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North America. New archeomagnetic observations now
show centennial-scale PSV impulse changes across Eu-
rope and suggesting a new class of geomagnetic behav-
ior at a presently unknown spatial scale. Our knowl-
edge of how PSV continues and evolves between North
America and Europe are, however, poorly constrained
as there are few studies from the intervening 60 de-
grees of longitude. We present a new high resolution
Holocene PSV record from Iceland that allows us to
bridge this geographic gap. MD99-2269 (Lat: 66.37.53
N. Long. 23.51.16 W, water depth 365 m, length 2530
cm) was collected from a 25-30-m thick post-glacially
derived shelf sediment body off N/NW Iceland. The
sediments of 2269 are generally homogenous siliciclas-
tic rich, silty muds with no evidence for reductive dia-
genesis. The chronology for 2269 is based on 18 AMS
radiocarbon dates constrained by Hekla and Saksunar-
vatn tephras. A simple linear age model satisfies (r
= 0.99) all eighteen radiocarbon dates and the Sak-
sunvatn tephra. Therefore, 2269 extends to 12,300
cal yr BP with each centimeter of sediment represent-
ing about 5 years. The natural remanent magnetiza-
tion (NRM) was studied by progressive alternating field
(AF) demagnetization of u-channel samples, which in-
dicated a strong, stable, single component magnetiza-
tion. Inclinations are consistent with the expected val-
ues for the site latitude and comparisons with other re-
gional records (Iceland & East Greenland) support the
geomagnetic origin of the observed directional changes.
Therefore, 2269 provides a well-dated high temporal
resolution PSV record for Iceland that extends through
the Holocene. Comparison of Icelandic PSV to records
from North America and Europe demonstrates that
declination patterns show two distinct modes during
the Holocene. Over the last 2,000 years millennial-scale
declination swings in Iceland are correlative with those
in North America, but clearly distinct from those in
Europe. While prior to around 2,500 cal yr BP decli-
nations swings are similar from North America to Ice-
land to Europe. Centennial-scale impulse changes doc-
umented in European archeomagnetic records are also
observed in Iceland with some traceable to North Amer-
ica. The most dramatic impulse occurs around 2,500
cal yr BP, observed from North America to Europe and
may mark a major transition in Holocene geomagnetic
field behavior. The implications of these observations
will be discussed.
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We have obtained new relative geomagnetic pale-
ointensity records from high accumulation rate sedi-
ments in the Atlantic Ocean and in the Mediterranean
Sea. Measurements were made using either u-channel
samples or standard 2x2x2 cm single samples. A mini-
mum of 10 steps of demagnetization was used to char-
acterize the NRM and the ARM. The ratio NRM/ARM
after demagnetization at 25 mT was used as a proxy
for relative paleointensity changes. The results indi-
cate a large degree of coherency between the different
records: from present to past, the geomagnetic inten-
sity increases reaching a maximum of about twice the
present value at about 2000 years B.P., then a progres-
sive decrease reaching a minimum with intensity in the
order of the present value is observed at about 6500-
7000 years BP. There is then an increase of the intensity
reaching a maximum at about 8000 years BP, then a de-
crease lasting at least to 10-11000 years BP. Compari-
son with published sedimentary data from other envi-
ronments and also with compilation of archaeomagnetic
data will be presented and discussed.
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We compiled a new global absolute intensity data-
set for the past 10 millennia. Our main goal was to im-
prove the global time-varying geomagnetic field model
CALS3K.1 (Korte and Constable, 2003) computed from
the inversion of directional data only. Our compila-
tion includes about 3400 intensity results, almost exclu-
sively obtained from the analysis of archeological baked
clay artifacts. Although 90% of the data were obtained
using thermal methods derived from the one developed
by Thellier and Thellier (1959), the experimental pro-
cedures which were employed (e.g. pTRM-check per-
formed or not, correction or not for TRM anisotropy
and cooling rate, heating and cooling time...) and
the site definition which were considered (number of
samples per object, and number of objects per dated
level) notably differ among the studies leading to a
quite inhomogeneous data collection. Selection criteria
were applied to rank and weight the available intensity
data. Based on criteria, that we will discuss, only 45%
of the intensity determinations appear reasonably reli-
able. The temporal and geographical distributions of
the archeointensity data are significantly non uniform
with about 70% of the results with dates from the past
3000 years and more than 70% of the data clustered in
the Eurasian continent. We will discuss the present sta-
tus of our knowledge of the geomagnetic field intensity
variations in different regions around the world.
