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A FORC  in 
the Road?

1. Introduction

First-order reversal curves, called 
FORCs [Mayergoyz, 1986], have become 
popular in recent years as a tool for 
charac terizing the properties of synthetic 
and natural assemblages of mag netic 
particles. The analysis of FORCs, 
represented on a two-dimensional plot 
called a FORC diagram [Pike et al., 
1999], incorporates information about 
the statistical distributions of coer civities 

cH  and in teraction fi elds uH  in the 
sample. One dimension of the FORC 
dia gram is thus related to its “poor” 
cousin, the coercivity or switching 
fi eld distribution, obtai ned from the 
ana lysis of re manent magnetization 
curves [Proksch and Moskowitz, 1994; 
Robertson and France, 1994]. The 
science of FORCs is relatively recent and 
is evolving rapidly: numerical models 
of as sem blages of magnetic particles of 
different sizes – from viscous single-
domain (SD) to multido main – are 
revealing an unexpectedly rich “zoo” 
of FORC patterns [e.g. Carvallo et al., 
2003; Muxworthy et al., 2004; Newell, 
2005; Pike et al., 2001a; Pike et al., 
2001b]. Some particular patterns arise 
from the high degree of homo geneity that 
characterizes the “numerical” particles 
used in the mo dels. Ne vertheless, many 
features of the nume rical models have 
been observed in real sam ples, both 
synthetic [e.g. Muxworthy and Dunlop, 
2002] and natural [e.g. Roberts et al., 
2000; Wehland et al., 2005]. Since 
an inventory of FORC dia grams for 
natural sediments and rocks is at most 
in an embryonic stage, even the most 
simple question about the relevance of 
magnetostatic interactions in geologic 
materials cannot be yet answered. Yet 
interaction effects in natural sam ples are 
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an important aspect to consider in both 
rock magnetic and unmixing models. 
Interaction fi elds have strong effects 
on the properties of superparamagnetic 
(SP) assem blages, and on all types of 
weak-fi eld magnetiza tion processes 
(e.g. anhysteretic, chemical and thermal 
remanent magnetiza tions). Further mo re, 
magnetic interactions are a problem for 
people working with un mixing mo dels, 
since these models require that different 
magnetic components in a sample are 
non-interacting. 

To address some of the abovementioned 
questions, we are planning to perform 
systematic mea surements – FORCs 
among them – on a variety of selected 
synthetic and natural samples. Today 
we will travel down some back roads of 

FORCs related to interesting technical 
and scien tifi c aspects of measurements, 
data processing and interpretation. 

2. Measurement artifacts

The calculation of FORC distributions 
c u( , )H Hρ  involves the use of second 

derivatives of par tial hysteresis 
loops a b( , )M H H  with respect to 
the “preparation fi eld” aH  and the 
measuring fi eld bH . Any process of 
calcu lating a deri vative is compara ble to 
a high-pass fi lter that enhan ces the noise 
signal produced by measure ment er rors 
Mδ . A crude estimate of the resulting 

error in the FORC diagram is given by : 
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Fig. 1: (a) Standard deviation (SD) of FORC measurements performed on the VSM without the 
sample holder inserted. The horizontal dashed line refers to the nominal measurement error SD 
of the instrument. An increase of the apparent measured magnetic moment by one order of mag-
nitude in proximity of Hb=0 is evident. A correlation between the error SD and the applied fi eld 
exists at positive fi elds (see text for more details). (b) FORC diagram (Winklhofer and Zimanyi, 
in press) calculated from the measurements performed in (a). The absolute value of the FORC 
distribution is plotted. The scale is truncated at large values to show small features otherwise 
hidden by the major peaks along the diagonal defi ned by Hu=-Hc. (c) FORC measurements of 
sample BAIK that show mechanical stability problems. The partial hysteresis loops are infl ected 
near Hb=0 (arrow), where unblocked grains might have rotated. (d) FORC diagram of the mea-
surements shown in (c). The sample stability problems produced a series of peaks in the FORC 
distribution along the diagonal defi ned by Hu=-Hc.
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“Today we will 
travel down some 
back roads of 
FORCs related 
to interesting 
technical and 
scien tific aspects 
of measurements, 
data processing and 
interpretation.” 
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Visiting Fellows’ Reports

Jaroslav Kadlec (1,2)
Jimmy F. Diehl (1)

1) Michigan Tech-
nological University, 
Houghton, MI
2) Institute of Geol-
ogy, Prague, Czech 
Republic

Magnetic properties of 
fl oodplain deposits along the 
banks of the Morava River 
(Czech Republic)

The purpose of our ten day stay at the 
IRM in early September 2005 was to 
elucidate what magnetic minerals were 
contributing the magnetic signals carried 
by fi ne-grained fl ood sediments depos-
ited in the drainage basin (~10,000 km2) 
of the Morava River, Czech Republic. To 
that end we used the Magnetic Properties 
Measurement System (MPMS) by Quan-
tum Designs, the Lakeshore Cryotronics 
AC Susceptometer, and the low and high 
temperature Princeton MicroMag Vibrat-
ing Sample Magnetometers (VSM).  
Support for the project came from a 
NATO Post-Doctoral Research Fellow-
ship which brought J. Kadlec to MTU to 
work in the environmental magnetism 
lab with J. Diehl.  NATO Post-Doctoral 
Fellowships are administered by the 
National Science Foundation and were 
created by NATO to bring promising 
young scientists from NATO Partner 
counties who are less than fi ve years out 
from their Ph.D.  These fellowships were 
established by NATO to promote the 
progress of science and closer collabora-
tion between scientists and engineers of 
NATO Partner countries, and scientists 
and engineers in the United States; to 
recognize the accomplishments to date of 
beginning scientists and engineers; and to 
provide an experience in the U.S. which 
will increase professional competence.

