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New paleointensity results from rapidly cooled Icelandic lavas:
Implications for Arctic geomagnetic field strength

G. Cromwell"2, L. Tauxe', and S. A. Halldé6rsson'-3

TGeosciences Research Division, Scripps Institution of Oceanography, University of California, San Diego, La Jolla,
California, USA, Z2Now at Department of Geology, Occidental College, Los Angeles, California, USA, 3Now at Nordic
Volcanological Centre, Institute of Earth Sciences, University of Iceland, Reykjavik, Iceland

Abstract The Earth’s magnetic field is assumed to be a geocentric axial dipole (GAD) when
averaged over sufficient time (10°-10° years). Recent investigations of global paleosecular variation

and time-averaged field behavior on million year timescales generally support a predominantly dipole
field in the Northern Hemisphere, but unique field structures at high southern latitudes suggest the
presence of a substantial gg quadrupolar component. Average paleointensity results from Antarctica are
approximately half the value predicted by a GAD field; this behavior has not been sufficiently investigated
because there is a paucity of absolute paleointensity data from the high latitudes of the Arctic and
Antarctic, so no adequate comparisons have been made between the two regions. We collected glassy
volcanic material from 129 subaerial and subglacial volcanic units in Iceland in order to provide a suitable
intensity data set at high northern latitudes. Forty-four sites met our very strict specimen and site level
selection criteria. Four Holocene sites have a median intensity value of 55.8 + 15.6 pT (virtual axial
dipole moment = 78.1+22.0 ZAm?), consistent with the present-day field. Thirty-seven sites are between
11 ka and 3.35 Ma with a median intensity of 33.1 + 8.3 pT (47.0 + 11.6 ZAm?). This median intensity

is indistinguishable from some long-term global field strength estimates. Reevaluation of existing
high-latitude data suggests a general agreement with our Iceland results, but there are still too

few Antarctic sites to adequately compare Arctic and Antarctic field behaviors.

1. Introduction

The Earth’s ancient magnetic field can be approximated by a geocentric axial dipole (GAD) in which the aver-
age field intensity is twice as strong at the poles as it is at the equator. The present-day geomagnetic field and
the Holocene time-averaged field [e.g., Korte et al., 2011] generally support the GAD hypothesis with a virtual
axial dipole moment (VADM) of about 80 ZAm? but both also suggest some hemispheric asymmetry in the
average field. A VADM of 80 ZAm? corresponds to surface field intensities of ~30 pT and 60 uT at the equator
and poles, respectively (red line in Figure 1).

In a departure from the long-standing belief that the present field strength is representative of the long-term
average [e.g., Tanaka et al., 1995a], Juarez et al. [1998] suggested that the long-term average field (5-160 Ma)
was ~42 ZAm? (supported more recently by Tauxe et al. [2013] for 0-140 Ma), implying equatorial and polar
fields of ~16 pT and ~32 puT, respectively (blue dashed line in Figure 1). In line with this prediction, Lawrence
et al. [2009] found an average field of 31.5 + 2.4 uT in Antarctica (0-6.7 Ma), similar to the predictions of
Juarez et al. [1998] and Tauxe et al. [2013] (compare blue dashed line with ~80°S bin in Figure 1).

In contrast to the decidedly non-GAD behavior in the published intensity data shown in Figure 1 (where each
latitude bin may or may not be representative of the time-averaged field), directional data, in particular, incli-
nations, are much more consistent with a GAD field with only small contributions from non-GAD components
required to fit the data for the last few million years [e.g., Kelly and Gubbins, 1997; Johnson and Constable,
1996; Glatzmaier et al., 1999]. An explanation for the paleointensity departures from GAD is geodynamic dif-
ferences in the outer core [e.g., Olson and Aurnou, 1999; Jackson et al., 2000; Hulot et al., 2002; Gubbins et al.,
2006] expressed as maximum and minimum flux zones within the tangent cylinder [e.g., Christensen et al.,
1998]. Some time-averaged field models such as CALS10k.1b [Korte et al., 20111, GUFM1 [Jackson et al., 2000],
and paleosecular variation (PSV) studies [e.g., Johnson and Constable, 1996] observe unusual field structures
at high latitudes, notably the presence of persistent flux lobes in both the Arctic and Antarctic regions.
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200 ‘ . — A comparison of Arctic and Antarctic
paleointensity results over similar time-
scales (0-5 Ma) might offer insights into
. the long-term behavior of the geomag-
| netic field at high latitudes.
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Figure 1 shows that there are many
paleointensity results from high north-
ern latitudes. The majority of these
studies have been conducted in Iceland,
which is located just below the Arctic
circle. As a result of ~15 Myr [McDougall
et al, 1984] of continuous volcanism,
Iceland contains an abundance of
well-exposed subaerial and subglacial
volcanic sequences. Major objectives of
most paleomagnetic studies in Iceland

Intensity (uT)

Latitude (°)

Figure 1. Site Ieve.l p‘aleointensity data (method code of LP-PI-TRM), have been to provide magnetostrati-
with standard deviations <15% or <5 pT downloaded from the MagIC . .

database (http://earthref.org/MaglC) from the last 5 Myr. Data are plot- graphic controls for local geologic
ted against latitude, and median values for 10° bins are shown as yellow formations [e.g., Walker, 1959; Watkins
stars. Predicted values for dipole moments of 80 ZAm? (present field) and and Walker, 1977; McDougall et al.,
42 ZAm? [Juarez et al., 1998; Tauxe et al., 2013] are shown as solid red and 1984; Kristjdnsson et al., 1998; Helgason

dashed blue lines, respectively. and Duncan, 2001; Kristjdnsson, 2010],

evaluate secular variation of the ancient
geomagnetic field [e.g., Tanaka et al., 1995b; Udagawa et al., 1999; Kristjdnsson, 2013], and define the char-
acteristics of geomagnetic reversals [e.g., Shaw, 1975; Kristjdnsson et al., 1980; Goguitchaichvili et al., 1999]
or excursions [e.g., Marshall et al., 1988; Levi et al., 1990; Camps et al., 2011; Jicha et al., 2011]. Paleointensity
studies in Iceland have focused primarily on transitional field events [e.g., Lawley, 1970; Shaw, 1975; Marshall
et al., 1988; Goguitchaichvili et al., 1999; Brown et al., 2006; Ferk and Leonhardt, 2009], while relatively little
work has been done to explore the strength of the magnetic field during stable polarity intervals, which is
necessary for investigations of long-term geomagnetic field behavior.

