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are magnetic measurements as a 
function of the applied field (magneti
zation curves and hysteresis loops) and 
of the temperature (susceptibility and 
remanent magnetization curves at low 
and high temperatures). In both cases, the 
measurements are conveniently descri
bed by distributions of switching fields 
and thermal contributions, respectively. 
It is clear that both the physicist and the 
statistician are needed to model rocks 
and sediments.

The statistical information about 
natural assemblages of magnetic 
grains cannot be assumed a priori, 
since it is hidden in the geological and 
biogeochemical history of the hosting 
rocks and sediments. The complete 
characterization of an assemblage of 
magnetic grains with the same geological 
and biogeochemical history – hereafter 
called a magnetic component – is 
based on comparison with “standard” 
reference samples. Synthetic samples 
have been used for this purpose (Hunt, 
1995). However, they are often a poor 
counterpart of natural components. On 
the other hand, natural samples “as they 
are” cannot provide reference data, 
because they contain unknown mixtures 
of different magnetic components. 
Magnetic unmixing techniques that are 
not based on critical apriori assumptions 
can be used to “separate” the components 
in these samples.

A useful technique for establishing 
“standards” from the measurement 
of natural mixtures is the analysis of 
magnetization curves (Robertson and 
France, 1994; Kruiver et al., 2001; Egli, 
2003). The analysis of magnetization 
curves and their derivatives, called 
coercivity distributions, is based on a 
general stochastic model that is probably 
valid for all rocks and sediments (see box 
1, p. 10). I used this technique during my 
PhD to set up a first small database of 
natural magnetic components identified 
in various sediments and sedimentary 
rocks (Egli, 2004a).

The analysis of magnetization 
curves has two major limitations: (1) it 
requires extremely precise and detailed 

measurements, well beyond the actual 
standards, and (2) it does not always 
give a unique solution. The intrinsic 
nonuniqueness cannot be overcome 
by technical improvements and is the 
major obstacle against a broad usage of 
magnetic unmixing techniques in rock 
and environmental magnetism. However, 
the nonuniqueness problem can be 
solved in some cases, as it will be shown 
in this article.

The generalized linear unmixing 
(GLU) method

Consider a set of N  
samples, where each sample is 
characterized by the measurements 
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, and 1, , Kt t  are K  treatment 
values (e.g. applied magnetic field 
or temperature). For example, 
[ ( ), ( )]n i n jM H M T  is a stepwise IRM 
acquisition of the n th sample with 
fields iH , followed by a stepwise 
thermal demagnetization of the 

same sample at the temperatures jT . 
According to this notation, the K N´  
matrix M  given by all row vectors nM  
describes the magnetic properties of the 
N  samples. Assume that each of the 
N  samples is a mixture of  the same L  
magnetic components, as for example 
in geologic profiles (e.g. soil profiles, 
sediment cores) or in a specific type of 
sediment collected in a selected area (e.g. 
topsoil samples, dust samples). Consider 
now the following additional restrictions:

A) Each component l  occur in 
variable amounts , 0l nq ³  in each 
sample n , and has the same magnetic 
properties in all samples (i.e. processes 
such as alteration and sorting affect the 
magnetic properties of the involved 
components in the same manner in the 
whole group of samples). In this case, 
the magnetic properties of component 
l  can be expressed by the vector 

1[ ( ) ( )]l l l Km t m t=m 

, and the 
magnetic contribution of this component 

Introduction
There once was a man who greatly 

enjoyed betting on horse races and 
wanted to find a perfect method for 
placing his bets at the track. To this end, 
he hired three experts: a biologist, a 
statistician, and a physicist. The biologist 
studied muscular power, training and diet 
of the horses and came to the conclusion 
that these variables were too complicated 
to model a race. The statistician analyzed 
track conditions, time of day, and ages 
of the horses for past races and found no 
significant relationship between these 
parameters and the winner. Finally, the 
physicist claimed a perfect solution. 
When the man asked him to predict the 
winner of the next race, the physicist 
specified that he was very sorry, but his 
solution works only for spherical horses 
moving through a vacuum.

This wellknown joke about 
physicists came immediately to my 
mind when I started to think about the 
application of rock magnetic theories 
(the spherical horses) to the quantitative 
characterization of magnetic grain 
mixtures in rocks and sediments 
(the race). Despite the continuous 
development of rock magnetism since 
Néel’s seminal work, precise quantitative 
modeling of natural magnetic mineral 
assemblages has proven to be extremely 
difficult because of the sensitivity of 
their magnetic states to a plethora of 
“secondary” parameters – such as crystal 
shape, defects, and surface alterations. 
These parameters ultimately control 
the distribution of many wellknown 
rock magnetic properties traditionally 
regarded as singlevalued. Two examples 
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Size Matters - How Small is 
Pedogenic Magnetite ?

Pedogenic magnetite or maghemite 
is generally considered to be fine grained 
(SD  SP) and there is plenty of data to 
back up this interpretation. Pretty much 
all magnetically enhanced horizons show 
increases in ARM/IRM ratios, indicating 
a relative increase in fine SD grains and  
higher values of frequency dependent 
susceptibility (χFD) due to the addition of 
even finer SP material . Furthermore, (most 
of) the pedogenic magnetic component 
is easily dissolved with CBD treatment , 
and TEM images of pedogenic magnetite  
suggest that the magnetic component that 
causes magnetic enhancement is mostly 
small SD to SP stuff.

Previous analyses of modern loessic 
soils in the midwestern United States shows 
that undisturbed soil profiles have A and 
Bhorizons that display all of the above 
(and a few more) magnetic characteristics, 
but a closer look at the data raises questions 
regarding the grain size of the pedogenic 
component, suggesting that pedogenic 
processes might be capable of producing 
material well into the PSDrange. Many 
soil profiles display 3fold increases 
in χ, IRM, and JS, between the parent 
material and the magnetically enhanced 
horizons, which is reflected in an increase 
in ARM/IRM from 2  5%. This change in 
ARM/IRM seemed modest, compared to 
ARM/IRM ratios as high as 30% that can 
be observed in lake sediments. Coming to 
the IRM I concentrated on complementing 
existing remanence data with lots of 
hysteresis loops to find out the amount of 
SP material needed to explain the observed 
changes in magnetic properties.

Fig. 1 shows some magnetic parameters 
for a soil profile from the Iowa loess hills. 

The magnetic enhancement of the A and 
Bt horizons is expressed in high values 
of χ, ARM, IRM, ARM/IRM and χFD  in 
short, it’s a pretty ordinary soil profile, 
pedologically and magnetically. In this 
profile IRM increases from approx. 2.75 
mAm2/kg to almost 7 mAm2/kg (the high 
IRM value at 25 cm is due to a crotovina), 
while ARM/IRM ratios double from a low 
1.5% to a whopping 3.5%. A look at the 
hysteresis data shows that magnetically 
enhanced samples plot closer towards the 
SDfield, but the total spread is rather small 
(Fig. 2).

To interpret my remanence and 
hysteresis data I developed an (overly?) 

Applying this simple model to ten 
soil profiles across Nebraska yields parent 
material dominated by a coarse grained 
PSD or MD component with an addition of 
up to 5% SD material in the magnetically 
enhanced horizons. The magnitude of 
fSD depends critically on the choice of 
acquisition efficiencies. Since eq. 3 does 
not depend on JS it is possible to test the 
validity of the model by predicting JS via 
eq. 1 (or eq. 2). Fig. 3 shows a scatter plot 
of predicted JS values versus measured 
JS values for samples from Nebraska, 
Iowa and Missouri. The model does a 
reasonable job predicting Js for both sets 
of acquisition efficiencies.

It is now possible to estimate 
the contributions of the SD and MD 
components to the IRM signal. Fig. 4 
shows the modeled IRM signal for four 
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Fig. 1: Selected magnetic properties for a soil core taken at Carson 
Cemetery, Iowa.  A simplified soil profile which denotes soil horizination 
as mapped in the field is shown on the left. The modern soil developed in 
Peoria loess on a stable, well drained upland surface. No paleosols were 
encountered within four meters of the surface. Choosing a site within a 
cemetery avoided disturbance of the soil profile through farming.

simple mixing model. The model uses 
ARM and IRM measurements to estimate 
the abundance of SD and coarse grained 
(PSD and MD) material. It starts out writing 
ARM and IRM in terms of saturation 
magnetization JS:

where ARM (IRM)SD(MD) is the component 
of ARM (IRM) due to SD and MD particles 
respectively. fSD is the abundance of SD 
particles (ranging from 0 to 1), αASD is 
the ARM acquisition efficiency for SD 
particles, αAMD is the ARM acquisition 
efficiency for MD particles. αISD and αIMD  
are the IRM acquisition efficiencies for 
SD and MDparticles respectively.  So 
far I have not developed a rigorous fitting 
or optimization procedure, but picked two 
plausible sets of values (shown in Table 1) 
for the acquisition efficiencies that enter 
the model to see whether they produce 
reasonable results. 

Eqs 1 and 2 can be solved for fSD and 
yield:

Fig. 2: Day diagram for hysteresis loops 
from Carson Cemetery.

Fig. 3: Simulated saturation magnetization 
JS (using eq. 1) vs. measured values of JS.  
The acquisition efficiencies used in the 
simulation are shown on the graph.  The 
data shown covers ten sites ranging from 
southwestern Nebraska into western Iowa 
and northwestern Missouri.

soil profiles that developed under a variety 
of rainfall conditions (as indicated on the 
figure). The initial choice of acquisition 
efficiencies (results not shown) suggested 
that magnetic enhancement is driven by 
increases in both fine and coarse magnetic 
particles. Revised estimates for α, which 
take into account a spread in particle 
size distribution for the SD component, 
however suggest that most of the magnetic 
enhancement can be explained by an 
increase in fine grained material. In both 
cases the actual increase in magnetic 
minerals is quite small, ranging from 3 
 7 %.

This  b r ings  us  to  hys te res i s 
measurements as a second indicator of 
magnetic grain size. Dunlop  modeled Hcr/
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Hc and Jrs/Js ratios for mixtures of SDMD as 
well as (P)SDSP mixtures and concluded 
that hysteresis data from Chinese loess and 
paleosols is best explained by increased 
abundance of SPsized material in the loess 
(not the paleosols!), and that there is little 
evidence for an increased abundance of fine 
SDsized material in the soil horizons. The 
results of my hysteresis measurements on 
16 modern loessic soil profiles are, initially, 
ambiguous.  All soil profiles show a trend 
towards the SD field when plotted in a 
Day diagram, but the trend can be modeled 
equally well by SDMD and PSDSP 
mixtures (Figs. 5 and 6).