Our samples were collected at 3 vertical 
sections along the Morava River located 
at distances ~5 km downstream from one 
another.  At each section triplicate sam-
ples were collected at each stratigraphic 
level using plastic boxes (6.7 cm3) with 
a vertical separation of less than 0.5cm 

between sampling horizons for a total of 
1806 samples.  Radiocarbon ages deter-
mined from charcoal and wood fragments 
from the three sections indicate that these 
sediments span all of the Holocene.

Magnetic parameters determined at MTU 
such as mass specifi c susceptibility (χ), 
ARM, SIRM and their intraparametric 
ratios (ARM/SIRM, S-ratio) all show 
similar variations from section to section.  
Here we show only the variations in mass 
specifi c susceptibility, χ, for Section 3 
of our study (Fig. 1).  As seen in Figure 
1, the values of magnetic susceptibil-
ity are highest in the upper 50 cm of the 
section.  Susceptibility values then show 
a noticeable decrease downward in the 
section to 200 cm depth and then stay 
low throughout the rest of the section 
decreasing to the lowest values at the 
bottom of the section.  S-ratios near 0.9 in 
the upper 50 cm suggest the presence of 
a low coercivity mineral as the cause of 
the highest susceptibility values but drop 
to values of near 0.6 by 200 cm depth 
and then decrease to 0.5 at 300 cm depth.  
These low values of the S-ratio indicate 
the presence of a high coercivity mineral 
and may be the reason for the low suscep-
tibility values seen in this portion of the 
section.  Since magnetic susceptibility is a 
function of grain size, concentration, and 
composition of the magnetic carriers, we 
need to completely understand how these 
3 components contribute to the suscep-
tibility records measured in the fl ood 
sequences before applying any environ-
mental interpretation to our results.

First of all, we were interested in how 
much the high fi eld susceptibility, 
infl uenced by paramagnetic minerals or 
goethite content, contributes to the mass 
susceptibility values. Based on hysteresis 
data gained at room temperature at Michi-
gan Tech we knew that paramagnetic 
or high coercivity components strongly 
dominate especially in the lower portions 
of the sections. Both low and high tem-
perature VSM measurements conducted 
on the MicroMags at the IRM verifi ed 
a signifi cant paramagnetic contribution 
to the mass susceptibility. The high fi eld 

susceptibility values vary between 3 and 
10 x 10-8 m3kg-1 and generally correlate 
with the mass susceptibility variations 
shown in Figure 1.

To diagnose the magnetic carriers in 
our samples we used MPMS to evaluate 
(1) the magnetization acquired in a 2.5 
T fi eld while cooling a portion of the 
sample from 300K to 20K (FC), (2) the 
thermal demagnetization of a 2.5 T IRM 
imparted at 20K (ZFC), (3) the low-tem-
perature cycling of a 2.5 T IRM acquired 

at room temperature (RTSIRM).  RT-
SIRM-ZFC sweeps show the presence of 
an oxidized magnetite in the upper ~50 
cm in all sections and in several underly-
ing coarser sandy horizons.  Drops in 
RTSIRM-ZFC magnetizations at 120 K 
indicate a suppressed Verwey transi-
tion (Fig. 2) suggesting the presence 
of low temperature oxidized magnetite 
(Özdemir et al., 1993).  The same order-
ing related to the Verwey transition is 
revealed by a susceptibility increase at 
about 120K measured on the LakeShore 
(Fig. 3).  However, at depths greater than 
50 cm in all sections our ZFC-RTSIRM 
and FC-ZFC-RTSIRM sweeps, the 
goethite starts to appear.  Below 200 cm 
depth in the sections goethite becomes 
the predominant magnetic phase.  Figure 
4 shows data of FC-ZFC-RTSIRM 
sweep for a sample located 125 cm 
below the fl oodplain surface.  The large 
difference (~4x) in the FC magnetization 
at 20K and the ZFC magnetization at 
20K as well as well as the large increase 
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Figure 1.  Mass susceptibil-
ity variations as a function 
of depth for Section 3.

0

0.0005

0.001

0.0015

0.002

0.0025

0 50 100 150 200 250 300

Temperature (K)

M
ag

ne
tiz

at
io

n 
 (A

m2 /k
g)

0

0.0002

0.0004

0.0006

0.0008

0.001

M
ag

ne
tiz

at
io

n 
(A

m2 /k
g)

ZFC RTSIRM

Figure 2.  RTSIRM-
ZFC results for 
sample sec3.c102.3.a 
(Section 3, 102.3cm 
below fl oodplain 
surface).
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Figure 3.  In-phase and quadrature AC  
susceptibilities as a function of temperature 
for sample sec3.c102.3.a (Section 3, 102.3cm 



in RTSIRM on cooling suggests goethite.  
The presence of goethite throughout most 
of our section made it impossible to get 
meaningful Day plot information (Day et 
al., 1977) from our VSM data.  Lastly, a 
steep magnetic moment drop between 20 
and 50K on ZFC curves determined on 
sediments from the lower portion of sec-
tions (Fig. 5) could indicate a presence of 
ilmenite, which is ordered at 47K.