Several Icelandic studies do provide intensity results that are potentially useful for Arctic/Antarctic compar-
isons [e.g., Schweitzer and Soffel, 1980; Senanayake et al., 1982; Roberts and Shaw, 1984; Tanaka et al., 1995a;
Stantonetal.,2011; Tanaka et al., 2012]. However, such investigations are dependent on the ability of lava flows
to accurately record magnetic field strength. Love and Constable [2003], Herrero-Bervera and Valet [2009], and
Cromwell et al. [2015] compiled results from the 1960 Kilauea lava flow on the Big Island of Hawaii and found
that the majority of published paleointensity estimates of the flow do not consistently recover the expected
field strength. Love and Constable [2003] estimated that available data from the 1960 flow had a 19% stan-
dard deviation of the mean and an average field strength of 33.91 pT (expected field = 36.0 uT). Different
experimental techniques and selection criteria contribute to the variance in the Kilauea data, and Cromwell
etal. [2015] suggested that a major cause of erroneous field estimates is the type of volcanic material used in
laboratory experiments.

Most paleointensity studies collect samples from the slowly cooled, massive interiors of lava flows. These sam-
ples have relatively large crystals and often produce large (> 200 nm), multidomain magnetic grains. It is
common for multidomain specimens to yield curved, concave-up Arai plots [Dunlop and Ozdemir, 2001] dur-
ing paleointensity experiments, frequently resulting in subjective natural remanent magnetization/thermal
remanent magnetization (NRM/TRM) slope interpretations. Multidomain paleointensity results are also shown
to consistently underestimate expected magnetic field strength when calculated using the full thermal rema-
nent magnetization (TRM) [Cromwell et al., 2013, 2015]. Single-domain magnetic grains, on the other hand, are
significantly smaller (< 80 nm) and are expected to respond well to paleomagnetic experiments. Distributions
of single-domain particles can be found in most volcanic rock types, but they comprise an especially large
percentage of volcanic glasses and other quenched materials. Terrestrial and submarine volcanic glass has
been used for paleointensity investigations of the ancient magnetic field [e.g., Pick and Tauxe, 1993a; Kent and
Gee, 1996; Tauxe and Staudigel, 2004; Bowles et al., 2006; Ferk and Leonhardt, 2009; Ferk et al., 2011; Tauxe et al.,
2013], and recently, Cromwell et al. [2015] showed that rapidly cooled material from subaerially erupted
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Figure 2. Geologic map of Iceland showing regional volcanic systems. The Western (WRZ), Eastern (ERZ), and Northern
(NRZ) axial rift zones are labeled, as well as the off-axis South Iceland (SIVZ) and Snaefellsness (SNVZ) volcanic zones.
The neovolcanic zone (<780 ka) is outlined in black and is our largest sampling region. Nupakot, Sida, and Skaftafell are
sampling areas specific to the 2012 field expedition, comprising geologic formations older than 780 ka. Site locations
from the pre-2006 and 2008 field seasons are plotted in blue (N = 63) and the 2012 sites are in red (N = 66). Geology
derived from Johannesson and Saemundsson [2009] and the Icelandic Institute of Natural History.

Hawaiian lavas can consistently recover the expected field strength. The success of glassy, rapidly cooled
material in paleointensity experiments makes it ideal for global investigations of the ancient geomagnetic
field when it has persisted in a near-pristine state and has not altered or devitrified over time. Iceland is an
excellent study location for this purpose due to the accessibility of subglacial volcanic sequences emplaced
during the last ~3 Ma [McDougall et al., 1977; Helgason and Duncan, 2001] and possibly as far back as late
Miocene time [Geirsdéttir and Eiriksson, 1994].

In this study we present a new collection of Icelandic volcanic glasses from subglacial and subaerial lava flows
in order to evaluate the paleointensity in Iceland over the last few million years. We apply strict selection
criteria to ensure an accurate representation of field strength and then compare our results to current field
models and published high-latitude data that pass our selection criteria. Here we discuss the time-averaged
strength of the geomagnetic field in the Arctic and the possibility of long-term hemispheric asymmetry at
high latitudes.

2. Geologic Setting

Iceland is a volcanic island situated on the Mid-Atlantic Ridge at the boundary between the North American
and Eurasian Plates (Figure 2). Iceland has an unusually thick crust due to a high degree of melting associated
with a mantle hot spot beneath the island [Bjarnason and Schmeling, 2009]. Constant spreading between the
North American and Eurasian plates means that the oldest rocks in Iceland, ~15 Ma [McDougall et al., 1984],
are found in the eastern and westernmost parts of the island, with progressively younger formations generally
occurring closer to the spreading axis. Active volcanism occurs in the neovolcanic zone (0-0.78 Ma) which
transects the length of the island from the Reykjanes Peninsula in the southwest to the Tjornes-Axarfjordur
region in the northeast (Figure 2). The neovolcanic zone is differentiated between an axial rift zone and off-rift
volcanic zones. The axial rift zone spans the length of Iceland and is divided into Western (WRZ), Eastern (ERZ),
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and Northern (NRZ) rift zone segments (Figure 2). Two off-rift volcanic zones are the South Iceland Volcanic
Zone (SIVZ), an extension of the ERZ, and the Snaefellsnes Volcanic Zone (SNVZ), which is an intraplate volcanic
system and not directly related to active plate boundary volcanism [Einarsson, 2008].

3. Sample Collection

Glassy and rapidly cooled fine-grained volcanic material was collected over several field seasons (pre-2006,
2008, and 2012) for isotope geochemistry and paleomagnetic analysis. Early field expeditions were initially
organized by the University of Iceland and later by Dr. David Hilton’s research group at Scripps Institution of
Oceanography (SIO) and the University of Iceland as part of an ongoing project directed at the volatile char-
acteristics of the Iceland mantle plume [Macpherson et al., 2005; Fiiriet al., 2010; Barry et al., 2014]. Fresh glassy
material from these expeditions were collected from subglacial volcanic units throughout the neovolcanic
zone. The 2012 field season was organized by the paleomagnetic group at SIO with the goal of adding to the
existing collection of Brunhes age (0-0.78 Ma), neovolcanic glasses and by targeting subglacial units with a
greater age range (0-4 Ma) in the Nupakot, Sida, and Skaftafell areas (Figure 2). The 2012 sampling plan was
guided by previous work on subglacial and subaerial volcanic sequences, including Kristjdnsson et al. [1980,
1988], Bergh and Sigvaldason [1991], Helgason and Duncan [2001], Fiiri et al. [2010], and Stanton et al. [2011].
All sites are listed in Table 1 along with their correlated formation names, available age estimates, and location
information.