In contrast to the Chinese loess
paleosol data used by Dunlop , which have 
Jrs/Js ratios near 0.15, data for midwestern 
soils plot closer towards the MD field of 
the Day plot, where Dunlop’s SDMD 
mixing line is nearly horizontal, and my 
hysteresis data are fitted equally well by 
a SDMD mix as shown in Fig. 6 (better 
fits are possible by varying the (unknown) 
magnetic properties of the MD (PSD) end 
member). In most cases a SDPSD fit to the 
data yields an increase in the abundance of 
SD particles between the parent material 
and the magnetically enhanced horizons 
ranging between 5 and 10%, slightly 

higher than the estimates yielded from my 
interpretation of  ARM/IRM ratios.

Systematic changes in ARM/IRM 
ratios, χFD and time dependence of 
IRM acquisition  (not shown) support 
the SDPSD fit for the hysteresis data. 
Using hysteresis based estimates of SD 
abundance it is again possible to calculate 
the contributions of the coarse and fine
grained magnetic components to IRM 
using eq. 1. For the initial choice of 
acquisition efficiencies the model predicted 
much higher contributions due to SDsized 
material, but the model overestimated total 
IRM by approximately 30%. Modeling 
results for the modified set of acquisition 
efficiencies are shown in Fig. 4. Both 
the ARM/IRM and the hysteresisbased 
grain size models do a reasonably good 
job in simulating total IRM, and both 
models agree quite well on the amount 
of IRM carried by finegrained (SD or 
similar) magnetic particles. The fits are not 
perfect, mostly because the same model 
parameters were used to predict the grain 
size distributions and IRM values for site 
hundreds of miles apart, but the change in 
SDabundance predicted by both models 
agrees within 12%. 

Now, how much fine stuff do you really 
need? Surprisingly little as it turns out. My 
modeling results indicate that a relatively 
modest increase of 5  10 % of roughly SD
sized magnetite can explain most changes 
in magnetic properties within the limits of 
a simple grain size model. However, the 
finegrained pedogenic component must 
not have a narrow singledomain grain 
size distribution, and its ARM acquisition 
efficiency is lowered by the addition of 
finer and coarser material. There is still one 
point that bothers me  but that might be the 
point of my next stay at the IRM...
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Lab-made Ferrihydrites

Ferrihydrite is a low crystalline iron 
oxide hydroxide that typically forms after 
rapid hydrolysis of iron at low pH and 
low temperatures. The importance of fer
rihydrite in the environmental iron cycle 
and in the metallurgy process triggered 
the interest of the scientific community 
[1]. Ferrihydrite is present in coldwater 
springs, recent bottom sediments of some 
lakes and soils as Hawaii basalt crusts, 
Spodosols and loesses [1]. Ferrihydrite is 
also part of the iron cycle in living organ
isms. In fact, ferritin is a protein where 
Fe(III) is stored as ferrihydrite [2]. The 
magnetic properties of ferritin were in
tensely studied during the 90’s due to the 
possible existence of macroscopic quantum 
tunneling fluctuations [3]. Ferritin was a 
nice candidate because of its low uncom
pensated moment and low size distribution. 
However, after interesting discussions and 
several nonconcluding results, ferritin left 
the highlights without the ‘largest quantum 
objects’ prize and with several unsolved 
issues. In my visit I tried to investigate one 
of these issues: the relation between size, 

anisotropy energy, magnetic moment and 
local hyperfine fields distribution, in a set 
of samples with noninteracting ferrihydrite 
particles with different mean sizes. This was 
attempted comparing TEM, ac, M(H) and 
Mossbauer spectroscopy measurements, 
respectively.

The ferrihydrite particles were formed 
inside an Iron Nitratedoped organic
inorganic hybrid matrix, after thermal 
treatment at 80ºC [4]. SAXS results show 
the existence of particles with average 
size ranging from 2 to 4 nm, depending on 
Iron concentration. Ferrihydrite particles 
are superparamagnetic and so they are 
blocked below a certain temperature that 
depends on the volume, the anisotropy 
constant and on the characteristic time 
of the experiment. In a zerofield cooled 
experiment, the  blocking temperature cor
responds to a maximum, that depends on 
the particles size, as we can see in figure 
1. The out of phase component of the ac 
susceptibility as a function of temperature, 
χ’’(T), indicates that the particles follow 
an Arrhenius law and thus, curves taken at 
different frequencies, f, collapse in a χ’’ vs. 
T*ln(1/ f .τ0) plot, where τ0 is the inverse of 
an “attempt frequency”, characteristic of the 
material. This plot is a direct measurement 
of the anisotropy energy distribution. In 
our ferrihydrite particles, this distribution 
is well described by a gaussian function. 
In the most concentrated sample, a second 
gaussian component is apparent at lower 
energies. However, the other energy com
ponent shows the lower distribution width. 
It is interesting to note that the mean size 
of the particles associated with this energy 
component is 4 nm, that corresponds to the 
mean spacing created by the organic inor
ganic nanophase separation. This suggests 
that the matrix acts like a template avoiding 
particles with size much grater than 4 nm 
and thus controlling distribution. In one of 
the samples the width of this distribution is 
similar to the volume distribution observed 
by TEM, indicating that the anisotropy con
stant has a negligible distribution. 

The Mossbauer spectra confirms the 
existence of superparamagnetic ferrihydrite 
particles. The system shows a sextet below 
the blocking temperature and doublet above 
(fig. 3a). Applying field part of the sextet 
reappears, as expected for superparamag
netic particles (fig. 3b). The sextet can be 
fitted to a distribution of hyperfine fields. 
At the moment we are analyzing how this 
distribution change with the particles size. 
This will allow us to study the relation 
between the local environment of the Iron 
ions and the collective response of the par
ticle. I also hope that these results could be 
compared with results obtained in ferrihy
drite powders, as those under investigation 
in IRM. At last, many thanks to the IRM 
people for welcoming me during the visit, 
in particular Thelma Berquo for assistance 
in the Mossbauer measurements and fruitful 
discussions.   

Nuno Joao Silva
Universidade de Aveiro

nunojoao@fis.ua.pt

Fig. 1 – Zero field cooled/ Field cooled susceptibility curves of the 
ferrihydrite particles for different Iron concentrations (which corresponds 
to different particles sizes).
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Fig. 2 – Out of phase component of the ac susceptibility of the ferrihydrite 
particles for different Iron concentrations.

Fig. 3- a) Mossbauer spectra of the 3.5% 
sample at different temperatures and no ap-
plied field; b) Mossbauer spectra of the 3.5% 
sample at 40K and different applied fields.



Current Abstracts
A list of current research articles dealing with various topics in the physics 

and chemistry of magnetism is a regular 
feature of the IRM Quarterly. Articles 
published in familiar geology and geophysics 
journals are included; special emphasis is 
given to current articles from physics, chem-
istry, and materials-science journals. Most 
abstracts are culled from INSPEC (© Insti-
tution of Electrical Engineers), Geophysical 
Abstracts in Press (© American Geophysi-
cal Union), and The Earth and Planetary 
Express (© Elsevier Science Publishers, 
B.V.), after which they are  subjected to 
Procrustean editing and condensation for 
this newsletter. An extensive reference list 
of articles (primarily about rock magnetism, 
the physics and chemistry of magnetism, 
and some paleomagnetism) is continually up-
dated at the IRM. This list, with more than 
5200 references, is available free of charge. 
Your contributions both to the list and to the 
Abstracts section of the IRM Quarterly are 
always welcome.  

Weathering (e.g. the transformation of smectite into 
illite, top) and iron reduction (possibly by dissimilatory 
bacteria) are two interlaced processes responsible for the 
formation of new iron minerals in soils. We can character-
ize them with magnetic methods.

Alteration & Remagnetization

Rowan, C. J. and Roberts, A. P., 2005, 
Tectonic and geochronological implications 
of variably timed magnetizations carried 
by authigenic greigite in marine sediments 
from New Zealand: Geology, v.33, no.7, 
p.553556.
Although multiple generations of iron sulfide 
growth are observed petrographically, we see 
no clear differences in the relative timing of 
greigite formation between samples carrying 
NRMs of different ages. Not only can the 
diagenetic growth of greigite in finegrained 
marine sediments occur long after deposition, 
obscuring tectonic and magnetostratigraphic 
information, but such remagnetizations are 
also difficult to distinguish from a more 
primary signal in the absence of constraints 
from field tests. 

Sagnotti, L., et al., 2005, Apparent magnetic 
polarity reversals due to remagnetization 
resulting from late diagenetic growth of 
greigite from siderite: Geophysical Journal 
International, v.160, no.1, p.89100.
In a mixedpolarity zone of the CRP1 core 
(Ross Sea), the normal polarity remagnetiza
tion is carried by magnetostatically interact
ing SD greigite while the reversedpolarity 
primary NRM is carried by magnetite with a 
broad range of grain sizes and negligible mag
netostatic interactions. A significant proportion 
of the greigite has grown on the surface of 
authigenic siderite grains that occur as micro
concretions and as cement surrounding detrital 
matrix grains. The distribution of siderite (and 
associated greigite) in the lower part of the 
CRP1 core is patchy, which accounts for the 
apparent alternation of polarities. 

Wang, X. S., et al., 2005, Remagnetization 
of Quaternary eolian deposits: A case study 
from SE Chinese Loess Plateau - art. no. 
Q06H18: Geochemistry Geophysics Geosys-
tems, v.6, p.22.
In the Sanmenxia area the magnetostratigra
phy is generally consistent with that of the 
classic Luochuan section.  Loess L9 is the 
coarsest loess unit over the last 1.1 Myr and 
carries a normalpolarity remagnetization. 
Most likely the dramatic coarsening of particle 
size across L9 is the fundamental reason for 
pervasive remagnetization. 

Zwing, A., Matzka, J., Bachtadse, V. and Sof
fel, H. C., 2005, Rock magnetic properties 
of remagnetized Palaeozoic clastic and car-
bonate rocks from the NE Rhenish massif, 
Germany: Geophysical Journal International, 
v.160, no.2, p.47786.
Magnetite carries a Late Palaeozoic remagne
tization and can be accompanied by haematite 
and pyrrhotite as the carrier of remagnetiza
tion. High haematite contents are character
istic for samples carrying a remagnetization 
of Triassic age. Samples from biohermal 
carbonate rocks have high Mrs/Ms and Hcr/
Hc ratios similar to those from remagnetized 
carbonate rocks from North America, due to 
the presence of SP magnetite. MD material 
obscures the contributions of other material 
to the bulk magnetic properties completely in 
most siliciclastic rocks and partly in platform 
carbonate rocks.