Most of the LakeShore results indi-
cate a predominance of paramagnetic 
component in the magnetic signal. This 
paramagnetic infl uence often masks the 
ferrimagnetic signal. For example, the 
RTSIRM-ZFC sweep magnetic moments 
measured in the sample c32.8 (Section 3) 
indicate presence of the oxidized magne-
tite in the material (Fig. 6). However, the 
LakeShore susceptibility record from the 
same sample shows only paramagnetic 
component without any indication of 
in phase susceptibility increase caused 
by the Verwey transition. However, the 
presence of low-temperature oxidized 
magnetite was documented by the Curie 
temperature value (578ºC) revealed by 
thermal demagnetization conducted in 
the MTU lab on the magnetic extract 
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Figure 4.  FC-ZFC (left-axis)-RTSIRM (right-axis) sweeps for sample 
sec3.c125.7.a located 125.7 cm below present-day fl oodplain surface.
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from the same stratigraphic horizon. 
The LakeShore frequency dependent 
susceptibility values do not indicate a 
signifi cant content of superparamagnetic 
particles in the sediments. 

A preliminary interpretation of data 
gained in the IRM allows us to sketch 
following conclusions:

1.  The paramagnetic infl uence strongly 
dominates in the fl ood sediments through 
all three sections masking the ferrimag-
netic signal. The paramagnetic iron is 
most probably in clay minerals. Expand-
able clay minerals smectite and vermicu-
lite were identifi ed in the sediments by 
the X-ray diffraction. There is a general 
positive correlation between expand-
able clay mineral content and the mass 
susceptibility variations and negative 
correlation between the clay mineral con-
tent and sediment grain size in the upper 
200cm of the sections.

2.  Goethite is a common iron oxyhy-
droxide presented in the fl ood sediments.  
The concentration of goethite increases 
downward in the sections.  The goethite 
could be a product of dissolution of iron 
oxides and consequential iron precipita-
tion under redox conditions in the fl ood 
plain environment (Breemen, 1988; 
Thompson and Oldfi eld, 1986), or the 
goethite could be eroded and re-depos-
ited from goethite-rich loess deposits 
covering large areas in the Morava River 
catchment. The indication of ilmenite 
presence (a common mineral in central 
European loesses) would support the 
later possibility.

3.  Detrital magnetite grains are partly 
oxidized to maghemite, which suppresses 
the Verwey transition. We surmise that 
cultivation of arable soil exposed magne-
tite grains that were then oxidized during 
erosion, transportation and re-sedimenta-

tion in the fl ood sequences.  The increase 
of χ and other magnetic parameters in 
the uppermost 200 cm of each section is 
most probably the consequence of more 
intense erosion caused by agriculture 
activities, which were triggered by medi-
eval colonization in the central Europe.

It is our pleasure to thank Mike Jackson, 
Peter Solheid and Brian Carter-Stiglitz 
for their instructions in using the IRM 
instruments and their help in interpreting 
the measured data.  Lastly, we’re still 
trying to analyze all the data from our 
68 Mbyte Excel fi le.  We really haven’t 
spent much time looking at the VSM 
now that J. Kadlec is back in the Czech 
Republic, but hope to present that data at 
the next Castle Meeting.
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Current Articles
Note: Due to space limitations which 
have recquired the exclusion of an ever 
increasing number of superb abstracts, 
starting this issue most abstracts will 
no longer be printed in the Quarterly.  
Instead we will print a bibliography of 
current research articles.  The complete 
abstract text can be found at: www.irm.
umn.edu/abstracts.    It is our hope that 
readers check the site frequently as it 
will be continuously updated as articles 
enter into the databases.  We expect that 
the web-page will be a useful tool for 
keeping on top of the magnetic litera-
ture.  Finally, selected “editor’s choice” 
abstracts will be printed in full.  Please 
send comments or questions to the editor.

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, chemistry, and materials-sci-
ence journals. Most abstracts are taken 
from INSPEC (© Institution of Electrical 
Engineers), Geophysical Abstracts in 

Press (© American Geophysical Union), 
and The Earth and Planetary Express (© 
Elsevier Science Publishers, B.V.), after 
which they are  subjected to Procrustean 
culling for this newsletter. An extensive 
reference list of articles (primarily about 
rock magnetism, the physics and chemis-
try of magnetism, and some paleomagne-
tism) is continually updated at the IRM. 
This list, with more than 5200 references, 
is available free of charge. Your contribu-
tions both to the list and to the Abstracts 
section of the IRM Quarterly are always 
welcome.  
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2005.
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2005.
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and T. Furubayashim, Extraction of 
blocking temperature distribution 
from zero-fi eld-cooled and fi eld-
cooled magnetization curves, IEEE 
Transactions on Magnetics, 41 (10), 
3394-3396, 2005.

Environmental Magnetism and 
Paleoclimate Proxies

Bloemendal, J., and X.M. Liu, Rock magne-
tism and geochemistry of two plio-pleis-
tocene Chinese loess-palaeosol sequences 
- implications for quantitative palaeopre-
cipitation reconstruction, Palaeogeography 
Palaeoclimatology Palaeoecology, 226 
(1-2), 149-166, 2005.

Demory, F., H. OberhAnsli, N.R. Nowaczyk, 
M. Gottschalk, R. Wirth, and R. Naumann, 
Detrital input and early diagenesis in sedi-
ments from Lake Baikal revealed by rock 
magnetism, Global and Planetary Change, 
46, 1-4, 2005.