3.1. Neovolcanic Zone

The neovolcanic zone contains formations emplaced during the Brunhes chron (0-0.78 Ma). Most geologic
formations in the neovolcanic zone are stratigraphically constrained using geologic maps [e.g., J6hannesson
and Saemundsson, 2009; Saemundsson et al., 2010] and have relatively large age uncertainties. Absolute
geochronology is rare because Icelandic basalts (the dominant rock type formed in the last 0.78 Ma) have
low potassium content [e.g., Jakobsson et al., 2008] which makes age estimates from traditional *°K/3°Ar and
40Ar/3° Armethods difficult to acquire. *C radiometric dates are available [e.g., Jonsson, 1974; Hjartarson, 1994;
Sinton et al., 2005], but the absolute range of this method is limited to ~50 ka. The majority of published
40K /3% Ar and 4°Ar/3°Ar dates in Iceland are from units significantly older than 0.78 Ma [e.g., Saemundsson and
Noll, 1974; McDougall et al., 1977, 1984; Helgason and Duncan, 2001], while only a few radiometric ages are
available for lavas younger than 0.78 Ma [e.g., Levi et al., 1990; Jicha et al., 2011]. Recent work by Guillou et al.
[2010] suggests that an unspiked K-Ar method can successfully date Quaternary Icelandic lavas and poten-
tially be used to constrain the ages of volcanic units emplaced between the reliability timescales of *C and
traditional K-Ar series geochronology.

In general, neovolcanic geology is divided into a postglacial period (< 11 ka, Holocene) dominated by sub-
aerial lava flows (e.g., Figures 3c and 3d) and an older period of subglacial or interglacial (11-780 ka, Brunhes)
pillow basalts (Figure 3a), hyaloclastite sequences (Figure 3b), or interglacial lava flows [J6hannesson and
Saemundsson, 2009]. Samples collected on the Reykjanes Peninsula have better age control than those in
the ERZ and NRZ due to a greater level of detail of available geologic maps in southwest Iceland compared to
other parts of the country. Saemundsson et al. [2010] subdivide the Reykjanes Peninsula into postglacial his-
toric (0-1.3 ka) and prehistoric (1.3-11 ka) lavas, and Late Weichsel (11-21 ka) subglacial lavas, Early Weichsel
(21-110ka) subglacial lavas, and Early Brunhes (110-780 ka) volcanic units. The Weichsel period encompasses
the last glaciation from approximately 11-110 ka, and peak glaciation at 21 ka separates the “Late” and “Early”
periods.

In total, we sampled 80 distinct volcanic units from the neovolcanic zone. Sixty-one units were collected
before 2008, and 19 units were collected during the 2012 field season. Four Weichsel lavas from the 2006-2008
collection (KLE-1, NES-2, OLF-1, and SKARD-1) were resampled in 2012 to supplement the limited amount
of material. All samples from these units are combined into the 2012 naming convention (isl004 and
isl011-isl013, respectively).

3.2. Nupakot

The Nupakot sampling area is located on the southern flank of the Eyjafjoll volcanic system in the SIVZ
(Figure 2) and is composed of interglacial lavas and subglacial hyaloclastite layers. J6hannesson [1985]
identified the Brunhes/Matuyama (B/M) polarity transition in a sequence of lavas near the Nupakot farm. Mag-
netostratigraphy by Kristjdnsson et al. [1988] located the polarity transition approximately 50 m above the
base of this outcrop (section A; all section and flow names referenced here are from Kristjdnsson et al. [1988]),
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a) b)

Figure 3. Photos of typical sample localities. (a) Pillow basalt outcrop (isl004). (b) Hyaloclastite sequence (isl009).
(c) Pahoehoe flow top (isl048). (d) Subaerial lava flow bottom (isl066).

at the midpoint of a sequence of nine eruptive events. Kristjdnsson et al. [1988] identified and numbered a
total of 13 lava flows in the entire Nupakot sequence with Flow 1 located at the base. A single 4°K/3°Ar age
determination, 0.78 + 0.03 Ma [McDougall et al., 1984], from the second eruptive unit above the base (Flow 2),
confirms the geomagnetic polarity timescale age of the Nupakot section. In total, we collected samples from
four sites from the Nupakot area, isl059-isl062.

3.3. Sida

This area in southeastern Iceland includes two main lithostratigraphic groups: subaerial lava flows and sed-
iments of Holocene age and an older group of Pleistocene or late Pliocene hyaloclastites. J6hannesson and
Saemundsson [2009] map three voluminous Holocene lava flows that overlie the hyaloclastite group. Two
lavas are historical, one from the 1783 C.E. Laki eruption and the second from the 934-940 C.E. Eldgja event
[Thordarson and Hoskuldsson, 2008]. The third lava is the Nupahraun flow, with an estimated '*C age of
5.194 + 0.04 ka [Héskuldsson et al., 2012].

The older hyaloclastite sequence is nearly 700 m thick and consists of 14 basaltic volcanic units interbedded
with minor lavas and sedimentary diamictites [Bergh and Sigvaldason, 1991; Banik et al., 2014]. No radiometric
dating is available for this group of lavas, but geologic maps [e.g., J6hannesson and Saemundsson, 2009] iden-
tify the Sida group, and other areas of similar distance from the rift zone, as Pleistocene in age (0.78-3.3 Ma).
Saemundsson and Jéhannesson [1980] collected paleodirectional information from Sida and determined a
magnetostratigraphic age for the area that spans the Matuyama-Gauss polarity interval. In contrast, Bergh and
Sigvaldason [1991] suggest that the fresh condition of the hyaloclastites indicates a relatively young age, per-
haps not older than two or three glaciations or <0.3 Ma. Without absolute age controls, we follow the work
of Saemundsson and Jéhannesson [1980] and adopt the Matuyama-Gauss polarity boundary age, 2.58 Ma
[e.g., Cande and Kent, 1995], as an average age for the Sida group. This estimate is consistent with published
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geologic maps [Jéhannesson and Saemundsson, 2009], but without radiometric dating the precise geo-
chronology for the region is uncertain and additional work may be required in the future.

We sampled all three Holocene lavas in the Sida area (isl047-isl049 and isl052). Sites isl048 and isl052 were
collected from the 1783 C.E. flow in two separate locations. Sites isl050, isl051, isl053-isl058, and isl063 were
collected from the Matuyama/Gauss group.

3.4. Skaftafell

Skaftafell covers an area of about 300 km? and is located at the southern portion of the Vatnajékull ice cap,
approximately 50 km east of the EVZ. The Vatnajokull glacier surrounds Skaftafell on all sides, except in the
south where a low-angle coastal plain runs to the shoreline. Valley glaciers divide Skaftafell into four major
sections: (from east to west) Svinafell, Hafrafell, Skaftafellsheidi, and Skaftafellsfjoll. Helgason and Duncan
[2001] compiled a 2-3 km thick composite section of subaerial lava flows, pillow basalts, and hyaloclastite
sequences and used magnetostratigraphy and 4°K/3° Ar geochronology to describe the complex geologic his-
tory of the area. Recent “°Ar/3° Ar dates and detailed stratigraphy from Svinafell provide additional constraints
on the volcanic history of that section [Helgason and Duncan, 2013]. At least 16 interglacial and glacial inter-
vals are recorded in the volcanic strata over the last 5 Ma with an increasing frequency and intensity of glacial
events since ~2.6 Ma. An exceptionally detailed geologic map [Helgason, 2007] accompanies the investigation
of Helgason and Duncan [2001].

