 

shows the records stacked on their pDRM-corrected chronologies.   
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Figure B.3. Holocene GFM field intensity snapshots and NNA declination changes 
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Our NNA stack for declination from 1-10 ka is plotted versus age on the x-axis.   

Here is our NNA for declination with snapshots of surface field intensity (in µT) derived 

from the CALS10k.1b model (Korte et al., 2011).  There are two prominent Holocene 

easterly declination features during intensity highs (e.g. 2.5 ka). Also, note the relative 

east, west intensity changes as NNA declination varies from east to west. 
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B.3 References 

Gubbins, D., Jones, A., Finlay, C., 2006. Fall in Earth's magnetic field is erratic. Science 
312, 90



	  

	  

200	  

 

 

C. Appendix C- Influence of rock magnetic properties on the 

paleomagnetic record of deep North Atlantic 

C. Appendix C - Influence of rock magnetic properties on the paleomagnetic record 
of deep North Atlantic 

C.1 Supplemental material for rock magnetic measurements 

	  

 Figure C.1. Hysteresis loops for the deep-sea cores 

Hysteresis loops for cores (a) 2GC, (b) 22GC, (c) 46GC, (d) 53GC and (e) 57GC 
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Figure C.2. kARM/k with ARM normalized after the 35mT demagnetization step for all 

cores, including Site 984 

Site 984 suffered from problems of oversaturation during ARM measurements until 

demagnetization (Channell, 1999) (Chapter 4).  Therefore, it is impossible to calculate 

the true kARM/k ratio as is traditionally defined (Channell, 1999).  Here, ARM measured 

after the 35mT demagnetization step was normalized by the biasing field applied during 

ARM measurements and then normalized by susceptibility for all records.  It should be 

noted that cores 57GC, U1305 show little change in trend and mirror the more minor 

change in magnetic grain-size over time seen in Figure 4.4d and that we still see much 

greater changes in 2GC, 22GC, 53GC and especially 46GC. 
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Figure C.3. NRM intensity after the 30 mT degmanetization step for all cores 

Above is a plot of NRM intensity after 30 mT demagnetization step used to calculate the 

normalized remanence values shown in Figures 4.5 and 4.6.  These NRM intensities are 

normalized by ARM and IRM both measured after 30 mT demagnetization presented in 

Figure 4.4.  NRM, ARM and IRM measurements for KN158-04 cores were measured at 

UC Davis and at the Paleo-and-Environmental Magnetism Laboratory at OSU.  While 

U1305 was measured at the University of Florida and Site 984 was measured at Gif-Sur-

Yvette, France. 
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