Kissel, C., Magnetic signature of rapid cli-
matic variations in glacial North Atlantic, a 
review, Comptes Rendus Geoscience, 337 
(10-11), 908-918, 2005.

Kumar, A.A., V.P. Rao, S.K. Patil, P.M. Kes-
sarkar, and M. Thamban, Rock magnetic 
records of the sediments of the eastern 
Arabian Sea: Evidence for late Quaternary 
climatic change, Marine Geology, 220 (1-
4), 59-82, 2005.

In the 16th century, Catherine de Medici brought some of the Italian 
Renaissance to the rest of Europe by introducing the table fork to 
France.  In the 20th century, Christopher Pike, et al., introduced the 
FORC to the Rock Magnetic community.



Extraterrestrial Magnetism
Arkani-Hamed, J., Magnetic crust of Mars 

- art. no. E08005, Journal of Geophysical 
Research-Planets, 110 (E8), 2005.

Connerney, J.E.P., M.H. Acuna, N.F. Ness, G. 
Kletetschka, D.L. Mitchell, R.P. Lin, and 
H. Reme, Tectonic implications of Mars 
crustal magnetism, Proceedings of the Na-
tional Academy of Sciences of the United 
States of America, 102 (42), 14970-14975, 
2005.

Dunlop, D.J., and J. Arkani-Hamed
Magnetic minerals in the Martian crust 
Journal of Geophysical Research-Planets, 110 
(E12), 2005.
Using rock magnetism and thermal modeling, 
we evaluate the candidate minerals respon-
sible for strong magnetic anomalies in the 
Terra Sirenum and Terra Cimmeria regions 
of Mars’ southern highlands. We assume an 
early global dynamo fi eld similar in strength 
to the present Earth’s fi eld, enduring about 
500 Myr after accretion and core formation, 
and a basaltic crust containing no more than 
4 - 7 weight% of magnetic minerals. Thermal 
evolution models with a wide variety of initial 
crustal thicknesses, distributions of radioac-
tive elements, and thermal expansion coef-
fi cients all yield similar thermal histories for 
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Myr was in part thermally demagnetized by 
general crustal warming after the dynamo 
fi eld disappeared, from 500 to 1000 Myr. 
The Curie point isotherms around 1000 Myr 
established the maximum depth of TRM-bear-
ing crust. Shock and heating due to impacts 
demagnetized the uppermost similar to 10 km 
of the crust around the same time, resulting in 
potential magnetic layer thicknesses of 15 - 20 
km for pyrrhotite, 40 - 50 km for magnetite, 
and 50 - 60 km for hematite. Other magnetic 
phases, such as iron and fi nely exsolved low-Ti 
titanohematite, are possible but less likely in a 
basaltic crust under oxidizing conditions. The 
prime candidates, in order of likelihood, are 
single-domain magnetite (0.2 - 0.4 volume% 
or 0.4 - 0.8 weight% required), single-domain 
pyrrhotite (1 - 2 volume% or 2 - 4 weight%), 
and either multidomain (> 15 mu m) or 5 - 15 
mu m single-domain hematite or a mixture 
of both ( 1.5 - 3 volume% or 3 - 6 weight%). 
A composite source with different combina-
tions of these minerals at different depths is 
entirely possible. Viscous decay of TRM is 
diffi cult to assess without detailed knowledge 
of the distribution of minerals and blocking 
temperatures with depth but would increase 
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come to be known as the geocentric axial 
dipole hypothesis. The GAD hypothesis is the 
principle on which paleogeographic recon-
structions rely to constrain paleolatitude. For 
decades, there have been calls for permanent 
non-dipole contributions to the time-averaged 
fi eld. Recently, these have demanded large 
contributions of the axial octupole, which, if 
valid, would call into question the general 
utility of the GAD hypothesis. In the process 
of geological recording of the geomagnetic 
fi eld, “Earth fi lters” distort the directions. 
Many processes, for example, sedimentary 
inclination fl attening and random tilting, can 
lead to a net shallowing of the observed direc-
tion. Therefore, inclinations that are shallower 
than expected from GAD can be explained 
by recording biases, northward transport, or 
non-dipole geomagnetic fi elds. Using paleo-
magnetic data from the last 5 million years 
from well-constrained lava fl ow data allows 
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the construction of a statistical geomagnetic 
fi eld model. Such a model can predict not only 
the average expected direction for a given 
latitude, but also the shape of the distribution 
of directions produced by secular variation. 
The elongation of predicted directions varies 
as a function of latitude (from signifi cantly 
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tor to circularly symmetric at the poles). Sedi-
mentary inclination fl attening also works in 
a predictable manner producing elongations 
that are stretched side to side and the degree 
of fl attening depending on the inclination of 
the applied fi eld and a “fl attening factor” f. 
The twin tools of the predicted elongation/in-
clination relationship characteristic of the 
geomagnetic fi eld for the past 5 million years 
and the distortion of the directions predicted 
from sedimentary inclination fl attening allows 
us to fi nd the fl attening factor that yields cor-
rected directions with an elongation and aver-
age inclination consistent with the statistical 
fi eld model. The method can be tested using 
sediments deposited in a known fi eld. Applica-
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method to two magnetostratigraphic data sets 
from red beds in Asia and Pakistan brings the 
inclinations into agreement with those pre-
dicted from modern GPS measurements and 
from global paleomagnetic data. There ap-
pears to be no compelling reason at this time 
to abandon the geocentric dipole hypothesis, 
which has provided such an excellent working 
model for so long.
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Fig. 2: FORC diagrams of four samples of the magnetotactic bacterium MV1 prepared using dif-
ferent techniques (see text). (a) MV-1 cells dispersed in pure kaolin. (b) Freeze-dried MV-1 cells. 
(c) Extracted MV-1 magnetosomes. (d) Extracted MV-2 magnetosomes. The “noisy” appearance 
in (a) arises from the much smaller magnetic moment of this sample.