The Skaftafell sections are carved by millions of years of glacial activity and have steep valley faces that are
accessible through stream channels and gullies. On average, the highest peaks for each section reach eleva-
tions of around 1000 m above sea level with varying degrees of slope. Thick lava flow sequences (~4.5 Ma)
form the base of the Skaftafell area with alternating layers of interglacial/glacial volcanics stacked above.
The youngest dated units at the top of each section are around 0.5 Ma. Most volcanic units are basaltic to
intermediate in composition although young acidic formations are found at the top of Skaftafellsheidi and
Skaftafellsfjoll. Field observations indicate these young acidic units are fed by an extensive dike system.

In total, we sampled 32 volcanic units in Skaftafell: six from Svinafell (isl015-isl020), 16 from Skaftafellsfjoll
(isl021-is1036), and 10 from Hafrafell (isl037-ial046). At Skaftafellsheidi we walked up section SKH [see
Helgason, 20071 but were unable to find any volcanic glass.

4. Methods

4.1. Paleointensity

Fresh-looking, glassy, and/or fine-grained specimens were picked and separated from larger hand samples in
the laboratory. Specimens exhibiting any visible alteration features or superficial dirt were subjected to ultra-
sonic cleaning in order to remove material that could acquire a thermal magnetic signature during laboratory
heatings. For the ultrasonic treatment, specimens were submerged in a 10% HCI solution in beakers which
were then placed in an ultrasonic water bath for 15 min. The water bath was chilled to prevent the specimens
from heating above 30°C and possibly acquiring a partial thermal remanent magnetization (pTRM). Follow-
ing ultrasonic cleaning, all specimens with magnetic moments greater than 10~'° Am? were placed in labeled
glass tubes for the paleointensity experiment.

We used the in-field/zero-field and zero-field/in-field (IZZI) version of the Thellier-Thellier paleointensity
experiment [Tauxe and Staudigel, 2004] which was performed at Scripps Institution of Oceanography using
custom-built ovens. A 2G Cryogenic Magnetometer was used to make natural remanent magnetization (NRM)
and pTRM measurements at each laboratory heating step. Specimens were subject to a 35 pT or 20 pT field
during in-field steps, and pTRM alteration checks were performed at every other temperature increment. IZZ|
experiments were carried out until at least 95% of the NRM was removed or when it was apparent that a
specimen had altered during the heating process.

4.2. First-Order Reversal Curves

Select specimens were chosen for first-order reversal curve (FORC) analysis. All measurements were per-
formed on the same specimens previously used in the paleointensity experiments. FORC experiments were
performed on a Princeton Measurements Vibrating Sample Magnetometer at the Institute for Rock Mag-
netism at the University of Minnesota. FORC data were analyzed using FORCInel software of Harrison and
Feinberg [2008]. Smoothing factors for each specimen were chosen based on the optimization routine in
FORClInel with values ranging from 4 to 10.
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Table 2. Selection Statistics at the Specimen and Sites Levels and 4.3. Selection Criteria

H a
Their Threshold Values The Thellier GUI Auto Interpreter [Shaar

Statistics Values and Tauxe, 2013] (part of the PmagPy
Specimen software distribution available at http://

SCAT - earthref.org/PmagPy/cookbook) was used
FRAC >0.78 for paleointensity analysis. The Thellier
G ;0.60 GUI takes a uniform set of specimen and
5 <0.10 site level selection statistics and calculates
objective interpretations of paleointensity

MAD <5.0° . . o
DANG <100° data. .Table. 2 lists the selectlori crlterla
i 20164 used in this study, and we provide brief
= descriptions of each statistic (for a com-
Site plete description of all paleointensity statis-
nn 23 tics, see Paterson et al. [2014]). SCAT [Shaar
B, <4pT and Tauxe, 2013] is a boolean statistic which
By % <10% uses the error on the best fit Arai plot
aSee text for a brief definition of each criterion. [Nagataetal., 1963] slope to test the degree

of scatter over a range of NRM/TRM data

points. FRAC [Shaar and Tauxe, 2013] is cal-
culated from the NRM fraction of a select range of NRM/TRM data points on an Arai plot and is determined
using the full difference vector sum calculation. Gap Max [Shaar and Tauxe, 2013] is the maximum gap between
two NRM/TRM data points determined by vector arithmetic. Beta (f) [Coe et al., 1978; Tauxe and Staudigel,
2004] measures the relative scatter around the best fit line in an Arai plot. It is defined as the ratio of the stan-
dard error of the slope to the absolute value of the slope. DANG [Tauxe and Staudigel, 2004] is the angular
difference between the NRM components used in the best fit line and the angle that the line anchoring the
center of mass makes with the origin. MAD [Kirschvink, 1980] is a measure of scatter about the best fit line
through the NRM steps in an Arai plot. k' [Paterson et al.,, 2014] is a measure of the degree of curvature in an
Arai diagram between select temperature steps. A more curved arc has a higher value of k' and a perfectly
straight line will have a k' = 0. A threshold value of |0.164| has been shown to remove a low-field bias in sites
with curved Arai plots [Paterson, 2011; Cromwell et al., 2015].

Specimen and site level statistical requirements for this study were chosen based on the criteria of Cromwell
etal. [2015]. In their paleointensity analysis of modern Hawaiian lava flows, Cromwell et al. [2015] determined
that the expected magnetic field strength could be recovered to within 4% after applying the criteria listed in
Table 2. These are appropriately strict for paleointensity investigations on glassy volcanics because the rela-
tively high success rate of quenched material in Thellier-type experiments allows for more stringent analysis
without significantly limiting the quantity of successful sites.

5. Representative Experimental Results

In this section, we examine the range of results from the IZZ| paleointensity experiment and classify distri-
butions of magnetic grain size and primary carriers for magnetic remanence. Figure 4 shows representative
specimen behaviors that are most common in our Icelandic data set, including Arai plots that are nearly linear
(Figure 4a), slightly curved (Figure 4d), or altered (Figure 4q).