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High resolution paleomagnetic and archeomagnetic
observations provide a means of extending knowledge
of global and regional magnetic field variations to
timescales of several thousands of years. Geomagnetic
field modeling techniques routinely used for the present
and historical field are now being used in paleomagnetic
modeling where the temporal and spatial distribution
of the observations is relatively sparse, and the data are
intrinsically much less accurate. A major limitation is
the highly variable accuracy of age constraints which
contributes error in the form of secular variation in ad-
dition to limitations imposed by the recording media
and subsequent sampling and measurement techniques.
This talk will analyse the temporal and spatial resolu-
tion attainable in paleofield modeling of various kinds,
and the consequences on prospects for understanding
paleomagnetic secular variation.
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The amount of high-resolution archeo- and paleo-
secular variation data from areas all over the Earth
is continually increasing. The spatial and temporal
density is high enough now to allow for continuous
global modeling of this data on millennial time scale.
With CALS3K.1 we presented a first attempt at a
time-varying model like those using historical data.
CALS3K.1 was based on directional data for the last
3k years. A new global compilation of intensity data

has now been included and supersedes assumptions im-
posed on CALS3K.1 about the temporal evolution of
the axial dipole moment. Re-assessment of older and
addition of new directional data increases the spatial
resolution of the model. Extension of the model to
7k years seems feasible. Dating uncertainties, however,
are a major problem in evaluating the reliablity of the
global field distribution and secular variation given by
the models. We present new global models and discuss
their reliablity and implications for core dynamics.
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The anisotropy of magnetic remanence (AMR) is of-
ten used as a tool for examining magnetic anisotropy
of rocks. However, the influence of magnetostatic inter-
actions on AMR has not been rigorously addressed ei-
ther theoretically or experimentally, though it is widely
thought to be highly significant. Theoretically the
problem has not been previously tackled due to the dif-
ficulty in solving the non-linear magnetostatic interac-
tion field; it is computationally intensive. While exper-
imentally, the problem has been avoided because of the
difficulty in accurately synthesizing grains with con-
trolled interaction spacings. Using a three-dimensional
micromagnetic model we have conducted a systematic
study of the role of magnetostatic interactions on AMR.
We have considered both lineation and foliation, by
modeling assemblages of ideal single domain grains and
magnetically non-uniform magnetite-like cubic grains
between 30-150 nm in size. In addition to varying grain
size, we have also considered both uniaxial and cubic
anisotropy. We show that magnetostatic interactions
strongly affect the measured AMR signal. We have
used a different micromagnetic model to those previ-
ously reported by the Edinburgh group; it is a combi-
nation model. As a first-step it determines the mag-
netic structure by a Fast-Fourier-transform conjugate
gradient energy minimization. This solution is then re-
fined using a dynamic solution of the Landau-Lifshitz-
Gilbert equation.
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Magnetic hysteresis has been used to characterize
magnetic mineralogy and domain state in paleomag-
netic research. Conventional hysteresis measurements
have recently been extended to include transient hys-
teresis and first order reversing curves (FORCs). Dur-
ing hysteresis treatment, magnetic grains do not follow
coherent reversal path as predicted by classical Stoner-
Wohlfarth theory. Instead, paleomagnetically mean-
ingful magnetic grains often experience non-uniform
(known as either flower or vortex) states. In order
to assess the effect of irreversible changes of partial
hysteresis and the evolution of non-uniform states in
hysteresis measurements, we have simulated both tran-
sient and full hysteresis in grains of magnetite for the
size range 20-200 nm. Hysteresis loops were obtained
for fields applied along three different crystallographic
axes ([001], [100], and [111]) of magnetite for at least
nine different configurations of axial ratio for each
grain size. Transient hysteresis shows strong depen-
dence on grain size, axial ratio, and the direction of
applied field. In addition, we have measured transient
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and full hysteresis for well-defined natural and syn-
thetic samples. Our numerical calculations and mea-
sured hysteresis provide fundamental basis in interpret-
ing transient hysteresis and FORCs.