Anisotropy

Bascou, J., Camps, P. and Dautria, J. M., 

2005, Magnetic versus crystallographic 
fabrics in a basaltic lava flow: Journal of 
Volcanology & Geothermal Research, v.145, 
no.12, p.119135.
Combined AMS and crystallographic studies 
were performed within a quaternary lava, 
for which we have a thorough knowledge 
of the flow direction.  The foliation plane of 
the lower and upper part of the flow show an 
obliquity, which is interpreted as an opposite 
imbrication indicating a westward flow in 
agreement with the known flow direction. 
In the lower part of the lava flow, the tight 
correlation between AMS and plagioclase 
lattice preferred orientation suggests that a 
silicate framework control the titanomagnetite 
crystallization and thus the orientation of the 
AMS ellipsoid.

Cifelli, F., et al., 2005, The origin of tectonic 
lineation in extensional basins: Combined 
neutron texture and magnetic analyses on 
“undeformed” clays: Earth & Planetary Sci-
ence Letters, v.235, no.12, p.6278.
The magnetic anisotropy of these sediments is 
predominantly carried by paramagnetic phyl
losilicates. Neutron texture analysis was used 
to evaluate the spatial distribution of chlorite 
basal planes.  A good linear correlation is 
found between the theoretical anisotropy 
calculated from the chloritepreferred orienta
tion and the measured low and highfield 
magnetic anisotropy. The integrated approach 
of magnetic and mineral fabric investigations 
is a valid tool for detecting grain scale and 
regional deformation patterns in weakly de
formed extensional basins, where macroscopic 
evidence of deformation is often not visible.

Gurioli, L., et al., 2005, Interaction of pyro-
clastic density currents with human settle-
ments: Evidence from ancient Pompeii: 
Geology, v.33, no.6, p.441444.
Integrating field observations and rockmag
netic measurements, we report how the urban 
fabric was able to divide the lower portion of 
the flow into several streams that followed the 
city walls and the intracity roads. Although 
these perturbations affected only the lower 
part of the current and were localized, they 
could represent, in certain cases, cooler zones 
within which chances of human survival 
are increased. Our integrated field data for 
pyroclastic density current temperature and 
flow direction enable verification of coupled 
thermodynamic numerical models and their 
hazard simulation abilities.

Krijgsman, W. and Tauxe, L., 2004, Shallow 
bias in Mediterranean paleomagnetic direc-
tions caused by inclination error: Earth 
and Planetary Science Letters, v.222, no.2, 
p.68595.
We apply the socalled “elongation/inclina
tion” method to the extensive data sets from 
the Miocene sediments of the Calatayud basin 
and Crete. After correction, the Spanish data 
are in good agreement with the expected 
middle Miocene latitude of the region. We 
conclude that the east Mediterranean inclina
tion anomaly is caused by sedimentary incli
nation error and not by a persistent octupolar 
contribution to the geomagnetic field, or 
northward transport.

Tauxe, L., 2005, Inclination flattening and 
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the geocentric axial dipole hypothesis: Earth 
& Planetary Science Letters, v.233, no.34, 
p.247261.
Statistical geomagnetic field models predict 
elongated distributions of directions produced 
by secular variation that vary as a function 
of latitude. Sedimentary inclination flatten
ing also works in a predictable manner. This 
allows us to find the flattening factor that 
yields corrected directions with an elongation 
and average inclination consistent with the 
statistical field model.  Our correction method 
applied to two magnetostratigraphic data sets 
from red beds in Asia and Pakistan brings 
the inclinations into agreement with those 
predicted from GPS measurements and from 
global paleomagnetic data. There appears to 
be no compelling reason at this time to aban
don the GAD hypothesis.

Biogeomagnetism

Desoil, M., et al., 2005, Definitive identi-
fication of magnetite nanoparticles in the 
abdomen of the honeybee Apis mellifera: 
Journal of Physics: Conference Series, v.17, 
no.1, p.459.
The magnetisations of bee abdomens, heads 
and thoraxes were measured separately as 
functions of temperature and field. Both the 
antiferromagnetic responses of the ferrihy
drite cores of the iron storage protein ferritin, 
and the ferrimagnetic responses of nanoscale 
magnetite particles, were observed. Relatively 
large magnetite particles (ca. 30 nm or more) 
were found in the abdomens, but were absent 
in the heads and thoraxes.

Linford, N., Linford, P. and Platzman, E., 
2005, Dating environmental change using 
magnetic bacteria in archaeological soils 
from the upper Thames Valley, UK: Journal 
of Archaeological Science, v.32, no.7, p.1037
1043.
An archaeomagnetic date has been recovered 
from an organic rich sediment at the base 
of an alluviated ditch section found during 
archaeological excavations near the village of 
Yarnton, Oxford, UK. The magnetic minerals 
carrying this remanence include greigite and 
biogenic magnetite, derived from magnetotac
tic bacteria, that both indicate the presence of 
a microaerobic environment. It is proposed 
that the archaeomagnetic date from this mate
rial indicates the onset of floodplain conditions 
at the site due to increased population pressure 
and intensification of land clearance in the late 
British Iron Age.

Wiltschko, W. and Wiltschko, R., 2005, 
Magnetic orientation and magnetorecep-
tion in birds and other animals: Journal of 
Comparative Physiology A-Sensory Neural & 
Behavioral Physiology, v.191, no.8, p.675693.
For magnetoreception, two hypotheses are 
currently discussed, one proposing a chemical 
compass based on a radical pair mechanism, 
the other postulating processes involving 
magnetite particles. The available evidence 
suggests that birds use both mechanisms. 
Behavioral data from other animals indicate a 
lightdependent compass probably based on a 
radical pair mechanism in amphibians and a 
possibly magnetitebased mechanism in mam
mals. Histological and electrophysiological 
data suggest a magnetitebased mechanism in 
the nasal cavities of salmonid fish. 

Data Processing and Analysis

Carvallo, C., Dunlop, D. J. and Ozdemir, O., 
2005, Experimental comparison of FORC 
and remanent Preisach diagrams: Geo-
physical Journal International, v.162, no.3, 
p.747754.
We find excellent agreement between the es
sential features of the distributions determined 
by these two methods for wellcharacterized 
synthetic and natural samples. The main fea
tures, the location and spreading of the distri
bution peak, are very consistent. However, the 
lowcoercivity part of the Preisach distribution 
is sometimes poorly resolved or not imaged. 
We propose a symmetric FORC protocol that 
would permit separation of the irreversible and 
reversible parts of the Preisach distribution. 

Shcherbakov, V. P. and Fabian, K., 2005, On 
the determination of magnetic grain-size 
distributions of superparamagnetic particle 
ensembles using the frequency dependence 
of susceptibility at different temperatures: 
Geophysical Journal International, v.162, no.3, 
p.736746.
The inverse problem of determining the 
combined grainsize and coercivity distribu
tion from FDS measurements is not uniquely 
solvable. Only using a priori assumptions 
about the relation between particle volume and 
coercivity it can be interpreted in terms of a 
volume or grainsize distribution. In order to 
deconvolve natural rock measurements, a semi
analytical parametric deconvolution method 
has been developed. Observed deviations 
can be interpreted in terms of magnetostatic 
particle interaction. A quantitative estimate 
is presented, which allows one to determine 
the average interaction field together with the 
volume distribution.

Environmental Magnetism and Paleo
climate Proxies

Demory, F., et al., 2005, Detrital input and 
early diagenesis in sediments from Lake 
Baikal revealed by rock magnetism: Global 
& Planetary Change, v.46, no.14, p.145166.
In glacial sediments, the magnetic signal is 
dominated by detrital magnetite, with distinct 
horizons of authigenic greigite confined to 
reductive microenvironments. In interglacial 
stages, the rock magnetic signal is weak due 
to reductive dissolution. After burial under the 
redox front, magnetite is preferentially dis
solved, and detrital hematite remains dominant 
when the sedimentation rate is low and when 
the residence time of the magnetite close to the 
redox boundary is long. At constant sedimenta
tion rate and fast burial, magnetite is preserved 
or transformed into greigite. Changes in the 
sedimentation rate are traced using the Sratio. 

Kumaravel, V., Sangode, S. J., Siddaiah, N. S. 
and Kumar, R., 2005, Rock magnetic charac-
terization of pedogenesis under high energy 
depositional conditions: A case study from 
the Mio-Pliocene Siwalik fluvial sequence 
near Dehra Dun, NW Himalaya, India: Sedi-
mentary Geology, v.177, no.34, p.229252.
Acquisition of IRM shows the predominance 
of hematite and goethite. Sympathetic variation 
in the total organic and inorganic carbon con
tent with iron oxides stable under warm humid, 

oxidative and and cold restricted conditions 
confirm the sensitivity of the rock magnetic 
parameters to ambient climatic condition. 
The rock magnetic parameters allow a rela
tive quantification of the ambient climatic 
conditions and indicate the prevalence of 
semihumid to semiarid climate entirely 
during the Late Miocene to Early Pliocene 
period with an increased seasonality during 
early Pliocene. 

Liu, Q., et al., 2005, Inter-profile correla-
tion of the Chinese loess/paleosol sequences 
during Marine Oxygen Isotope Stage 5 and 
indications of pedogenesis: Quaternary Sci-
ence Reviews, v.24, p.12.
Age models across MIS 5 for the Jiuzhoutai 
(JZT) and Yuanbao (YB) sections, western 
Chinese Loess Plateau, were constructed 
through an integrated approach by linking 
the major pedostratigraphic boundaries of 
the loess profiles to the SPECMAP oxygen 
isotope curve, and by correlating relative 
magnetic paleointensity records with both the 
SINT800 global paleointensity stack from 
marine sediments and 36Cl records from the 
GRIP ice core. 

Extraterrestrial Magnetism

Gattacceca, J., et al., 2005, An impact origin 
for the foliation of chondrites: Earth & 
Planetary Science Letters, v.234, no.34, 
p.351368.
AMS measurements suggest that the oblate 
petrofabric in L chondrites is shockinduced. 
An inverse correlation between porosity and 
AMS intensity suggests that hypervelocity 
impacts compacted and lithified an originally 
loose material. LL and H ordinary chondrites 
cannot be studied as easily as L chondrites: 
tetrataenite in LL chondrites affects the AMS 
in an unpredictable way, and shape anisotropy 
due to the strong susceptibility of H chon
drites imposes strong constraints on sample 
shape. Our limited dataset for carbonaceous 
chondrites is compatible with a shockin
duced foliation model. The very low degrees 
of AMS in Rumuruti chondrites testify that 
Fesulfides in these chondrites show almost 
no deformation, suggesting that sulfidation is 
a secondary phenomenon that occurred after 
the major impacts on the parent body. 