Specimens isl007b4 and isl007b3 are from the same lava flow and show some variability of within-site exper-
imental behavior (Figures 4a—4c and 4d-4f, respectively). The Arai plot for isl007b4 is very well behaved and
passes all requirements while isl007b3 is slightly concave-up and fails the K’ criterion. The estimated paleoin-
tensity from the curved specimen (isl007b3, 15.8 pT) is slightly lower than its well-behaved sister specimen
(isl007b4, 16.9 pT) which is consistent with observations of Paterson [2011] and Cromwell et al. [2015]. Speci-
men isl009a2 (Figure 4g) alters at the 300°C heating step, causing a spiked, “hedgehog,” behavior in the Arai
plot and Zijderveld diagram at higher temperatures. The low-temperature component of this specimen is lin-
ear but does not pass the FRAC requirement of 0.78. In addition, the Zijderveld diagram shows that the same
low-temperature component does not trend to the origin, resulting in a DANG value greater than 10°.

Hysteresis plots (Figures 4b, 4e, and 4h) and first-order reversal curve diagrams (Figures 4c, 4f, and 4i) sug-
gest the presence of high-coercivity, single-domain magnetic carriers. Specimens isl007b4 and isl009a2 have
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Figure 4. Representative paleointensity and rock magnetic results. (a, d, and g) Arai plots (with inset Zijderveld diagrams and NRM-decay/TRM-growth curves)
are plotted. Temperature values for Arai plots are listed in degrees Celsius. pTRM checks are shown as open triangles, zero-field/in-field temperature steps shown
as red dots, and in-field/zero-field steps shown in blue. The green line is the least squares component for selected temperature steps. X axes in the Zijderveld
diagrams are rotated to the specimen declination. NRM-decay curves are shown in blue, and TRM-growth curves in red. (b, e, and h) Hysteresis loops show the
raw hysteresis data in red, and the resulting loop after paramagnetic slope corrections in blue. (¢, f, and i) First-order reversal curve (FORC) diagrams are plotted,
and SF is the smoothing factor applied to each FORC.

magnetization of remanence to magnetization of saturation (Mr/Ms) ratios of 0.31 and 0.43, respectively,
indicating a magnetic contribution from pseudo single-domain grains. Specimen isl007b3 has a high Mr/Ms
ratio of 0.64 which has been previously observed in quenched seafloor basalts [Gee and Kent, 1995] and is
shown to be the result of multiaxial single-domain carriers [Tauxe et al., 2002; Mitra et al., 2011; Williams et al.,
2011]. A recalculation of Mr/Ms ratios using the approach to saturation method of Jackson and Solheid [2010]
resulted in slightly different Mr/Ms values for isl007b4 and isl009a2 (0.39 and 0.40, respectively). We found that
specimen isl007b3 is best estimated by a linear fit; therefore, the approach to saturation method does not
apply and the Mr/Ms value remains the same as above. FORC diagrams for each specimen show a distinct
high-coercivity band along the x axis, indicative of single-domain magnetic material. This is to be expected
considering the quenched volcanic material collected for this study is likely to be predominantly single
domain. Each specimen also has some signal parallel to the Hu axis of the FORC diagram that could arise
either from multidomain grains or from the thermal relaxation of superparamagnetic grains [Pike et al., 2001].
Interestingly, the specimen with the best behaved Arai plot, isl007b4 (Figure 4a), has the greatest degree
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Figure 5. Representative experimental behaviors for (a, b, and d) accepted and (c and e) rejected specimens. Arai plots with inset Zijderveld diagrams and
NRM-decay/TRM-growth curves are plotted for each specimen. The x axis of the Zijderveld diagrams is rotated to the specimen declination.

of low-coercivity behavior, suggesting that it is super paramagnetic rather than multidomain. Conversely,
specimen isl009a2 has a beautiful FORC diagram but alters at a moderate temperature (~300°C). These
observations suggest that room temperature FORC analyses alone are not necessarily good predictors of
specimen behavior during paleointensity experiments.

The strict selection criteria we use in this study is the same as the requirements applied in Cromwell et al.
[2015]. In that study, the authors determined through scanning electron microscope analysis that the pri-
mary magnetic carriers in their successful specimens were micrometer-scale, dendritic titanomagnetites.
Similar observations of magnetic carriers were made by Shaar and Feinberg [2013]. Our successful specimens
have very similar paleointensity and hysteresis behaviors, and it is likely that they are also dominated by
single-domain-like dendritic titanomagnetites.
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Table 3. Median Paleointensity Results for Grouped Sites?

Age Range B Brmag VADM  VADM,.q

Group (ka) N @D @)  (ZAm?)  (ZAm?)
Holocene 0-11 4 55.8 15.6 78.1 22.0
Late Weischel 11-21 5 33.0 8.1 45.8 1.7
Early Weischel 21-110 4 37.7 4.9 52.7 7.0
Weischel 11-110 20 339 5.8 47.2 8.0
Brunhes 11-780 4 284 2.8 39.7 4.1
Matuyama/Gauss ~2580 6 28.7 6.7 40.2 9.4
Gauss 3200-3500 1 46.9 3.6 46.9 5.1
All sites 0-3500 44 349 9.8 48.6 13.9
All Weischel 11-110 29 348 6.4 48.3 9.2
All Brunhes (ex-Hol) 11-780 33 33.1 7.2 46.0 10.2
All (ex-Holocene) 11-3350 40  33.1 8.3 47.0 11.6

aGroups are based on stratigraphic age controls with approximate age ranges
listed in kiloyears. The number of sites per group is N. Br and VADM are the median
intensity and virtual axial dipole moment, Bf ,q and VADM,,,4 are their respective
median absolute deviations.

In Figure 4 we looked at experimental results that represent most specimens in our data set. We now character-
ize less common experimental behaviors (Figure 5) that are found in relatively few specimens but may pass our
selection criteria to ensure that all results accurately reflect the ancient field strength and to justify our speci-
men selection process. Specimens with low blocking temperatures may pass our selection requirements (e.g.,
islhhd2, Figure 5a) but might be the result of a secondary chemical remanent magnetization (CRM) or a viscous
remnant magnetization (VRM), in which case the resulting paleointensity estimate would not be representa-
tive of the ancient field when the lava was emplaced. Several lava flows have specimens with low blocking
temperatures (like islhhd2), and when we compared those results to sister specimens with high-blocking
temperatures, we found that paleointensities for both specimen types are comparable, indicating that the
observed low blocking temperature is likely an original TRM. Specimen isl010a3 (Figure 5b) also has a small,
low blocking temperature component (or “hump”) in the NRM-decay/TRM-growth curve and is accepted by
the ThellierGUI selection routine, but the bulk of the magnetization is carried by higher-temperature min-
erals. This low-temperature hump is likely a weathering feature due to the postemplacement production of
goethite and subsequent magnetization in the direction of the ambient magnetic field. A different example
of a “two-humped” demagnetization that is not accepted is shown in Figure 5c. In this case, the low blocking
temperature component is between 300 and 400°C and is generally followed by signs of alteration during
the heating experiment. These specimens often show different Arai slopes for each blocking temperature
section, which results in the specimen failing SCAT. In some instances the change in slope is undetectable and
the specimen will pass all selection statistics, suggesting that alteration is minimal and the specimen can be
included in site mean analysis.