FORCs . . .

(1) 

where HΔ  is the resolution expected 
from the FORC diagram (typically <10% 
of the coerci vity of the sample), which 
is related to the so-called smoothing 
factor (SF) used by FORC programs to 
process the data [Pike et al., 1999]. On 
the other hand, a FORC distribution has a 
ty pical ampli tude ρ̂  that de pends on the 
saturation remanence rsM  of the sample 
(in 2 1Am kg− ), its mass m  (typically 0.3 
g for a VSM sample, and 10-20 mg for 
a sample suitable for the AGFM), and 
the standard devia tions c c( )H Hσ ≈  and 

u( )Hσ  of cH  and uH , respectively:

(2)

     

Acceptable FORC diagrams are 
obtained when the signal-to-noise 
ratio ˆ/  is large, typi cally >10. For 
example, common freshwater and 
marine sediments, and many soils, 
are characterized by c( ) 30 mTHσ ≈
, u( ) 10 mTHσ ≈ , 5 mTHΔ ≈ . 
Using (1-2) we obtain ˆ/ 0.04 - 4  
in the case of VSM measurement                        
( 0.3 gm = , 25 nAmMδ = ), 
and ˆ/ 1-100  in the case of 
AGFM measurements ( 20 mgm = , 

210 pAmMδ = ). A rule-of-thumb for 
the feasibility of FORC measurements is 
given by the comparison of equations (1) 
and (2), which yields:

(3)

Systematic errors are obviously not 
included in this crude error analysis. 
Since we experien ced several problems 
in measuring weak sediments that were 
not explained by ran dom measurement 
errors, we decided to investigate possible 
systematic error sources. We did not make 
signifi cant progress until one of us started 
a FORC measurement and forgot to turn 
on the sample vibration on the VSM 
(a beautiful example of serendipity). 
Surprisingly, the partial hysteresis 
loops were not “fl at” as expected. On 
the contrary, the measurements showed 
a sharp peak in proximity of b 0H =
, whose amplitude was 20 times larger 
than the expected measurement noise. 
Excited by this disco very, we repeated 
the experiment (this time intentionally), 
without the sample holder moun ted, 

and obtained the same result (Fig. 1a). 
Two systematic features characterize 
the partial hysteresis loops: (1) a peak 
that occurs always at b0 10 mTH< <
, whose amplitude can be posi tive 
or negative, and (2) a random noise 
signal that corre spo nds to the manufac-
turer’s specifi cations at negative fi elds, 
superimposed on an additional noise 
signal with a stan dard deviation of 

2100 nAm /T , which was proportional 
to the positive applied fi eld. Curiously, 
the peak in proximity of b 0H =  was 
systematically observed only with one of 
our two Micro Mag VSMs (namely the 
high-temperature VSM here at the IRM). 
Therefore, all measurements presented 
in the following have been performed 
on our other MicroMag VSM or on the 
AGFM.

[Editor’s Note: IRM staff is currently 
working with Princeton in order to 
understand the source of this peculiar 
noise pattern.  The magnet power-
supply, vibration head, and controller 
have all been ruled out as the source.  
The noise “glitch” at zero-fi eld is thus 
from one of the following components: 
the sensing coils, the pre-amplifi er, or 
the magnet.]  

The systema tic offset of the peak toward 
positive fi elds is probably related to the 
direction of measure ment of the partial 
hysteresis loops, with bH  increa sing 
from negative to positive fi elds.

The typical FORC diagram that results 
from our “empty” runs is characterized 
by an alterna tion of narrow positive 
and negative peaks located along the 
diagonal u cH H=− , super imposed on 
a background noise that is proportional 
to cH  (Fig. 1b). This noise pattern is 
effectively described by:
 

(4)

with (.)δ  being the Dirac δ-function, 
SF the smoothing factor used for the 
data processing, and the empirical 
constants 25 nAma = , 2100 nAmb = , 

210 nAm /Tc = .

In addition to possible instrumental 
effects, we found yet another source of 
artifi cial features in FORC diagrams 
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Fig. 3: FORC diagrams of two anoxic lake sediments described in Egli [2004]: (a) sample AR23 
from the Aral lake (Uzbekistan/Kazakstan), and (b) sample BAIK-GR from lake Baikal (Russia). 
(c) Cross-section of the FORC distribution (solid line) along the dashed line defi ned by Hc = 
55mT in (b). The dashed line a best-fi t obtained using equation (6) with Hd= -3mT and αMeff = 
18mT.
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“We did not make 
significant progress 
until one of us 
started a FORC 
measurement and 
forgot to turn 
on the sample 
vibration on the 
VSM . . .”



when measuring a powdered sediment 
sample from lake Baikal (Russia). The 
pow der was pressed in a gelatin capsule 
and mounted on the sample holder 
of the VSM. Since the sam ple was 
magnetically weak, we stacked several 
repeated FORC measurements for the 
purpose of increasing the signal-to-noise 
ratio. Surprisingly, systematic artifacts 
ap pea red at b0 10 mTH≤ ≤  during the 
second and all successive mea sure ment 
(Fig. 1c). These artifacts are refl ected in 
the correspon ding FORC diagrams as a 
sequen ce of peaks located along the dia-
gonal u cH H= − . Suspecting a possible 
mechanical instability of the sample, 
we repacked the sample after mixing 
the sedi ment with powdered calcium 
fl uoride, and repeated the measure ments. 
The repacked sample was stable, even 
after several measurements, and the 
corresponding FORC diagram did not 
show any localized peaks at u cH H= − .