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The magnetic properties of iron oxides and iron sul-

fides that are carriers of paleomagnetic fields have been
well studied. Less is known about the magnetic prop-
erties of iron phases that are not common carriers of
remanent magnetization, or those that are paramag-
netic at room temperature. They include iron (oxy-
)hydroxides, iron carbonates, iron phosphates and iron
sulfates. Many of these phases are not easily identifi-
able with traditional X ray diffraction or spectroscopic
methods, due to their poor crystallinity or low concen-
tration in soils and sediments. Since they are important
indicators of the environmental conditions under which
they form and are preserved, alternative methods for
their identification are of interest. AC and DC mag-
netometry are very sensitive in detecting low concen-
trations of magnetic phases. A short overview will be
given on the magnetic properties of less-considered iron
phases, including the iron (oxy-)hydroxides goethite,
lepidocrocite and ferrihydrite; siderite, an iron car-
bonate; the iron phosphate vivianite; and iron sulfate,
schwertmannite. Factors that influence the magnetic
properties, such as cation substitution, grain size and
particle interaction will be discussed, as well as the en-
vironmental conditions under which they form and are
preserved.
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Magnetite dissolution, and consequent loss of mag-

netization, is widely observed in reducing sedimentary
environments, where the decrease in Eh-pH values with
depth is driven by bacterially mediated degradation
of organic carbon. We have observed low magnetiza-
tions in sediments with elevated porewater silica con-
centrations that arise from diagenesis of biogenic sil-
ica and/or silicic volcanic ash. These depletions in
magnetization are greater than can be accounted for
by dilution with magnetite-poor sediments and suggest
that post-depositional destruction of magnetite has oc-
curred. Biosiliceous sediments usually also contain ele-
vated concentrations of organic carbon, which makes it
difficult to separate organic-carbon-related magnetite
dissolution from other possible mechanisms for mag-
netite dissolution. However, the extent of magnetite
dissolution in the sedimentary sequences that we have
studied is not obviously related to the redox-state of
the environment. This suggests that other mechanisms
might have given rise to magnetite dissolution in these
siliceous sediments. Thermodynamic calculations in-
dicate that magnetite is unstable under conditions of
elevated dissolved silica concentrations (and appropri-
ate Eh-pH conditions) and predict that magnetite will
break down to produce iron-bearing smectite. A survey
of magnetic susceptibility and pore water geochemical
data from widely distributed Ocean Drilling Program
sites supports this observed link between high dissolved
silica concentrations and low magnetic susceptibilities.
This observed link also holds for environments with low
biogenic silica productivity (and low organic carbon
content), but with high interstitial silica concentrations
due to dissolution of silicic volcanic ashes. Dissolution
of magnetite is therefore predicted to be a common fea-
ture of siliceous sedimentary environments.
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We have observed Bitter patterns on glass-ceramic
magnetite particles in several states of magnetization
induced at room temperature. Particle sizes range
from 5 to 30 micrometers and most grains contain but
a few (2-6) domains, placing them in the uppermost
pseudosingle-domain to small multidomain ranges of
size and behavior. Bitter patterns have been studied
after the following treatments: (1) repeat demagneti-
zations in an alternating field (AF) with a peak am-
plitude of 500 Oe, (2) exposure to 25 kOe, resulting
in saturation remanent magnetization (Mrs), (3) step-
wise demagnetization of Mrs in back-fields of opposite
polarity to the inducing field, and (4) stepwise AF de-
magnetization of Mrs. Similar to titanomagnetite and
pyrrhotite, magnetite particles can occupy any one of
a range of local energy minimum (LEM) domain states
after each repeat AF treatment. However, the range
of LEM states for most grains is quite narrow; for ex-
ample, some grains fluctuate between only two states.
Surprisingly, after AF demagnetization in a peak field
of 500 Oe, some particles appear either to be saturated
(no Bitter lines visible) or to contain only small, resid-
ual edge domains. Similar domain states also are ob-
served when certain grains carry Mrs, and such satu-
rated (or near-saturated) states can persist until de-
magnetization in hundreds of oersteds finally triggers
nucleation of walls. The majority of particles do con-
tain walls in states of Mrs. In these latter grains,
both AF and back-field demagnetization drive three
processes: wall motion, wall nucleation, and wall de-
nucleation. Thus, remanence and demagnetization in
small multidomain magnetite grains are not due to wall
motion alone. Instead, these experiments suggest that,
in magnetite, both the intensity of Mrs and the demag-
netization of Mrs are crucially linked to LEM states
and LEM-LEM transitions.
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We have measured the intensity of anhysteretic re-
manent magnetization (ARM) as a function of alternat-
ing field (AF) decay rate. For synthetic and natural
single-domain (SD) and pseudo-single-domain (PSD)
magnetites, ARM intensity increases as decay rate de-
creases. Multidomain (MD) magnetites have the op-
posite response, ARM increasing as the decay rate in-
creases. These are identical to the SD/PSD and MD
dependences of thermoremanent magnetization on cool-
ing rate. For all grain sizes and domain structures,
ARM intensity increases as the AF decay rate used to
achieve an initial demagnetized state decreases. Decay-
rate differences in ARM intensity are a property of
low- and medium-coercivity grains, as shown by an-
nealing and by stepwise AF demagnetizing samples.