Specimen isl009e3 (Figure 5d) represents a case of a physical mechanism for a magnetic signature with two
directional components. Generally, these types of behaviors fail the Thellier Gui selection process because
the large FRAC requirement results in the MAD or DANG criteria exceeding their respective threshold values.
Hyaloclastite sequences consist of volcaniclastic materials, like broken pillow fragments, that are deposited
in layers. Prior to cooling completely through the magnetic blocking temperature, volcanic fragments may
rotate, resulting in more than one directional component (see Zijderveld diagram in Figure 5d). For hyalo-
clastite specimens that exhibit a single rotation, we accept the high-blocking temperature component,
regardless of FRAC, so long as that component passes all other selection statistics, and there is no sign of
experimental alteration in the Arai plot.

Figure 5e (specimen A-33d) shows a small viscous remanent magnetization component at low temperatures,
but the specimen alters at 300°C with no hope of passing any statistical requirements. Specimens exhibit-
ing severe alteration were often removed from the paleointensity heating experiment prior to completion
because they were sure to fail.
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Table 4. Mean Paleointensity Results (uT) for the 1783 C.E. Laki . .
Lava Flow, Sampled in This Study and by Stanton et al. [2011] and 6. Iceland Pa|e°|nten5|ty Results

Tanaka et al. [2012] Forty-four sites (out of 129, ~35%) passed

Laki Flow (1783 C.E.) all site and specimen level selection criteria.

This study 4512 +2.5,nn=13 Paleointensity results for each site are listed
Stanton et al. [2011] 476 +5.1,nn=6 in Table 1, and median intensity estimates
Tanaka et al. [2012] 515+ 1.7,nn=4 for different age groupings are listed in

Table 3. We choose to calculate median val-
ues and median absolute deviation (mad)
uncertainties, rather than mean values, because the median statistic is less affected by large outliers, and
because we cannot assume that our intensity data are normally distributed, as intensities can only be positive
and they are typically “long tailed” [Ziegler et al., 2008].

Individual specimen results, statistics, and measurement level data from this study can be found in the
MaglC database at http://earthref.org/MAGIC. Thirty-four sites are from the neovolcanic zone, and all but
three are known to be Weichsel age (11-110 ka) or younger. Seven sites were collected in the Sida area,
one of which, isl048/052, is the historic Laki eruption of 1783 C.E., and another, isl047, is the 5.194 ka
Nupahraun lava flow [Hdskuldsson et al., 2012]. The other five Sida sites are estimated to be emplaced across
the Matuyama-Gauss polarity boundary at 2.58 Ma [Saemundsson and Jéhannesson, 1980]. Three sites were
successful from Skaftafell: isl020, isl041, and isl045. Site isl020 is Brunhes age [Helgason and Duncan, 2013],
isl041 was emplaced between 3.20 and 3.35 Ma [Helgason and Duncan, 2001] and isl045 between 2.35 and
2.59 Ma [Helgason and Duncan, 2001]. No Nupakot area sites were successful.

One of our successful sites, the 1783 Laki lava flow (isl048/isl052) was also sampled by Stanton et al. [2011]
and Tanaka et al. [2012] for paleointensity analysis. We collected material from the glassy bottom of this flow
(e.g., Figure 3d), while the other researchers drilled standard paleomagnetic holes into the massive interior.
Stanton et al. [2011] and Tanaka et al. [2012] both used the Coe variant of the Thellier-Thellier paleointensity
method [Coe, 1967] with pTRM checks for alteration. Tanaka et al. [2012] also performed the Shaw intensity
experiment [Shaw, 1974] on one sample from this site. Average results and uncertainties for all three studies
are listed in Table 4. The mean intensity values for our study and Stanton et al. [2011] are within one stan-
dard deviation of each other, but the Tanaka et al. [2012] mean barely exceeds the 1¢ limit of our site. Our
estimate has a within-site variance that is lower than Stanton et al. [2011] but slightly larger (1.2 pT) than
Tanaka et al. [2012].

We plot the results for all 44 new Icelandic sites in Figure 6a, along with the median paleointensity value
(34.9 uT). Four sites are Holocene age (open circles) with a median intensity of 55.8 + 15.6 pT. This value
is equivalent to the present-day Iceland field intensity of 52.5 pT (calculated from igrf.py in the PmagPy
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Figure 6. Paleointensity results (with 16 error bars) plotted with age for successful sites. Age estimates and uncertainties
are listed in Table 1. (a) All sites. (b) Enlargement of Holocene and Weichsel-aged sites (0-110 ka). For clarity, any error
bars smaller than the respective data point are not plotted.
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Figure 7. VADM site estimates for Holocene (open) and older (gray) Weichsel). Median intensities for each
Icelandic sites. High-latitude sites from Jan Mayen (orange, Cromwell interval are shown as dashed lines,

etal. [2013]? an.d Antarctica (F)Iue, Lawrence et al. [2009]) pass ou.r strict emphasizing the high Holocene field
selection criteria. PADM2M dipole moment model for 0-2 Ma [Ziegler o .

et al., 2011] shown in black. The dashed gray line is the median VADM strength and similarity between Weichsel
for all Icelandic sites older than 11 ka (47.0 ZAm?2), and the shaded area  intensity and that of older age intervalsin
reflects the median absolute deviation (+11.6 ZAm?2). The Brunhes/ Figure 6a. Within the Weichsel period, we
Matuyama boundary (B/M) is marked at 780 ka. For clarity, any error were able to stratigraphically constrain

bars smaller than the respective data point are not plotted. five sites as Late Weichsel (11-21 ka) and

four sites as Early Weichsel (21-110 ka),
which have median paleointensity estimates of 33.0 + 8.1 uT and 37.7 + 4.9 uT, respectively. The remaining 19
Weichsellian sites are undifferentiated within the Weichsel period and could potentially have ages anywhere
within the time interval. These 19 sites have a median intensity of 33.9 + 5.8 pT and span the range of field
estimates for the early and late periods, suggesting that these 19 sites are temporally distributed throughout
the entire Weichsel period.

7. Discussion

7.1. Long-Term Iceland Intensity

In Figure 7 we show the virtual axial dipole moments (VADMs) of our new Iceland sites (open and gray circles)
and the PADM2M dipole moment model of Ziegler et al. [2011] (black line) which predicts the geomagnetic
field strength for the last 2 Myr. The median field strength for our Iceland data older than 11 ka (47.0 ZAm?)
is plotted as a dashed gray line, and the mad uncertainty of the median (+ 11.6 ZAm?) is represented by the
shaded area. Recalculated VADMs of published high-latitude sites from Jan Mayen (orange, Cromwell et al.
[2013]) and McMurdo, Antarctica (blue, Lawrence et al. [2009]) are also plotted.