The two examples discussed above show 
that measurement artifacts are associated 
with characte ristic features of the FORC 
diagram that can be misinterpreted. For 
example, localized contri butions to the 
FORC distribution along the diagonal 

u cH H= −  have been predicted for 
assem blages of pseudo-single-domain 
particles [Carvallo et al., 2003]. On the 
other hand, similar fea tures might be 

observed when measuring weak samples 
or mechanically unstable powders with 
the VSM. Therefore, we recommend 
always to exclude possible artifacts 
inherited in the instru ment or the sample 
itself, before detailed features of FORC 
diagrams are interpreted.

3. Effect of sample preparation

Now we will show how different 
methods of preparing a sample can affect 
the geo metrical arran gement of the 
magnetic particles, producing different 
distributions of interac tion fi elds. The 
star ting material for the examples shown 
here is an aqueous suspension of cultured 
whole cells of the magne totactic bacte-

rium MV-1 or MV-2. Each cell contains 
a single chain of single-domain (SD) 
magnetite mag neto somes. In order to 
perform measurements at room tempera-
ture, the aqueous cell suspension 
must be processed to immobilize the 
magnetosome chains. We tested three 
different sample prepa ration methods 
that have an increasing effect on the 
arrangement and the integrity of the 
chains. This example has relevance to 
synthetic sample preparation techniques 
and their subsequent mag netic 
measurement, which is routinely used as 
a reference and some ti mes as analogues 
to natural samples.

The fi rst sample was prepared by mixing 
a few ml of the cell suspension with 
a dense slurry of pure kaolin powder 
and distilled water. The mixture was 
then dried in air at room temperature. 
The powder obtained after drying was 
packed in a gelatin capsule and measu-
red (Fig. 2a). This preparation method 
produces samples that are similar to 
dried or freeze-dried clay-rich sediments. 
The concentration of magnetite was 
approximately 25 ppb by weight. The 
second sample was prepared by direct 
freeze-drying of the whole cell sus-
pension. In this case, the concentration 
of magnetosomes in the sample is much 
higher, typically 1-2% by weight (Fig. 
2b). The chains are expected to be mostly 
intact, since the chain confi guration 
and the magnetosome membrane give 
some mechanical stability to the chains 
[Shcherbakov, 1997]. The dis tan ce 
between the chains is controlled by 
the amount of dry cell material in the 
sample. The last two sam ples were 
obtained by extracting the magne to somes 
from the cells using a French press. 
The sam ples are powders containing 
magnetosomes, presumably still partially 
arranged in strongly bent or collapsed 
chains (Fig. 2c,d).

The FORC distribution of the fi rst 
sample shows a small dispersion along 

uH  that results from the smoothing 
factor used to process the data. It is 
similar to FORC diagrams calculated 
for non-interacting SD particles with a 
narrow size di stribution [Muxworthy et 
al., 2004]. The strong posi tive interac tion 
fi eld within cha ins was not detectable 
in the FORC diagram, suggesting 
that the magne tosomes of each chain 
reverse collectively. The chains are 
thus mag netically identical to lar ge, 

Sample Description kARM/Mrs ratio, 
mm/A

MV-1-KAOL
MV-1-FDR
MV-1-EXT
MV-2-EXT
oxic lake sediments
AR23
BAIK-GR
P

intact cells dispersed in kaolin
freeze-dried cells
extracted magnetosomes
extracted magnetosomes
low organic matter content
anoxic sediment (lake Aral)
organic matter pellet (lake Baikal)
pedogenic component (St. Paul soil)

3.28
1.06
0.52
0.22
1-51,2

0.271,2

0.071,2

0.72

Table 1

Table 1--The ARM ratio of some natural and synthetic samples. Values   are predi¬cted for non-
interacting Stoner-Wohlfarth particles.
1 from Egli [2004]
2 Calculated for the sum of the two biogenic components BS and BH
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Fig. 4: FORC diagrams of soil samples collected from the St. Paul soil pit. The diagrams have 
been obtained by stacking the results of 9 independent measurements performed with the AGFM. 
The stacking procedure was necessary to increase the signal-to-noise ratio. (a) Sample STPL18, 
collected in the B-horizon at 18 cm depth. (b) Same FORC diagram as in (a), with Hc plotted 
on a logarithmic scale. The rescaled FORC diagram shows more clearly the existence of two 
com¬ponents. (c) FORC diagram of sample STPL70, collected in the C-horizon at 70 cm depth. 
Notice the larger contribution of the low-coercivity component in this sample with respect to (b). 
(d) FORC diagram of the pedogenic component P, calculated according to equation (6). Notice 
that the low-coercivity components is completely absent, and the FORC distribution is concen-
trated along the Hc -axis. The residual dispersion along Hu is an artifact of the smoothing factor 
used in the data processing.