Kletetschka, G., Connerney, J. E. P., Ness, N. 
F. and Acuna, M. H., 2004, Pressure effects 
on martian crustal magnetization near 
large impact basins: Meteoritics & Plan-
etary Science, v.39, no.11, p.183948.
New demagnetization measurements on 
magnetite, hematite, and titanohematite 
show that pressures of 1 GPa are sufficient to 
partially demagnetize all of these minerals. 
The efficiency of demagnetization by impact 
pressure is proportional to the logarithm of 
the minerals’ magnetic coercivity. The impact 
pressure magnetic response from exsolved 
titanohematite samples is consistent with the 
magnetization decay near Prometheus impact 
basin. The remaining magnetic anomalies 
near large impact basins suggest moderate 
crustal coercivity and point to titanomagnetite 
as a magnetic carrier.

Rochette, P., et al., 2005, Matching Martian 
crustal magnetization and magnetic prop-
erties of Martian meteorites: Meteoritics & 



Planetary Science, v.40, no.4, p.529540.
Magnetic properties of SNC meteorites are 
synthesized to further constrain the lithol
ogy of Martian magnetic crustal sources. 
Ultramafic cumulates (i.e., Chassigny, Allan 
Hills [ALH] 84001) and lherzolitic shergot
tites (ALH 77005, Lewis Cliff [LEW] 88516) 
are one or two orders of magnitude too weak 
to account for the crustal magnetizations.  
Nakhlites and some basaltic shergottites, 
which are the most magnetic SNCs, show 
the right intensity. Titanomagnetite is the 
magnetic carrier in the nakhlites (7 meteor
ites), whereas in most basaltic shergottites (11 
meteorites) it is pyrrhotite. Pyrrhotite should 
be among the candidate minerals for the mag
netized Noachian crust.

Magnetic Field Records and Paleoin
tensity Methods

Bowles, J., et al., 2005, Cooling rate effects 
on paleointensity estimates in submarine 
basaltic glass and implications for dating 
young flows - art. no. Q07002: Geochemistry 
Geophysics Geosystems, v.6, no.7002, p.12.
Cooling rate effects on the intensity of TRM 
have been well documented in ceramics. In 
that case, laboratory cooling is generally more 
rapid than the initial cooling, leading to an 
overestimate of the paleofield by 510% in 
Thelliertype paleointensity experiments. The 
reverse scenario, however, has never been 
tested. Our results suggest that while the cool
ing rate effect might introduce some within
site scatter, it should not result in a systematic 
bias in paleointensity. 

Dunlop, D. J., Baoxing, Z. and Özdemir, 
Ö., 2005, Linear and nonlinear Thellier 
paleointensity behavior of natural miner-
als: Journal of Geophysical Research, v.110, 
no.B1, p.01480227.
Plagioclase extracted from Matachewan 
diabase dikes behaved ideally, giving a linear 
NRMpTRM (Arai) plot with positive pTRM 
checks. The mafic minerals behaved nonide
ally, with strongly curved Arai plots. Negative 
pTRM checks were not due to physicochemi
cal alteration but rather to departure from 
initial states with different magnetic histories 
than those of the original pTRMs. The in
ability of pTRM checks to reliably distinguish 
between MD behavior and irreversible altera
tion could lead to overestimates of paleointen
sity. No presently available pretreatment (AF 
or LTD) renders the paleointensity data of MD 
grains usable. SD and nearly SD grains which 
behave ideally in the Thellier experiment 
remain the only useful recorders of absolute 
paleointensity.

Gallet, Y., Genevey, A. and Fluteau, F., 2005, 
Does Earth’s magnetic field secular varia-
tion control centennial climate change?: 
Earth & Planetary Science Letters, v.236, 
no.12, p.339347.
New archeointensity data from 17th19th 
century French potsherds show several 
maxima that appear to coincide with cooling 
events documented in this region from natural 
and historical data. This coincidence sug
gests a causal link between enhanced secular 
variation of the geomagnetic field and climate 
change over centennial time scales, chal
lenging the role of solar forcing as the sole 
factor provoking these climatic variations. We 

propose that the archeomagnetic jerks may 
engage the mechanism for centennial climate 
change.

Nakamura, N. and Iyeda, Y., 2005, Magnetic 
properties and paleointensity of pseudo-
tachylytes from the Sudbury structure, 
Canada: Petrologic control: Tectonophysics, 
v.402, no.14, p.141152.
The Coemodified Thellier method was car
ried out on a small suite of pseudotachylytes 
classified into two types in their protolith 
lithology: gneissorigin and granitoidorigin 
pseudotachylyte. Although the granitoidorigin 
pseudotachylyte fails to estimate the paleo
intensity, the gneissorigin pseudotachylytes 
yield weak paleointensity values, which are 
consistent with previous paleointensity data. 

Smirnov, A. V. and Tarduno, J. A., 2005, 
Thermochemical remanent magnetization 
in Precambrian rocks: Are we sure the geo-
magnetic field was weak? - art. no. B06103: 
Journal of Geophysical Research-Solid Earth, 
v.110, no.B6, p.6103.
Thellier paleointensity determinations from 
two dikes of the Early Proterozoic (~2.46 Ga) 
Matachewan dike swarm yield VADMs that 
are very low (0.54±0.05 x 1022 and 2.49±0.42 
x 1022 Am2, respectively) when compared 
with the modern field. The ChRM is likely a 
TCRM rather than a TRM. Estimates of the 
TCRM/TRM ratio show that the Thellier data 
could underestimate the true field value by a 
factor of 4 without violating experimental se
lection criteria. An understanding how TCRM 
is acquired and records the field represents a 
major challenge at defining the strength of the 
Precambrian field.

Walton, D., 2004, Avoiding mineral al-
teration during microwave magnetization: 
Geophysical Research Letters, v.31, no.3, 
p.00948276.
Recent microwave results reveal evidence of 
mineral alteration. It is shown that, since the 
temperature difference between the magnetic 
grains and the matrix is proportional to the 
power density at the sample, increasing the 
power density sufficiently can limit the matrix 
temperature increase to a few degrees, com
pletely eliminating any possibility of mineral 
alteration.

Yu, Y. J. and Tauxe, L., 2005, Testing the 
IZZI protocol of geomagnetic field intensity 
determination - art. no. Q05H17: Geochem-
istry Geophysics Geosystems, v.6, p.28.
The recentlyproposed IZZI paleointensity 
method was experimentally tested, showing a 
strong angular dependence resulting from the 
undemagnetized portions of pTRM tails. The 
IZZI method is better than the conventional 
techniques in three respects: (1) it can easily 
detect the angular dependence; (2) it provides 
a quantitative estimate for the consistency of 
the outcome between IZ and ZI step; and (3) it 
is quicker because the extra pTRM tail check 
step is unnecessary.

Magnetic Microscopy 
and Spectroscopy

Baron, V., Gutzmer, J., Rundlof, H. and Tell
gren, R., 2005, Neutron powder diffraction 
study of Mn-bearing hematite, α-Fe2-xM-
nxO3, in the range 0 ≤ x ≤ 0.176: Solid State 

Sciences, v.7, no.6, p.753759.
All studied hematite samples, irrespective of 
chemical composition, display weak ferro
magnetism at 295 K and, coexistence of weak 
ferromagnetic and antiferromagnetic phases, 
at 10 K. A slight decrease of the total magnetic 
moment and Morin transition but a drastic 
decrease of TN can be attributed to increasing 
Mnsubstitution. The results illustrate that Mn 
substitution may contribute but cannot be the 
sole reason for the unusual magnetic proper
ties of natural hematite samples. 

Schneider, C. M., et al., 2005, Time-resolved 
X-ray photoemission electron microscopy: 
imaging magnetodynamics on the 100 
ps scale and below: Journal of Electron 
Spectroscopy & Related Phenomena, v.144, 
no.Special Issue SI, p.967971.
Stroboscopic experiments feature a time 
resolution of ∆τ ≤ 130ps and yield magnetic 
domain images with a surprising richness 
of details. We observe a strong influence of 
incoherent magnetization rotation processes, 
which lead to complicated transient domain 
structures with a blocked relaxation behavior.

Smith, D. A., et al., 2005, Magneto-opti-
cal spectra of closely spaced magnetite 
nanoparticles - art. no. 10M504: Journal of 
Applied Physics, v.97, no.10 Part 3, p.M504.
The Faraday rotation spectrum of composites 
containing magnetite nanoparticles is found 
to be dependent on the interparticle spacing of 
the constituent nanoparticles. The peak of the 
main spectral feature depends on nanopar
ticle concentration; this peak is observed to 
shift from approximately 470 nm for (dilute 
composites) to 540 nm (concentrated). 
Qualitative correlations between theoretical 
calculations and experimental data suggest 
that the shifts in spectral peak position depend 
on both interparticle distance and geometrical 
configuration. 

Magnetization & Demagnetization 
Processes

Doubrovine, P. V. and Tarduno, J. A., 2004, 
Self-reversed magnetization carried by tit-
anomaghemite in oceanic basalts: Earth and 
Planetary Science Letters, v.222, p.34.
Thermal demagnetization shows that pillow 
basalts from the northwestern Pacific Ocean 
lacking hemoilmenite contain two nearly 
antiparallel components of NRM. The self
reversal is carried by titanomaghemite formed 
by low temperature oxidation. Because 
maghemitization of oceanic crust is ubiq
uitous, selfreversals may be an important 
factor contributing to the decrease with age in 
marine magnetic anomaly amplitudes.

Fabian, K. and Shcherbakov, V. P., 2004, Do-
main state stabilization by iterated thermal 
magnetization processes: Geophysical Jour-
nal International, v.159, no.2, p.48694.
According to the fundamental assumptions a 
remanence acquired at some temperature T 
is not influenced by subsequent heating and 
cooling cycles at lower temperatures. This 
presumption is tested for natural and synthetic 
MD particle ensembles in the case of the 
socalled tail of pTRM*. The experimental 
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results for all samples show that repeating 
the acquisition process for the tail of pTRM* 
leads to an asymptotic saturation. This phe
nomenon can be explained in terms of a statis
tical theory of MD TRM based on concepts of 
nonequilibrium thermodynamics. 

Ferre, E. C., et al., 2005, The origin of high 
magnetic remanence in fault pseudotachy-
lites: Theoretical considerations and im-
plication for coseismic electrical currents: 
Tectonophysics, v.402, no.14, p.125139.
High NRM intensities could be explained by 
earthquake lightning (EQL), a seismic phe
nomenon occasionally reported in connection 
with large earthquakes. The coseismic electri
cal properties of pseudotachylite veinhost 
rock system are characterized by (1) a core of 
molten material (high conductivity), (2) vapor
rich margins of thermally and mechanically 
fractured host rocks (low conductivity) and (3) 
moderately fractured to undeformed host rock 
(normal conductivity). Such a core conductor 
bordered by insulating margins is potentially 
responsible for the propagation of EQL pulses. 
Modeling shows that EQL can be recorded 
only during a brief time interval (less than 1 
min).