Brunhes age Iceland sites (11-780 ka, N = 33) appear to agree with PADM2M, especially when taking into
account the rather large age uncertainties for some lava flows. Median field strengths for both sets of data,
however, show a substantially lower field in Iceland (46.0 + 10.4 ZAm?) compared to the PADM2M global
model for the Brunhes (62.1 ZAm?). Several Iceland sites of Weichsel age significantly underestimate PADM2M
at the dipole low around 40 ka, suggesting that they might have been emplaced during the Laschamp
excursion, and possibly influencing the lower overall field strength.

The median value of all non-Holocene paleointensity results (11 ka-3.3 Ma) are indistinguishable at the
mad uncertainty level from the long-term geomagnetic field strength calculations of Selkin and Tauxe [2000]
(46 ZAm?, average of 0.3-300 Ma), Juarez et al. [1998] (42 ZAm?, average of 0-160 Ma), and Tauxe et al. [2013]
(42 ZAm?, median of 0-200 Ma) but remains substantially lower than the long-term mean estimate of Tauxe
and Yamazaki[2007] (63 ZAm?, 0-170 Ma) and the median Brunhes value of PADM2M (62.1 ZAm?). Long-term
intensity calculations are based on compilations of global data and are dependent on the selection criteria
used to select published results. Juarez et al. [1998], Selkin and Tauxe [2000], and Tauxe et al. [2013] based their
estimates on data calculated using laboratory methods that checked for alteration, while Tauxe and Yamazaki
[2007] and Ziegler et al. [2011] incorporated all available paleointensity data with no preselection require-
ments. The strict selection criteria used for our Icelandic data (including the use of pTRM checks) suggests
that we have produced an accurate representation of field strength for the last few million years, and our

CROMWELL ET AL.

ICELAND PALEOINTENSITY 2928



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2014JB011828

agreement with the time-averaged intensity estimates of Juarez et al. [1998], Selkin and Tauxe [2000], and Tauxe
etal. [2013] indicates that those calculations are reasonable.

The accuracy of long-term paleointensity estimates with no data selection requirements remains unclear.
Cromwell et al. [2015] addressed the accuracy of field estimates using bootstrap simulations of all available
published data from the 1960 Kilauea lava flow on the Big Island of Hawaii. The distribution of published
results from the 1960 flow are biased high, relative to the expected intensity value, and Cromwell et al. [2015]
showed that this high bias will likely produce overestimates of the expected field, regardless of the number
of samples used to calculate the mean value. Parametric bootstrap simulations of average field intensity at
Hawaii, with full field vectors drawn from PSV model TKO3 [Tauxe and Kent, 2004] and parameterized by the
measured variability of 1960 flow results, result in an overestimate of the median TKO03 intensity by 5-7 uT, or
about 25% [Cromwell et al., 2015]. These results suggest that global paleointensity estimates which include
results from all types of laboratory methodologies (e.g., Tauxe and Yamazaki [2007] and Ziegler et al. [2011])
overestimate the geomagnetic field strength, perhaps by as much as 25%. If a ~60 ZAm? VADM is reduced by
25%, the resulting value would approximate the long-term field estimates calculated by Juarez et al. [1998],
Selkin and Tauxe [2000], Tauxe et al. [2013], and our new Iceland results.

7.2. Volcanic Glass in Paleointensity Experiments

There is some debate in the paleomagnetic community as to whether volcanic glass of all ages are reliable
recorders of magnetic field strength. Many investigations on glassy material from recent (< 200 ka) terrestrial
[Ferk and Leonhardt, 2009; Ferk et al., 2011; Cromwell et al., 2015] and submarine lavas [Carlut et al., 2000; Pick
and Tauxe, 1993a; Mejia et al., 1996; Bowles et al., 2005, 2006] find that volcanic glass is well behaved during
paleointensity experiments and consistently recovers the expected field strength when known. Studies on
Cretaceous and Jurassic submarine basaltic glasses (SBGs) also find that these specimens yield successful pale-
ointensity results [Pick and Tauxe, 1993b; Tauxe and Staudigel, 2004; Tauxe et al., 2013]. There is some concern
with these older samples that devitrification and relaxation of the glass structure over time may lead to the
growth of new magnetite grains during laboratory heating experiments [Smirnov and Tarduno, 2003; Riisager
et al., 2003], which could affect intensity estimates. Tauxe et al. [2013], however, suggest that the growth of
new magnetite [e.g., Pick and Tauxe, 1994; Smirnov and Tarduno, 2003] does not necessarily affect the outcome
of a paleointensity experiment.

Thirty three of our 44 successful sites are younger than 200 ka and therefore unlikely to be affected by any new
mineral growth at standard laboratory temperatures [Bowles et al., 2011]. Eleven sites are determined to be at
least Brunhes age, with the oldest site estimated to be ~3.35 Ma. Further investigation would be necessary
to determine the effects, if any, of devitrification on our older sites. Investigations pertaining to the reliability
of SBGs are substantially different from our study in terms of material and timescale. The studies referenced
above use nearly perfect glass specimens taken from lavas emplaced ~ 100 Myr ago or synthetically produced
in a laboratory. Our samples are not pure glass and likely contain measurable amounts of very fine grained,
crystalline volcanic material. In addition, the timescales referenced for relaxation of the glass structure for
devitrification (75-120 Ma [Bowles et al., 2011]) are 1-2 orders of magnitude longer than our oldest specimens.
How these differences might affect interpretations of devitrification and mineral growth is uncertain. The
paleointensity results and experimental behaviors in our data set are consistent for all sites, regardless of age,
and we believe we have recovered accurate and reasonable estimates of ancient magnetic field strength.

7.3. Reevaluation of Published Data

The strict selection criteria and experimental methodologies used in our study are not widely reproduced
in the published literature, and there are currently no data from comparable experiments at high latitudes
that have been filtered with such strict criteria. Accurate paleointensity results from both polar regions are
required to sufficiently evaluate potential long-term nondipole structures in the Arctic or Antarctic. In their
Antarctica paper, Lawrence et al. [2009] applied similar site and specimen level selection statistics to those in
this paper, but their threshold values for each statistic were much looser, especially the required fraction of
NRM used for each specimen (4, > 0.30 [see Paterson et al., 2014]) which is less than half of our required
FRAC value (> 0.78). Paleointensity estimates calculated from low percent fractions of NRM (< ~40 to 50%)
are often incorrect and are usually biased to higher intensity values [Chauvin et al., 2005] when authors select
the steep, low-temperature component in the Arai plot. The error resulting from low NRM fractions is often
the result of poorly behaved intensity data, where alteration or concave-up Arai plots can produce NRM/TRM
diagrams with variable slopes. Accurate specimen intensity estimates depend on linear NRM/TRM plots which
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should be constrained using objective selection statistics such as K’ [Paterson et al., 2014] or a combination
of SCAT [Shaar and Tauxe, 2013] and a large NRM fraction. Mean site level paleointensity estimates will have
greater uncertainties and could be systematically biased [e.g., Chauvin et al., 2005; Paterson, 2011; Cromwell
etal., 2015] unless each specimen has a significant linear component and objective statistical controls.