“The strong posi-
tive interac tion 
field within cha ins 
was not detectable 
in the FORC 
diagram . . .”
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non-interacting uniaxial SD particles, 
as demonstrated independently with 
mea surements performed on indi vidual 
magneto tactic bacteria [Penninga et 
al., 1995]. The FORC distribution of 
freeze-dried cells gives evidence of 
a small interaction fi eld, as expected 
from the smaller distances between the 
chains produced by the shrinkage of 
the cells. The diffe rence in coercivity 
between the two samples is related to the 
fact that they have been prepared from 
different batches of MV-1. The FORC 
diagram of the extracted magnetosomes 
is dra stically different from the other 
two sam ples. Two com ponents can be 
clearly recognized: a low-coercivity 
distribution that peaks at c 30 mTH =  
and is strongly interacting, and a high-
coercivity distribution whose FORC 
distribution is very similar to that of 
freeze-dried magne tosomes. The relative 
contribution of the two components 
is different in the two samples. We 
hypothesize that the low-coercivity 
compo nent is produced by collapsed 
chains that form clusters of closely 
packed mag netosomes. On the other 
hand, the high-coercivity component 
suggests that some chains survived the 
extraction pro cess and maintained their 
original mag netic properties, with little 
infl uence from the sur rounding mag-
netosomes. It is not clear if the organic 
matter was completely removed by 
the extraction process: intact chains 
could be pos sibly still surounded by 
cell material. The increasing interac tion 
fi eld in the four samples affects strongly 
the ratio ARM rs/k M  (ARM ratio) of the 
suscep tibility of anhys teretic rema nent 
magnetization ( ARMk ) to the satura tion 
remanent magnetiza tion (Tab. 1).

4. Interactions in sediments 

The most immediate application of 
FORC measure ments is the characte-
rization of magneto static interactions. 
Other possible applications, such 
as granulometry and unmixing, are 
cur rently under deve lopment. In the 
following, we present two examples 
related to the determi nation of magneto-
static interactions and the solution of 
unmixing problems.

Detailed coercivity analysis of lake 
sediments have been used to unmix their 
remanence pro perties [Egli, 2004]. Up 
to 60% of the remanent magnetization 
at room temperature is carried by fossil 
magnetosomes. Egli [2004] calculated 
room-temperature magnetic properties 
of the mag neto fossils in sediments, such 
as the median destructive fi eld (MDF) 
and the ARM ratio. The ARM ratio, 
was found to be gene rally consistent 
with the lar ge va lues predicted for 
non-interac ting, uniaxial SD particles 
[Egli and Lowrie, 2002]. How ever, 
signifi cant exceptions were found in 
some anoxic sediments, where the ARM 
ratio of the magnetofossils was up to two 
orders of magnitude smaller, while the 

corre spon ding coer civity distributions 
remained unchanged. This result cannot 
be explai ned in terms of changes in the 
grain size of the fossil magnetosomes. A 
decrease in grain size could be expected 
to arise from a partial dissolution of 
the magnetosomes under reductive con-
ditions. However, grain size changes are 
reliably tracked by other parameters, 
such as rs s/M M  and the coerci vity, 
which did not show any signifi cant 
variation. Another expla nation for the 
obser ved drop in ARM rs/k M  is related 
to magnetostatic interactions: low-fi eld 
magnetizations, such as ARM, are dra-
stically lowered by even small interaction 
fi elds [Sugiura, 1979]. To verify this 
hypothesis, we mea sured FORCs of 
two lake sediments described in Egli 
[2004], whose ARM ratio is lowered by 
a factor 10 and 100, respectively (Fig. 3). 
The sample with the lowest ARM ratio 
(BAIK-GR) is a pellet of organic matter 
characterized with 2

rs 2.56 Am /kgM =  
and rs s/ 0.44M M = . The distribution of 

uH  in this sample (Fig. 3c) is compatible 
with the calculated distribution i( )HI  of 
interaction fi elds iH  along a given direc-
tion in a random assem blage of magnetic 
parti cles:
 
(5)

where dH  is the demagnetizing fi eld, 
eff sM M≥  is the effective value of sM  at 

the location of the magnetic particles, and 
(ln(2 3)/(2 3) 1)/12 0.36α π= + + ≈  

is a geometric fac tor [Egli, paper in 
prepara tion]. If the magnetic particles 
are homogeneously distributed within 
the whole sample eff sM M= . A best 
fi t of equation (5) to the cross-section 
of the FORC diagram shown in Fig. 
3c yields 0 eff 18.1 mTMμ α = , or 

eff 40 kA/mM = . Using the den sity 
of magne tite, 2

eff 8.1 Am /kgM = . For 
comparison, 2

s 5.8 Am /kgM = , only 
28% less than effM . The other sample, 
AR23, shows a considerably smaller 
interaction fi eld, as expected from its hi-
gher ARM ratio.

FORC measurements allow us to confi rm 
that magnetostatic interactions are 
responsible for the lower values of the 
ARM ratio of magnetofossils observed 
in anoxic lake sedi ments. The reason 
for the higher local concentration of 
magnetofossils (e.g. clusters) in anoxic 
sediment is not clear. We hypo the size that 
microscopic organic remains buried in the 
sediment once hos ted very dense popu-
lations of magnetotactic bacteria which 
have been subsequently decom posed. 
Organic remains would be consumed 
by higher forms of life under more oxic 
conditions, before magnetotactic bacteria 
could grow on them, and are therefore not 
found in oxic sedi ments.