Ha, N. D., et al., 2005, Observation of 
reversed hysteresis loops and negative 
coercivity in CoFeAlO magnetic thin films: 
Journal of Magnetism & Magnetic Materials, 
v.295, no.2, p.126131.
Along the hard magnetization direction of 
CoFeAlO thin films, the magnetic hysteresis 
loop is reversed and the coercive force is 
negative. This phenomenon can qualitatively 
be interpreted with a twolayer model. It was 
also found that when asdeposited CoFeAlO 
thin films were annealed in vacuum (2 x 107 
Torr) at a temperature of 180º C for 2 h, the 
negative coercivity disappeared. The relation
ship between the magnetic and microstructural 
behaviors of the thin films is discussed.

Krasa, D., Shcherbakov, V. P., Kunzmann, 
T. and Petersen, N., 2005, Self-reversal of 
remanent magnetization in basalts due to 
partially oxidized titanomagnetites: Geo-
physical Journal International, v.162, no.1, 
p.115136.
In these basalts ore grains consist of a non
oxidized magnetically soft titanomagnetite 
part with TC between 140 and 300º C and 
a magnetically hard  oxidized part with TC 
between 410 and 590º C. MFM observations 
present evidence that oxidation not only influ
ences TC, and thus the blocking temperature 
spectrum, but also the domain configuration. 
Computational modelling of the remanence 
acquisition process explains the coupling of 
the two phases by magnetostatic interaction. 
Such coupling remains unnoticed in most 
cases as it cannot be detected by the standard 
stepwise thermal demagnetization technique. 
Despite the complex remanence properties, 
our investigations indicate that the upper part 
of the blocking temperature spectrum still car
ries reliable palaeodirectional information. 

Mineral & Rock Magnetism

Gilmore, K., et al., 2005, Surface contribu-
tion to the anisotropy energy of spheri-
cal magnetite particles - art. no. 10B301: 
Journal of Applied Physics, v.97, no.10 Part 

2, p.B301.
Magnetite particles of three sizes (3.5, 7, and 
18 nm diameter) were grown inside protein 
cages. Surface atoms were found to increase 
the volume anisotropy energy density of the 
particles, and this effect increased sublinearly 
with particle curvature.

Mazurenko, V. V. and Anisimov, V. I., 2005, 
Weak ferromagnetism in antiferromagnets: 
α-Fe2O3 and La2CuO4 - art. no. 184434: 
Physical Review B, v.7118, no.18, p.4434.
The problem of weak ferromagnetism in 
antiferromagnets due to canting of magnetic 
moments is treated using Green’s function 
technique. The method is applied to the typical 
antiferromagnets with weak ferromagnetism 
αFe2O3 and La2CuO4. The obtained values 
of the magnetic moments canting angles are 
in good agreement with previous theoretical 
results and are in reasonable agreement with 
experimental data.

Sakurai, S., Jin, J., Hashimoto, K. and Ohko
shi, S., 2005, Reorientation phenomenon in 
a magnetic phase of epsilon-Fe2O3 nanocrys-
tal: Journal of the Physical Society of Japan, 
v.74, no.7, p.19461949.
We observed an unusual magnetic phase transi
tion in the magnetic phase of εFe2O3 nanorods 
(Neel temperature = 495 K). This phase transi
tion is accompanied by a decrease in coercive 
field from 21 kOe (200 K) to 0.6 kOe (100 
K). This unusual magnetic phase transition is 
interpreted as a spin reorientation phenomenon 
due to the compensation between the magnetic 
dipoledipole interaction and the singleion 
anisotropy.

Mineral Physics & Chemistry

Cudennec, Y. and Lecerf, A., 2005, Topotactic 
transformations of goethite and lepidocroc-
ite into hematite and maghemite: Solid State 
Sciences, v.7, no.5, p.520529.
Topotactic, transformations can only exist 
between solids displaying structural relation
ships. In these conditions, atom displacements 
are reduced so that dehydration processes are 
performed at a relatively low temperature and 
then clear vectorial relations can be estab
lished between crystal parameters of the two 
structures. Trivalent iron oxyhydroxides and 
oxides belong to two different structural types: 
goethite/hematite type and lepidocrocite/ma
ghemite type and we conclude that, in this 
case, kinetic phenomena are more important 
than thermodynamic laws for explaining the 
experimental results.

Owoc, D., et al., 1339, X-ray studies of Fe3-

xMexO4, Me = Zn, Ti and Al; the impact of 
doping on the Verwey transition: Physica B: 
Condensed Matter, v.359, p.13391341.
Very small doping by Zn, Ti or Al changes 
the Verwey transition temperature as well 
as transition character from discontinuous 
to continuous one. We discuss temperature 
dependence of lattice parameters determined 
by the Rietveld analysis for specimens show
ing different types of transition to find out 
whether the transition is already prearranged at 
high temperatures e.g. suggested by our elastic 
constant data. We also compare the change of 
the structure at the Verwey transition for these 
two classes of materials. 

Velev, J., Bandyopadhyay, A., Butler, W. H. 
and Sarker, S., 2005, Electronic and mag-
netic structure of transition-metal-doped 
α-hematite: Physical Review B, v.71, no.20, 
p.2052081.
The calculated net moment per substitutional 
impurity is found to be |zDzFe|, opposite to 
that of the replaced Fe, where zD and zFe 
are the numbers of valence electrons of the 
dopant and Fe, respectively. The dopants, D, 
substitute in an effective charged state D3+ 
except for Ti4+ and Zn2+. In the case of Ti, the 
extra electron converts a neighboring Fe3+ 
atom to Fe2+. In the case of Zn, the missing 
electron generates a relatively diffuse hole 
at the top of the valence band spread over 
neighboring O atoms.

Modeling and Theory

Bennett, L. H. and Della Torre, E., 2005, 
Analysis of wasp-waist hysteresis loops - 
art. no. 10E502: Journal of Applied Physics, 
v.97, no.10 Part 2, p.E502.
Waspwaist and potbelly hysteresis loops 
have been observed in many materials. We 
present two models for waspwaist materi
als that produce virtually indistinguishable 
major loops, but show that firstorder reversal 
curves can be used to separate the effects. 

Heslop, D., McIntosh, G. and Dekkers, M. 
J., 2004, Using time- and temperature-
dependent Preisach models to investigate 
the limitations of modelling isothermal 
remanent magnetization acquisition curves 
with cumulative log Gaussian functions: 
Geophysical Journal International, v.157, 
no.1, p.5563.
We present a series of PreisachNeel models 
used to investigate how robust the assumption 
of fitting lognormal coercivity distributions is 
in the presence of local interaction fields and 
thermal relaxation. In a substantial number 
of cases the lognormal assumption fails and 
the CLG procedure can produce misleading 
interpretations. In some cases the failure of 
the CLG assumptions produces models which 
introduce spurious additional coercivity 
components into the fitted curve.

Heslop, D., 2005, A Monte Carlo investiga-
tion of the representation of thermally ac-
tivated single-domain particles within the 
day plot: Studia Geophysica et Geodaetica, 
v.49, no.2, p.163176.
A collection of Monte Carlo simulations for 
uniaxial, singledomain, StonerWohlfarth 
(SW) grains with thermally activated atomic 
moments that rotate coherently, are utilised 
to demonstrate that the expression of this 
process could be easily misinterpreted as the 
signature of a different domain state. Differ
ent methods for determining the coercivity 
of remanent magnetisation are assessed and 
it is shown that the same sample can plot in a 
variety of different locations within the space 
of the Day plot. 

Newell, A. J., 2005, A high-precision model 
of first-order reversal curve (FORC) func-
tions for single-domain ferromagnets with 
uniaxial anisotropy - art. no. Q05010: 
Geochemistry Geophysics Geosystems, v.6, 
no.5010, p.28.
Some properties of the FORC function are 
independent of the distribution of particle 



orientations and shapes. There is a negative 
peak near the Hu axis, and the FORC function 
is identically zero for Hu > 0. The negative 
peak is due to the increasing slope of a revers
ible magnetization curve near a jump. The 
second feature is not seen in any experimental 
FORC function. A spread of the function to Hu 
> 0 can be caused by particle interactions or 
nonuniform magnetization.

Potter, D. K. and Stephenson, A., 2005, New 
observations and theory of single-domain 
magnetic moments: Journal of Physics: 
Conference Series, v.17, no.1, p.16873.
We demonstrate that “uniaxial’’ particles can 
allow several quantifiable stable (or meta
stable) orientations of the magnetic moment 
within the same particle. A new model, veri
fied by experiments, quantitatively accounts 
for several previously unexplained diverse 
phenomena exhibited by such SD particles, 
including the acquisition of gyroremanences, 
fieldimpressed anisotropy, and transverse 
components of remanence in individual 
particles. Deflections of the natural remanence 
vector and computations of the ancient field 
vector and palaeointensity are not controlled 
by the possible stable orientations of the mo
ments within singledomain particles. 

Shcherbakov, V. P. and Sycheva, N. K., 2005, 
Three-dimensional modeling of biased 
hysteresis loops in the presence of exchange 
anisotropy at the boundary between 
ferro- and antiferromagnetic phases: Iz-
vestiya-Physics of the Solid Earth, v.41, no.6, 
p.485491.
It is shown that, if the exchange anisotropy 
value in SD grains is greater than the magnetic 
anisotropy of the AF phase, the presence of 
the EA does not lead to an HL bias (which 
does not preclude the possibility of the TRM 
selfreversal in such particles). Under the 
same condition, the remagnetization process in 
small PSD grains adjacent with the AF phase 
proceeds through the formation of a domain 
wall in the AF phase or at the phase boundary, 
resulting in an HL bias by about 104 A/m. The 
fact that such HL bias fields are not observed 
in rocks is evidence for a low probability of 
the presence of EA in exsolution structures of 
titanomagnetite or hemoilmenite.

Witt, A., Fabian, K. and Bleil, U., 2005, 
Three-dimensional micromagnetic calcula-
tions for naturally shaped magnetite: 
Octahedra and magnetosomes: Earth & 
Planetary Science Letters, v.233, no.34, 
p.311324.
The leastenergy magnetization structures of 
octahedral particles are similar to the flower 
and vortex states found for cubic particles. 
Metastable flower states persist up to much 
larger grain size in octahedral magnetite. 
This explains previous observations of large 
TRM/ARM peaks in hydrothermal magnetite. 
In realistic magnetosome geometries, the SD
PSD transition is shifted towards larger grain 
sizes as compared to previous estimates based 
on elongated rectangular grains. 