We downloaded available high-latitude measurement level data from McMurdo, Antarctic [Lawrence et al.,
2009] and Jan Mayen, Norway [Cromwell et al., 2013] from the MagIC database and applied our strict selection
criteria to those data. From McMurdo, nine sites with radiometric ages younger than 5 Myr passed our speci-
men and site level requirements (from youngest to oldest: mc218, mc35, mc217, mc109, mc142, mc15, mc147,
mc120, and mc117). One site from Jan Mayen also passed our criteria (JM012). Recalculated results from
McMurdo (blue) and Jan Mayen (orange) are shown in Figure 7. The single Jan Mayen site and three McMurdo
sites (mc218, mc35, and mc217) are of comparable age to the Weichsel and Brunhes age Iceland results, and
McMurdo site mc117 was emplaced at approximately the same time as the Icelandic Matuyama/Gauss sites.
The remaining five McMurdo results are from the Matuyama epoch and do not overlap with any northern
high-latitude paleointensity data.

Similar field strength estimates should be expected from Jan Mayen and Iceland as they are separated by
only ~500 km. The VADM of site JMO12 is equivalent to several Brunhes age Iceland sites and approximates
the PADM2M dipole moment model. This single-site comparison of high-latitude intensities supports some
regional compatibility at Arctic latitudes, at least during the Brunhes epoch.

In their original analysis of Antarctic intensity, Lawrence et al. [2009] observed a median field strength of
38.0 + 12.0 ZAm?, from 41 sites, that was substantially lower than what is predicted for that location based
on published data (e.g., Figure 1). Our strict reevaluation of the Antarctic collection produces an equiva-
lent median field strength to Lawrence et al. [2009] (34.3 versus 38.0 ZAm?, respectively), but the variance of
accepted sites is greatly reduced, with mad uncertainty values of 3.6 ZAm? compared to 12.0 ZAm?. Lower
variance of the revised Antarctic data supports our use of strict analytical controls as a means to improve the
precision of long-term paleointensity estimates.

Reinterpreted Antarctic VADMs are consistent with PADM2M and our Iceland results where they have simi-
lar ages; however, the overall median strength of the Antarctic data (34.3 + 3.6 ZAm?) is lower than what
we observe from Iceland sites older than 11 ka (47.0 + 11.6 ZAm?). The Antarctic and Icelandic median val-
ues are distinct at the mad uncertainty level, and the relatively reduced Antarctic field strength could be due
to incomplete temporal comparisons; there are five Matuyama-aged sites (mc109, mc142, mc15, mc147, and
mc120) with no Icelandic counterparts. Both locations have average dipole moments that are lower than cur-
rent values from low and mid latitudes, and both are similar to the long-term geomagnetic strength estimates
of Juarez et al. [1998], Selkin and Tauxe [2000], and Tauxe et al. [2013]. These observations show comparable
field behaviors at high latitudes that may represent a more accurate depiction of global field strength than
do intensity data from lower latitudes, or it is possible that persistent nondipole field structures are found at
high latitudes.

If we expand our discussion to include directional data from high latitudes, we see that there may be some sig-
nificant differences between the Arctic and Antarctic. Relatively high dispersion of virtual geomagnetic poles
(VGPs) from Antarctic lava flows [Lawrence et al., 2009] suggest a field structure that may be unique to high
southern latitudes. Arctic paleodirectional data (N = 37) for 0-2 [Cromwell et al., 2013] show a reduced dis-
persion of VGPs relative to Antarctica (N = 128), consistent with observations of directional scatter between
hemispheres for modern and recent [Korte et al., 2011] field evaluations. Unfiltered VGP dispersion values from
high northern latitudes [e.g., Udagawa et al., 1999; Cromwell et al., 2013] generally agree with TKO3 [Tauxe and
Kent, 2004] (which assumes a geocentric axial dipole field), while dispersion estimates from Antarctica exceed
the PSV predictions of TK03. Arctic PSV analysis and the correlation of Icelandic paleointensities with some
long-term global averages suggest that the geomagnetic field at high northern latitudes is consistent with
a geocentric axial dipole for the last few million years. Time-averaged field structures in Antarctica, however,
cannot be properly addressed at this time because there are still too few Antarctic paleointensity data that
meet our selection criteria. The nine available results from McMurdo suggest that there may not be a signif-
icant difference between Antarctic and Arctic paleointensity, but the paucity of Southern Hemisphere data
means that the possibility of hemispheric asymmetry between the two regions cannot be excluded.
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8. Conclusions

We present a new collection of high-quality paleointensity results from Iceland. Thirty-seven sites were
emplaced during the Brunhes epoch (0-780 ka) and seven sites between ~2.5 and 3.3 Ma. We collected rapidly
cooled material from subaerial and subglacial volcanic units across Iceland and performed the IZZI-modified
Thellier-Thellier experiment on all sites. The use of strict statistical criteria for site and specimen-level analyses
produced paleointensity estimates with 16 uncertainties not exceeding 4 uT or 10% of the site mean.

Four Holocene sites (<11 ka) have distinct intensities that approximate the present-day field in Iceland (52.5 pT
or 80 ZAm?) and are substantially higher than the median strength of all older sites. The 40 sites older than
11 ka have a median VADM of 47.0 + 11.6 ZAm? (33.1 + 8.3 pT) which is indistinguishable at the mad uncer-
tainty level to long-term geomagnetic field strength calculations by Selkin and Tauxe [2000] (46 ZAm?), and
Juarez et al. [1998] and Tauxe et al. [2013] (42 ZAm?, each). Agreement between our median Iceland field
estimate (excluding Holocene data) and global average estimates suggests a GAD-like field intensity at high
northern latitudes.

Reanalyzed high-latitude intensity results (using our strict selection criteria) from Antarctica (N =9 [Lawrence
etal., 2009]) and Jan Mayen, Norway (N = 1 [Cromwell et al., 2013]) are generally consistent with our Icelandic
data, although the median Antarctic field strength is slightly lower. Recent paleosecular variation studies
observe different VGP dispersion values between the Arctic and Antarctic, suggesting asymmetric field struc-
tures at high latitude. Our paleointensity observations are inconclusive as there are too few reliable intensity
results from Antarctica to properly evaluate hemispheric differences.
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