5. FORCs and unmixing

Our last FORCed road addresses the 
so-called linear unmixing problem. 
In the linear unmixing pro blem the 
magnetic properties of a natural sample 

are interpreted as a linear combination 
of mag netic components. A magnetic 
component is an assemblage of 
particles with a com mon origin and 
biogeochemical history (e.g. detrital 
magnetite, magnetoso mes, pedogenic 
mag netite). In this summer’s issue of 
the IRM Quarterly (vol. 15, 2005), 
the un mixing problem was discussed 
extensively for the example of a soil 
profi le collected on the University of 
Min nesota’s St. Paul campus. The linear 
additivity required by current unmixing 
mo dels is not guaranteed in the case 
of magnetostatic interactions between 
different com ponents. Further more, 
interac tion effects within a component 
can affect drastically its mag netic pro-
perties and invalidate some identifi cation 
criteria. FORC diagrams can be very 
useful in this context, either as an inde-
pendent unmixing method, or as a tool 
for the quantifi cation of the interac tion 
fi eld. In the following, we will discuss 
these applications on the example of soil 
samples described in the summer issue 
of this journal. The soil profi le has been 
model ed using a linear combination of 
two components: detrital magnetite D 
resulting from the weathering of the 
parent sediment (a glacial till), and 
an assemblage P of low-coercivity 
pedogenic mine rals (oxidized magnetite 
or maghemite). The magnetic properties 
of a component, say P, can be calculated 
using an appropriate linear com bination 
of identical measurements per formed on 
samples with a different composition. 
For example, any magnetic property 

Pm  of the pe do genic component can 
be calculated using the following linear 
combination:

 
(6)

of measurements 18cmM  and 70cmM  
performed on two samples collected at 
18 cm depth in the B-horizon, and at 70 
cm depth in the C-horizon, respectively. 
To verify the validity of this unmixing 
model, we applied equation (6) to the 
FORC measurements of the two sam-
ples (Fig. 4). Since the samples were 
too weak to be measured on the VSM, 
we stacked multiple measurements 
performed with the AGFM. If 
magnetostatic interactions exist between 
components D and P, a FORC diagram 
of P calculated using (6) should reveal 
the presence of an interaction fi eld.

To visualize better some features of the 
FORC diagram and compare c( , 0)Hρ  
with coercivity distributions calculated 
from remanence curves, we introduce a 
rescaled FORC distribution c u( , )h Hρ , 
with c clogh H= . The rescaling rule for 
statistical distri butions gives:

 
(7)

so that the integrals of c u( , )H Hρ  and 
c u( , )h Hρ  over the area of the FORC 

2 2
d eff

1
( )

[1 ( ) /( ) ]
H

x H Mπα α
=

+ −
I

c c
c u u( , ) 10 ln10 (10 , )h hh H Hρ ρ=

P 18cm 70cm1.33m M M= −

“FORC 
measurements 
allow us to confirm 
that magnetostatic 
interactions are 
responsible for the 
lower values of the 
ARM ratio . . .”



Lehmann, Inge

b. May 13, 1888
d. Feb 21, 1993

In a landmark paper published in 1936, Inge 
Lehmann demonstrated the existence of the 
Earth’s inner core.  She argued that P’ waves 
were not the result of diffraction, as thought at 
the time, but were due to a discontinuity, now 
known as the Lehmann Discontinuity.  This ma-
jor work was accomplished during her 25-year 
tenure in what was essentially a staff-scientist 
position; original research was not one of her 
duties as a “para-scientifi c” nor was it encour-
aged.  The same could also summarize her 
contemporaries’ attitudes concerning her sex.

diagram are iden tical. The rescaled 
FORC distribution can be compared 
directly with coercivity distributions, 
which are usually plotted on a 
logarithmic scale. This representation 
has several advantages, in cluding the 
capability of discriminating magnetic 
components with large coercivity dif-
ferences. The FORC distributions of 
both soil samples are evidently bimodal. 
The low-coer civity contri bution is 
characterized by straight vertical 
contours of c u( , )H Hρ , which are cha-
racteristic for mul tidomain grains [Pike 
et al., 2001a]. On the rescaled FORC 
diagram both components are defi ne 
closed contours resembling ellipses.

The FORC distribution of P was 
calculated from the distributions of the 
two sam ples using (6). The distribution 
is unimodal, the low-coercivity 
contribution being completely suppres-
sed. The dispersion of uH  is small 
and compatible with the effect of the 
smoothing factor used to process the 
data (SF=5). We therefore exclude the 
presen ce of a large interaction fi elds in 
the space oc cupied by the pedogenic 
particles. All mag netic properties 
calculated so far for component P in 
the St. Paul soil profi le are perfectly 
com patible with those predicted by 
Néel’s theory for an as semblage of 
non-interacting super paramagnetic and 
single-domain grains. Among those 
pro perties, ARM rs/ 0.7 mm/Ak M > , 

and fd/ /2χ χ π′′ = , where χ′′  and fdχ  
are the quadra ture and the frequency 
dependence of the magnetic suscep-
tibility, respectively, measured over 
a range of temperatures. Since these 
results cannot be generalized, we plan to 
investigate systematically soils and other 
sediment samples.
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