We interpret the SD results to mean that increased
AF exposure time permits a closer approach to equi-
librium magnetization. An approximate thermal acti-
vation theory based on Neel [1949] and an exact the-
ory by Egli and Lowrie [2002] predict 6-11% increases
in ARM for an order-of-magnitude decrease in decay
rate, in reasonable accord with the observed 12% in-
crease for 65 nm SD grains. For MD grains, we hy-
pothesize that increased exposure time (slower decay)
permits more efficient self-demagnetization, reducing
ARM. Low-coercivity grains experience the largest self-
demagnetizing fields and therefore have the largest
decay-rate response. Initial-state decay-rate response
is attributed to longer exposure times leaving domain
walls more strongly pinned in deeper potential wells
(the net self-demagnetizing field is zero in the demag-
netized state). Acquisition decay-rate, annealing, and
initial-state responses of PSD grains are a blend of
SD and MD responses. Because ARM is the most fre-
quently used normalizer in relative paleointensity de-
termination, it is important either to use a standard
decay rate or else to remove the decay-rate dependence
by demagnetizing the ARM to about 30% of its initial
value (ARM0.3). A standard demagnetization level for
the normalizing ARM is particularly important when
comparing paleointensity records from different labo-
ratories.
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The unusually stable remanent magnetization found

in many gabbroic rocks actually comes from clinopyrox-
ene crystals. While not magnetic itself, clinopyroxene
acts as a crystallographic host to two arrays of mag-
netite inclusions, formed during slow cooling by exso-
lution. In the cone-sheet samples studied (Messum,
Namibia), this exsolution takes place at 850◦±50◦C.
The typical size of a magnetite inclusion in each ar-
ray is 1µm x 2µm x 50µm. Even with such extreme
shape anisotropy, these inclusions are too large to ex-
pect single domain behavior. However, alternating field
and thermal demagnetization, hysteresis, and FORC
experiments all show stable remanence behavior, sig-
nificantly in excess of that predicted for single domain
magnetite (e.g. mean destructive field > 80 mT). When
viewed with a magnetic force microscope (MFM), the
magnetite inclusions from both arrays display a regu-
lar (and fixed) internal segmentation of domains. This
segmentation was the result of a second stage of exsolu-
tion, in which the oxide has segregated into two phases:
one a nearly pure magnetite, and the other a Ti-rich
ulvöspinel. This internal oxide exsolution was crystal-
lographically coherent (both minerals have almost iden-
tical inverse spinel crystal structure) and has gener-
ated regularly spaced septa of ulvöspinel along {100} of
magnetite. Three-dimensionally, the ulvöspinel has iso-
lated the magnetite into rectangular boxes of approxi-
mately 50nm x 100nm x 200nm. The long dimension of
each nanobox is nearly perpendicular to the magnetite
inclusion length. Each box is a single domain, usu-
ally of opposite polarity to its adjacent neighbors. The
domain walls are fixed in position with nonmagnetic
spinel dividers. Multidomain features such as Bloch (or
Neél) walls have not been observed. Thus each mag-
netite inclusion is an aggregate of ∼105 closely packed
magnetite nanoboxes, separated by continuous walls of
ulvöspinel. The factors that control the orientation
and dimensions of the magnetite boxes and ulvöspinel
septa, appear to be related to the crystallographic pa-
rameters and cooling history of the clinopyroxene host.
This host-dictated form of the magnetite boxes also
controls the anisotropy of remanence and hysteresis,
which is dipolar (not linear or double dipolar). The
origin of the anomalously high coercivity appears to be
the strong magnetic exchange coupling between adja-
cent, single domain magnetite nanoboxes. In summary,
the clinopyroxene has provided an architectural frame-
work upon which a second (internal oxide) exsolution
built a coherent set of single-domain magnetites with
fixed domain walls. It is this nanostructured assembly
that has unusually stable remanence.
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Most micromagnetic models in rock magnetism use
a regular grid of cells to construct the geometry of
a magnetic grain. This has the advantage of allow-
ing rapid evaluation of demagnetising fields using fast
Fourier transforms, but means that significant mod-
elling errors are introduced for non-cuboid shaped