NRM Carriers and Origins

Feinberg, J. M., Scott, G. R., Renne, P. R. 
and Wenk, H. R., 2005, Exsolved magnetite 
inclusions in silicates: Features determining 
their remanence behavior: Geology, v.33, 

no.6, p.513516.
The two factors controlling the remanence 
behavior of the inclusions are internal 
microstructures and inclusion dimensions. 
Magnetiteulvospinel unmixing within an in
clusion subdivides the original titanomagnetite 
into a boxwork structure composed of 103105 
magnetite prisms separated by thin ulvospinel 
lamellae. The conversion of MDsized needles 
into assemblages of interacting single domains 
increases the coercivity (and hence relaxation 
time) of the inclusions, and results in a ther
mochemical magnetic remanence. In samples 
without this exsolution microstructure, the 
inclusions’ diameters determine coercivity and 
their magnetization is thermoremanent. Both 
styles of highcoercivity inclusions success
fully record paleomagnetic directions.

Wehland, F., et al., 2005, Pyrrhotite pTRM 
acquisition in metamorphic limestones in 
the light of microscopic observations: Phys-
ics of the Earth & Planetary Interiors, v.151, 
no.12, p.107114.
The potential of pyrrhotite as a recorder of 
successive, independent pTRMs in graph
itebearing metacarbonates depends on the 
amount and composition of metamorphic 
fluids. Very low amounts of H2S favour an 
in situ epitaxy of pyrrhotite at the expense of 
ironbearing minerals in its surroundings. The 
resulting particle assemblage of pyrrhotite is 
within the SD grainsize range and exhibits 
a broad TB spectrum. With increasing fluid 
content the desulfidation of pyrite controls the 
pyrrhotite formation and results in large crys
tals up to several millimeters. The existence 
of pervasive fluids determines whether or not 
pyrrhotite will be able to record successive 
pTRMs. 

Synthesis and Properties 
of Magnetic Materials

Zhang, H. X., et al., 2005, Silica-sheathed 
pyrrotite nanowires: Synthesis and mecha-
nism: Journal of Physical Chemistry B, v.109, 
no.23, p.1158511591.
We have studied the growth of silicasheathed 
3CFe7S8 products on silicon substrates with 
FeCl2 and sulfur precursors at the temperature 
region of 600800º C. On the basis of the 
crystal structure of Fe7S8, we have proposed a 
model including the kinetic competition of the 
adsorption of silica species on Fe2Fe3Fe4 
units at the 4Fe layer and on the Fe2Fe3
Fe4Fe5 units parallel to the caxis. Using 
this model, we have not only explained all the 
experimental phenomena but also especially 
prepared Fe7S8 nanowires at 650º C by intro
ducing water into the reaction system.

Zhang, L. Y., Xue, D. S., Xu, X. F. and Gui, A. 
B., 2005, Magnetic properties and Verwey 
transition of quasi-one-dimensional magne-
tite nanowire arrays assembled in alumina 
templates: Journal of Magnetism & Magnetic 
Materials, v.294, no.1, p.1015.
Mossbauer spectra showed a tilt of the mo
ment of 45º with respect to the wire axis. 
These wires show perpendicular magnetic 
anisotropy mainly due to the average easy 
axis of the grains pointing along the wire axis. 
The temperature dependence of the coercity, 
remanence, and the magnetization undergo a 

major change at 50 K, induced by the Verwey 
transition, which occurs at a temperature much 
lower than for bulk materials (120 K). The be
havior of the magnetization in the vicinity of 
50 K as well as its fielddependent properties 
was interpreted using the magnetoelectronic 
model.
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Any coercivity distribution ( )HM  can be identified with a probability density func
tion (PDF) that defines the statistics of the stochastic variable H , called switching field. 
In some cases, the switching field is simply the field required to reverse the magnetic 
moment of a single particle. This is true for noninteracting SD grains. The coerciv
ity distribution of an assemblage of identical grains can be expressed by a function 

K( , )H Hm , where the socalled microcoercivity KH  is a parameter that depends on 
the intrinsic properties of the grains. For uniaxial SD grains as well as for MD grains, 

K K( , ) ( / )H H H Hm m=
 (Stoner and Wohlfarth, 1948; Xu and Dunlop, 1995). It is rea

sonable to assume that this relationship has a general validity. The shape of m  depends 
strongly on the domain state. In SD particles, m  has a very narrow peak at K0.5H . MD 
particles are characterized by a much broader m  with a typical exponential shape that 
depends on the grain size and dislocation density (Xu and Dunlop, 1995). The natural 
variability of the magnetic grains in natural assemblages is described by the statistical 
distribution K( )HH  of their microcoercivities. It is typically a broad distribution. The 
only relevant exception in nature is represented by magnetosomes, whose size, shape and 
composition is strictly controlled by bacteria.
If magnetostatic interactions are negligible, the coercivity distribution of a heterogeneous 
assemblage of grains is given by:

K K K
0

( ) ( ) ( , )dH H H H Hm
¥

= òM H
	(B1)

To understand the stochastic nature of coercivity distributions, consider an initial collec
tion of identical grains, all characterized by the same KH . The corresponding PDF for 
H  is given by K( )H Hd - , where d  is the socalled Dirac δfunction. Imagine now that 
the magnetic grains are subjected to an alteration process that changes KH  over time. 
This change consists of a systematic term that reflects the mean effect of the alteration 
process on KH , and a random or stochastic term. The latter depends on the heterogeneity 
of the alteration process, which might be more effective at some places in a rock or sedi
ment. The mean effect of the alteration process will be ignored in the following without 
loss of generality. A short time unit dt  after alteration began, the microcoercivity of the 
particles is given by the stochastic equation:

K K K( d ) ( ) ( ) dH t t H t s H Z t+ = +
 (B2)

where s  is a function that describes how the alteration process depends on KH , and Z  is 
a stochastic variable with a stationary PDF. For example, we can assume that the relative 
change of KH  after a unit time is, let say, 10%. In that case, K0.1s H= . Another choice 
could be that of a constant s , which is unrealistic because it produces negative values 
of K( d )H t t+ . As the alteration process goes on, the coercivity distribution converges 
to a characteristic shape that depends on s . Consider now the variate transformation 

K( )H g H* = , where H *  is the scaled microcoercivity. Then, (B2) becomes:
( d ) ( ) dH t t H t g s Z t* * ¢+ » +

 (B3)
By choosing 1g s¢ º , the solution of (B3) is a very general class of distributions called 
Lévy stable PDFs (Sato, 1999). These functions are symmetric and have the interesting 
property of being self-similar. The most famous example is the Gaussian (or Normal) 
function.
This result can be generalized to the following statement: the coercivity distribution of a 
magnetic component, represented on an appropriate scale, is a symmetric, self-similar 
PDF. Conversely, the coercivity distribution of a magnetic component is generated from 
a selfsimilar PDF by an appropriate variate transformation. Let call the resulting PDF a 
generalized skewed PDF. The fundamental hypothesis for the analysis of magnetization 
curves is that each magnetic component is described by a generalized skewed PDF (see 
figure).
The shape of generalized skewed PDFs is characterized by four parameters: the median 
m , the standard deviation s , the skewness s  and the squareness k . A general analytical 
expression for these functions does not exist. Numerous analytical approximations has 
been proposed in the mathematical literature (e.g. Azzalini, 1985; Jones, 2004): I use a 
“self made” analytical approximation for component analysis (Egli, 2003). Dealing with 
four model parameters for each magnetic component makes the analysis of magnetization 
curves very unstable and sensitive to measurement errors. However, the four parameters 
seem to be redundant (Egli, 2004b), and I am currently investigating the possibility of 
simplifying drastically the model functions.

Fig. B1. Validation of the stochastic model for the co
ercivity distribution of two natural components. First, a 
field scale transformation pH H* =  has been applied to 
the measured coercivity distributions (thick black lines). 
The scaling exponent p  has been chosen so that the 
transformed coercivity distribution is symmetric (e.g. its 
skewness is zero). The estimated measurements errors are 
given by the thickness of the line. The scaled coercivity 
distribution has been fitted with a Lévy selfsimilar PDF 

( , , )x s aL  with width parameter s  and shape parameter 
a  (grey line). Special cases are the Gaussian PDF ( 2a =

), and the Cauchy PDF ( 1a = ). The parameter  controls 
the squareness of : tipshaped PDFs with heavy tails are 
obtained with α < 2.  (a) Coercivity distribution obtained 
from the AF demagnetization of ARM for cells of the 
magnetotactic bacterium MV1 mixed with pure kaolin. 
Notice that a scale transformation was not required. The 
coercivity distribution is heavily tailed, as indicated by 
α < 2. (b) Coercivity distribution obtained from the AF 
demagnetization of ARM for the pedogenic component P 
discussed in this paper.

Box 1: The stochastic nature of coercivity distributions



Box 2: GLU solved with a mathematics software

In this box I will show step by step how the GLU can be practically solved with a commercial mathematical software, such as MATLAB or Mathematica 
(Mathematica in this example). I start from the coercivity distributions of the two samples collected at 18 and 70 cm depth, respectively. The coercivity 
distributions have been calculated with the software CODICA, developed for this purpose (see Egli, 2003). The numerical data are stored in two files with 
three columns of numbers: the first column is the logarithm of the field, the second column is the corresponding value of the coercivity distribution, and the 
third column is the estimated error (not used in this example).
First, the files are imported using the following commands:
arm18=ReadList[“C:/RAMON/papers/soils/StPaul/F18/ARM/STPL-F18-ARM.slog”,
               Number,RecordLists->True];
arm18=Table[{arm18[[k,1]],arm18[[k,2]]},{k,1,194}];
arm70=ReadList[“C:/RAMON/papers/soils/StPaul/F70/ARM/STPL-F70-ARM.slog”,
               Number,RecordLists->True];
arm70=Table[{arm70[[k,1]],arm70[[k,2]]},{k,63,298}];
The coercivity distributions are now stored as two lists of numbers called arm18 and arm70. Here is the graphical representation (black: arm18, grey: 
arm70):
Show[ListPlot[arm18,PlotJoined->True,DisplayFunction->Identity],
     ListPlot[arm70,PlotJoined->True,DisplayFunction->Identity,
                    PlotStyle->GrayLevel[0.4]],
     DisplayFunction->$DisplayFunction,PlotRange->All,
     AxesOrigin->{-0.7,0},TextStyle->{FontSize->12}]
To solve the minimization problem (3), the model function SGG for the coercivity distribution 
of a magnetic component has to be defined first. Using the definition in  Egli (2003):
sgg[x_,m_,s_,k_,p_]:=Abs[k*Exp[k*(x-m)/s]+Exp[(x-m)/(k*s)]/k]*
   Exp[-Abs[Log[(Exp[k*(x-m)/s]+Exp[(x-m)/(k*s)])/2]]^p/2]/
   (2^(1+1/p)*s*Gamma[1+1/p]*(Exp[k*(x-m)/s]+Exp[(x-m)/(k*s)]));
where x is the variable, and m, s, k, p are the function parameters. Equation (3) can be rewrit
ten as:

2
,P P P P P ,D D D D D

18,70

( ) ( , , , , ) ( , , , , )n n k n k n k
n k

w ARM H a SGG H m s k p a SGG H m s k p
=

é ù- -ë ûå å

The weighting factors 
1( )n n nw ARM K -= ´  ensure that the two samples have the same 

relative importance in the minimization problem, independently of their ARM intensity, 
nARM , and the number of data nK  that characterize each of them. To solve the minimiza

tion problem I use the builtin function FindMinimum[f[a,b,…],{a,a0},{b,b0},…] that minimizes a function f[a,b,…] with respect to a, b, 
…, with starting values a0, b0, … The function FindMinimum finds the local minimum that is nearest to the starting values. Hence, it is important to 
choose realistic values of a0, b0, … to obtain a meaningful convergence. Starting values for m, s, k, p are chosen according to the results obtained by 
Egli (2004a) for the components D and P. Starting values for ,Pna , ,Dna  (the magnetic contribution of component P, respectively D in sample n ) are cho
sen by assuming that component P accounts for about 80% of the ARM in sample 18 and 10% of the ARM in sample 70. The parameter p is kept fixed to 
a value of 2 (like for a Gaussian function) in the first run to ensure a more stable convergence:
FindMinimum[Sum[(arm18[[k,2]]-
                 a1^2*ggd[arm18[[k,1]],m1,s1,q1,2]-
                 a2^2*ggd[arm18[[k,1]],m2,s2,q2,2])^2,
                {k,1,Length[arm18]}]/0.000005483^2/194+
            Sum[(arm70[[k,2]]-
                 a3^2*ggd[arm70[[k,1]],m1,s1,q1,2]-
                 a4^2*ggd[arm70[[k,1]],m2,s2,q2,2])^2,
                {k,1,Length[arm70]}]/236/0.0000009989^2,
            {{a1,Sqrt[0.000004]},{m1,1.3},{s1,0.3},{q1,0.6},
             {a2,Sqrt[0.000001]},{m2,1.6},{s2,0.4},{q2,0.7},
             {a3,Sqrt[0.0000001]},{a4,Sqrt[0.0000009]}}]
The parameters are squared to avoid meaningless negative concentrations of P and D. The result, obtained after 40 seconds on a pentium 4 PC, is:
{0.000548763,
 {a1->0.00211504,m1->1.32713,s1->0.344011,q1->0.529421,
  a2->0.000995144,m2->1.56181,s2->0.394282,q2->0.65901,
  a3->0.000378274,a4->0.00092121}}
The first number, 0.000548763, is the mean squared deviation of the model with respect to the data (which corresponds to a mean standard deviation of 
0.023, or 2.3% of the measured ARM intensity). The result obtained above defines better starting parameters for a minimization run where all parameters 
are optimized. After 60 seconds on the same PC, the following result is obtained:
{0.0000918626,
 {a1->0.00206448,m1->1.3233,s1->0.339288,q1->0.54173,p1->2.06477,
  a2->0.00110131,m2->1.553,s2->0.344874,q2->0.690711,p2->1.63564,
  a3->0.000320882,a4->0.000953256}}
The mean standard deviation is now 0.0096, or 1% of the measured ARM intensity. The squared values of a1, a2, a3, a4 are the numerical factors that 
appear in equation 5.



12

in the n th sample is given by ,l n lq m
.

B) The magnetic contributions of all 
components add linearly in each sample 
(i.e. magnetic interactions may occur 
within the same component, but not 
between different components).

If A) and B) are valid, the magnetic 
measurements of each sample are a linear 
combination of the magnetic properties 

( )l km t  of each component:

,
1

( ) ( )
L

n k l n l k
l

M t q m t
=

= å
 (1)

In matrix notation: n n= ×M q m
. 

Equation (1) is always underdetermined 
with respect to q  and m . It becomes 
overdetermined and solvable only if the 
degrees of freedom are reduced.  This 
can be done, for example, by using a 
defined set of components m based on 
measured “standard materials” (Carter-
Stiglitz et al., 2001).  Here, however, 
the goal is to characterize both the 
characteristics and the concentrations of 
a set of unknown components (each of 
which may contain a range of grain sizes, 
compositions, etc), and this can be done 
by introducing a model function f  for 

( )l km t :
,1 ,( ) ( , , , )l k k l l Pm t f t p p=   (2)

with model parameters ,1 ,, ,l l Pp p , 
that is valid at least for a subset mT  of 
all kt ’s (for example all  that define a 
magnetization curve). In this case, the 
solution of (1) is given by the minimiza
tion of:

1
1

( , , )
N

n n n P
n

w
=

- ×å M q m p p

 (3)
with respect to nq  and 

1, ,[ , , ]j j L jp p=p  . The weighting 
factors 0 1nw£ £  account for 
differences in the intensity and the 
measurement precision of different 
samples. The minimization problem (2) 
has generally more than one solution. If 
(1) and (2) describe the magnetization 
curve of one sample ( 1N = , 1, , Kt t  
are magnetic fields), (2) and (3) define 
the solution of the classic component 
analysis with logarithmic Gaussian 
functions (Robertson and France, 1994; 
Kruiver et al., 2001), or generalized 
logarithmic Gaussian functions (Egli, 
2003). These methods can be easily 
extended to the simultaneous analysis of 
a group of samples ( 1N > ), whereby 
the intrinsic nonuniqueness of the 
minimization problem (3) is reduced or 
eliminated with the appropriate choice of 
samples that are representative for each 
magnetic component.
The solutions nq  obtained from (2) and 
(3) can be used to solve equation (1) for 
those types of measurements that cannot 
be modelled quantitatively, such as 

thermal demagnetization curves. In this 

case, 
1

n n n
-= ×m q M

. This solution is 
simply a linear combination of measure
ments that does not contain model 

functions. Therefore, the comparison of

,
1

( ) ( )
N

l k l n n k
n

m t q M t
=

= å
 (4)

with the corresponding model function 
,1 ,( , , , )k l l Pf t p p  for 1 l L£ £  and 

k mt TÎ  provides a consistency test for 
the model. Another consistency test is 
possible in the case of redundant sets 
of samples (i.e. N L> ), where the 
solutions obtained from different subsets 
of L  samples can be compared. The 
differences between (4) and the model 
functions, and the differences between 
the solutions obtained from subsets of 
samples, should be compatible with the 
measurement errors.

The method described above to 
characterize mixed magnetic components 
relies entirely on assumptions A) and 
B) and on the existence of a precise 
quantitative model for at least one 
type of measurement (e.g. coercivity 
distributions). The correctness of the 
model cannot be proved directly, unless 
samples that contain only one component 
are available. However, indirect proofs 
are provided by the consistency tests 
discussed above, and the compatibility of 
the solution with current rock magnetic 
models and the solutions provided by 
different group of samples.

Example of GLU: pedogenic low-
coercivity minerals

The formation of new magnetic 
minerals in soils has been object of 
several enviromagnetic studies, and 
semiquantitative models for the magnetic 
pedogenesis in loess profiles have been 
used for paleoclimatic reconstructions 
(Evans and Heller, 2003). The GLU 
method is potentially useful for the 
refinement of these models since it 
allows a precise characterization and 
quantification of the pedogenic minerals. 
The mineralogy of lowcoercivity pedoge
nic minerals (magnetite/maghemite), 
their grain size distributions, and the 
eventual relationship with the climate can 
be addressed directly using the results of 
a GLU. As a demonstrative example, I 
will describe a simple application of the 
GLU method on a soil profile collected 
on the University of Minnesota’s St. 
Paul campus. The measurements on this 
and other profiles are a part of a wider 
project undertaken here at the IRM to set 
up a database of magnetic properties of 
natural and synthetic magnetic mineral 
assemblages (www.irm.umn.edu/bestia
ry/index. html). 

Standard magnetic measurements 
have been used to characterize the soil 

profile (Fig. 1). The results of these 
measurements support the hypothesis 
that all the ferromagnetic properties of 
the soil profile are described by a linear 
combination of three magnetic com
ponents, hereafter called parent sediment 
S (a Glacial Till), detrital minerals D, 
and pedogenic minerals P. Component 
S (coarse sand) disappears completely a 
few cm above the onset of a clay horizon 
at a depth of 90 cm.

D may originate from the magnetic 
minerals in S through weathering and 
sorting processes, while P is formed 
by the aqueous precipitation of iron 
minerals. The formation of P may or 
may not be mediated by the microbial 
activity in the soil. Furthermore, I 
assume that the ferrimagnetic properties 
of the minerals in D and P are constant 
through the profile. This is possible only 
if the ferrimagnetic minerals in D are 
not a source of iron for the formation 
of pedogenic minerals. Consequently, 
I assume that all these iron sources 
are paramagnetic at room temperature 
(e.g. iron silicates and iron oxyhydroxi
des), as suggested by the decrease of 
the paramagnetic susceptibility in the 
pedogenic layer (Fig. 1b). The existence 
of D and P and the invariability of their 
ferrimagnetic properties is the working 
hypothesis (to be verified) on which the 
GLU is based.

The GLU of this example is based 
on the following measurements: (1) AF 

demagnetization of ARM, ARM( )M H  
(Fig. 2a), (2) AF demagnetization of 

IRM, IRM( )M H  (Fig. 2c), (3) thermal 
demagnetization of an IRM imparted at 
4 K (after zero field cooling, ZFC( )M T

) (Fig. 4), (4) thermal demagnetization 
of a strongfield  TRM acquired while 
cooling in 2.5 T from room temperature 
to 4 K (field cooling, FC( )M T ) (Fig. 
4), and (5) lowfield susceptibility 
as a function of temperature T  and 
frequency f , lf ( , )T fc  (Fig. 5). The 
ARM measurements of two samples 
collected from the pedogenic layer (18 
cm depth) and the clay layer (70 cm 
depth), respectively, have been used to 
calculate the corresponding coercivity 
distributions ARM( )M H¢  (Fig. 2). The 
coercivity distribution of the low
coercivity minerals contained in D and P 
are modelled with a linear combination 
of generalized Gaussian distribution 
functions ( , , , , )SGG H q pm s  defined in 
Egli (2003), whereby m , s , q , and p  
are model parameters. Details about the 
minimization problem (2) with these 

model functions are given in box 2. The 

solution of (2) is:

F



Fig. 1 (right): Magnetic measurements on 
a soil profile taken in St. Paul University 
campus (Minnesota). Each segment of the 
plots represents one sample obtained from the 
homogenization of ∼100 g of dried material 
collected in the corresponding depth interval. 
(a) Low-field susceptibility, measured with 
a Kappabridge KLY-2. (b) Paramagnetic 
susceptibility, calculated from hysteresis loops 
measured at room temperature with a vibrat-
ing sample magnetometer. (c) Anhysteretic 
remanent magnetization (ARM) obtained with 
a 0.1 mT DC field and 200 mT peak alternat-
ing field (solid line). Dashed lines indicate the 
hypothetical contribution of three magnetic 
components labeled with S, D and P, respec-
tively. S is the parent sediment (a Glacial Till), 
D is a detrital component associated with clay 
minerals, and P is the pedogenic component. 
The horizontal dashed line marks the interface 
between the parent sediment and the overlying 
soil horizons. The linear combination of these 
components is responsible for the observed 
changes in the ferromagnetic properties with 
depth. Notice the decrease of the paramag-
netic susceptibility in correspondence of the 
pedogenic layer (7-23 cm). 

Fig. 2 (above): AF demagnetization curves of two samples of the soil profile collected at a 
depth of 18 cm and 70 cm respectively. (a) ARM imparted with a 0.1 mT DC field and a 200 
mT AF peak field, and (c) 200 mT IRM imparted with a pulse magnetizer. The corresponding 
coercivity distributions (b,d) have been calculated from (a) and (c) using the software CODICA 
(Egli, 2003). The measurements of the sample collected at 70 cm depth have been multiplied 
with the factor 1.33. The factor has been chosen according to the results of a GLU performed 
on the ARM measurements (see text). The difference between the curves of the two samples 
in each plot corresponds to the contribution of the low-coercivity pedogenic minerals. Notice 
that this contribution disappears both for the ARM and the IRM at fields >100 mT, as shown 
clearly in (c) and (d).

Fig. 3 (right): (a) Coercivity distributions of the component P calculated from a linear combination of 
the ARM and IRM measurements of the two samples of Fig. 2 (dashed lines), and the corresponding 
least-squares fits (solid lines) with the SGG function introduced by Egli (2003). The measurements have 
been normalized to a unit magnetization (i.e. the area under the curves is 1). The difference between 
measurement (dashed line) and model (solid line) is insignificant. The fitting parameters are 1.324m =

, 0.336s = , 0.542q = , and 2.02p =  for the ARM, and 1.269m = , 0.398s = , 0.569q = , and 
2.11p =  for the IRM. (b) Comparison of the median destructive field MDF and the ratio ARM /SIRMc  obtained for the components P and D in this paper (stars) with a 

summary of components compiled by Egli (2004). The dashed areas indicate groups of components formed by pedogenic and biogenically induced mineralizations (PEDO and 
BIM), detrital magnetites (DET), low-coercivity components in atmospheric dusts and loesses (DUST), magnetosomes (MTB1 and MTB2), and urban pollution (UP).
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(18) P D
ARM ARMARM

(70) P D
ARM ARMARM

4.26 1.21

0.10 0.91

c c c

c c c

= +

= +
 (5)

where ARMc  is the susceptibility of 

ARM, expressed in 
3 1m kgm -

. It is 

easy to show that 
P
ARMc  is given by the 

linear combination 
(18) (70)
ARM ARM1.33c c-

. If the magnetic properties of the two 
components P and D are identical in both 
samples, we obtain the general solution

P (18) (70)1.33m M M= -
 (6)

for the model function Pm  that 
describes a magnetic property M  of the 
component P. In this example, M  in 

(6) can be substituted with ARM( )M H  

and IRM( )M H  (Fig. 3a), FC( )M T  and 
ZFC( )M T  (Fig. 6a), and lf ( , )T fc  (Fig. 

6b,c).
The magnetic properties of P 

calculated with (6) are based on model 
functions used to describe the coercivity 
distributions of ARM of P and D. 
The model is acceptable only if the 
linear combination of measurements 

(18) (70)
ARM ARM1.33c c-

 is an exact multiple 
of a SGG function with appropriate 
parameters. This is the consistency 
check of equation (4), which is fulfilled 
with great accuracy (Fig. 3a). The 
median destructive field and the ratio 

ARM /SIRMc  of component P and 
D (Fig. 3b) are similar to the values 
obtained with component analysis on 
individual samples of various soils in 
Egli (2004).

The solution (6) applied to the 
susceptibility measurements provides 
an unexpected validation of the GLU 
method in this example (Fig. 6). The 
original susceptibility measurements of 
both samples show a set of characteristic 
peaks of the quadrature component 

( , )T fc¢¢  at 30 K and above 300 K, 
respectively. The interpretation of these 
peaks needs further investigation. The 
peaks above 300 K disappear completely 
in the solution for the pedogenic 
component, and the peaks at 30 K are 
almost completely removed as well. 
This is not a mere coincidence, since 

positive or negative peaks of 
Pc¢¢  can 

be recognized in hypothetical solutions 
P
ARMc =  

(18) (70)
ARM ARMcc c-

 with a factor 
1.33c ¹ . The residual features of the 

calculated properties of P around 30 K 
and at the Verwey transition show that 
the conditions for the application of 
the GLU are not perfectly valid in this 
example, probably because the magnetic 
properties of component D are not 
absolutely constant along the soil profile. 
It is reasonable to suppose a vertical 

gradient in some properties of component 
D, produced for example by grain size sor
ting. Better results are therefore expected 
if the GLU is applied to a narrower 
range of depth, for example between 9 
cm and 50 cm. However, exceedingly 
narrow depth ranges should be avoided, 
because the GLU of similar samples is 
very sensitive to the measurement errors 
and the natural random variability of the 
magnetic properties.

The results of Fig. 6 can be used 
to model the grain size distribution 
of component P. The calculation of 
grain size distributions from thermal 
measurements (e.g. ( )M T , ( )Tc  and 

( )Tc¢¢ ) is based on model curves for 
assemblages of identical magnetic 
particles. Let ( , )m T V  be a model curve 
for identical particles with volume V , 
and ( )s V  the distribution of volumes. A 
thermal measurements ( )M T  of particles 
characterized by a volume distribution 
( )s V  is given by:

0
( ) ( , ) ( )dM T m T V s V V

¥
= ò  (7)

I will use crude approximations to 
calculate the model function ( , )m T V  
for noninteracting StonerWohlfarth 
particles, which are characterized by the 
blocking temperature:

0 s K
B

B 02 ln( / )
VM H

T
k
m

t t
=

 (8)
(Dunlop, 1997), where sM  is the 
saturation magnetization, KH  is the 
microcoercivity, t  is the characteristic 
time of the experiment, and 0t  is the 
atomic reorganization time. The model 
function of zerofield curves is simply:

B1 , if  
( , )

0 , else

T T
m T V

<ìïï» íïïî  (9)
where BT  is given by (8). Using (79):

Bd ( )/d ( ( ))ZFC T T s V T T= =  (10)
A model for susceptibility curves is less 
intuitive. The quadrature component of 
particles with a blocking temperature BT  
is different from zero only at BT T» . 
Thus, the model function for ( )Tc¢¢  has 
a peak centered at BT . The width of this 
peak is proportional to BT , and the model 
function can be approximated by

B( , ) ( )Bm T V T T Td= -
 (11)

where d  is the Dirac function and  BT  is 
given by (8) (a more precise model is the 
subject of a paper in preparation). Using 
(7), (8), and (11):

B( ) ( ( ))T T s V T Tc¢¢ = =
 (12)

According to (10) and (12), an exact 
proportionality must hold between 
d ( )/dZFC T T

 and ( )/T Tc¢¢  for 

any assemblage of StonerWohlfarth 
particles. Indeed, the proportionality 
is verified for the calculated properties 
of component P at temperatures 

40 KT >  (Fig. 7a), but not for the 
individual samples. This means that 
only component P can be modelled as 
an assemblage of StonerWohlfarth 
particles. The grain size distribution 

is proportional to 
d ( )/dZFC T T

 or 
( )/T Tc¢¢ . On a logarithmic scale:

(ln ) Ts V T ZFC c¢¢µ ¶ µ
 (13)

with T  given by (8). To obtain a crude 
estimate of the grain size distribution, 
(13) is used with s 480 kA/mM = , 

K 50 mTH =  and 1 st =  (Fig. 7b). 
Hightemperature measurements are 
needed to complete the calculation of 
( )s V  for grain sizes 25 nm> . The 

measurement of more samples of this 
and other soil profiles is planned.

This example shows how the GLU 
can be used for a precise estimation 
of the magnetic properties of specific 
magnetic components. Particular 
features of the measurements can 
be used to check the validity of the 
solution. On the other hand, the GLU 
can be used to check the validity of 
current rock magnetic models and can 
contribute to their improvement.
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Fig. 5: Low-field susceptibility as a function of the temperature and the frequency for two samples of the soil profile collected 
at a depth of 18 cm (left) and 70 cm (right). Top: in-phase component, bottom: quadrature component of the susceptibility. 
The paramagnetic contribution has been estimated from hysteresis loops measured at 4 K and subtracted from the in-phase 
measurements. Notice the peaks of the quadrature susceptibility centered at 30 K and above 300 K, respectively (arrows). 
The origin of these peaks is unknown.

Fig. 6: Low-temperature properties of compo-
nent P, calculated according to equation (6) 
using the measurements shown in Fig. 4 and 
Fig. 5. Notice that the amplitude of the Vervey 
transition in (a) is much smaller than in the 
corresponding measurements of Fig. 4, and it 
is completely absent in (b) and (c). The peaks 
of the quadrature susceptibility above 300 K 
(Fig. 5) are absent as well. The peak at 30 K 
(arrow) is almost completely removed. See text 
for more details.
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Fig. 7: (a) Differential magnetic contribution 
d ( )/dM T T

 of component P as a function of tempera-
ture, calculated from the quadrature component of the susceptibility (solid line), and from the deriva-
tive of the zero-field cooling curve (circles). Both results has been normalized by their value at 400 
K. Zero-field cooling measurements between 90 and 130 K are affected by the Verwey transition and 
have been ignored. The two methods of calculating  agree for T>40 K. The disagreement below 40 K is 
interpreted as an artefact due to viscous effects in the zero-field cooling measurements. (b) Hypothetical grain size distribution (dots) calculated from (a) by assuming magne-
tite particles with a microcoercivty of 50 mT. The kink around 10 nm (arrow) is an artefact due to the peak of the quadrature susceptibility at 30 K, which was not completely 
removed. The dashed line is a possible model curve for the grain size distribution.


