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The earliest descriptions of magnetic anisotropy that 
I’m aware of appear in William Gilbert’s book On the 
Magnet, published more than 4 centuries ago.  Although he 
doesn’t actually use the word “anisotropy”, which didn’t 
exist until the mid 19th century, there are relevant ideas 
that come through clearly in his writing. 

For example, here is a passage describing the anisotro-
pic acquisition of thermoremanence (Fig. 1):  “Let the 
blacksmith beat out upon his anvil a glowing mass of iron 
… into an iron spike…. Let the smith be standing with his 
face to the north…, so that the hot iron on being struck has 
a motion of extension to the north. …it is demonstrable 
that all those which are thus beaten out … and so placed 
whilst they are cooling, turn about on their centres…, the 
determined end being toward the north...”  What he means 
by ‘turning about on their centers’ is that, if such a spike 
is mounted on a suitable pivot, or set to float on a piece of 
wood in water, it will act as a magnetic compass needle, 
spontaneously returning to the orientation that it had while 
cooling, because of  a strong and stable TRM component 
along its long axis. “Those, however, which are pointed 
or drawn out rather toward the eastern or western point, 
conceive hardly any verticity or a very undecided one.”  In 
other words, if they cool with the field along their short 
axes they acquire only a weak TRM and don’t have a 
strong tendency to orient in any particular direction in 
the Earth’s field.

In another passage he describes the magnetic intensity 
of lodestones as it relates to their shapes: “… a slightly 
longer stone attracts more than a spherical one… even if 
the stones are both from the same mine and of the same 
weight and size”.  Before I get to Gilbert’s explanation of 
this interesting observation, let me quickly refresh your 
memory about the modern textbook explanation of shape 
anisotropy for comparison.

Figure 2 shows an ellipsoidal particle, uniformly mag-
netized along its long and short dimensions.  Where the 
magnetization terminates at the surface of the grain, it can 
be imagined to result in the formation of magnetic poles 
or magnetostatic charges, which are the sources of the 
external H field and of the internal demagnetizing field.  
When the particle is magnetized along its long dimension, 
there is a relatively small fraction of the surface covered 
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with poles, and a relatively large separation of the + and – 
charges, so the magnetostatic potential gradient is shallow 
and the demagnetizing field is weak.  In contrast when M 
is along the short dimension, a larger fraction of the grain 
surface is covered with poles, and the separation between 
+ and – poles is small, so the demagnetizing 
field is strong;  this orientation is energetically 
unfavorable for the magnetization.

Now here’s how Gilbert explains it:  “The 
way from pole to pole is longer in a longer stone, 
and the forces brought together from other parts 
are not so scattered as in a round magnet….  A 
much weaker office, however, does a plane or 
oblong stone perform, when ... the pole … is spread 
over the flat... so that it is esteemed as one of an 
abject and contemptible class, according to its less 
apt and less suitable figure.”  The idea is clear: 
whatever natural process has magnetized the 
lodestones, it has operated more effectively along the long 
dimension of the stones.

Fig. 1.  A thermoremanent anisotropy experiment described by William Gilbert in 1600.  
When a red-hot iron spike is allowed to cool while pointing from the south (Auster) to the 
north (Septentrio), it acquires a strong remanence.  Cooling in the east-west orientation, 
with the long axis perpendicular to the ambient field, produces a much weaker TRM.
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Fig. 2.  Shape anisotropy derives from the fictitious magnetostatic poles 
that form at the discontinuity between a magnetic material (with mag-
netization M) and its surrounding nonmagnetic medium, which give rise 
to the demagnetizing field H
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Introduction
Widespread chemical remagnetizations affecting sedi-
mentary rocks are common processes in intraplate basins 
that reached a minimum of burial (i.e. few kilometers). 
This process consists in the neoformation of ferromag-
netic s.l. minerals, generally magnetite and pyrrhotite in 
carbonates and black-shales and pigmentary hematite in 
red-beds, related (among other factors) with the increase 
of the temperature (e.g. Van der Voo and Torsvik et al., 
2012, and references therein). Here in particular, we show 
rock magnetic results from Jurassic carbonates from the 
Central High Atlas basin (Morocco).
   These rocks show a homogeneous paleomagnetic 
behavior, with unblocking temperatures for the viscous 
paleomagnetic component up to 200-250ºC and for the 
characteristic paleomagnetic component between 250 
and 450-500 ºC. Both are carried by authigenic uniaxial 
SSD magnetite (with differences in grain size) formed 
during the remagnetization process (Calvín et al., 2018). 
The characteristic paleomagnetic component shows 
systematically normal polarity and the calculated mean 
remagnetization direction plots on the apparent polar 
wander path at ca. 100 Ma (Torres-López et al., 2014). 
Following this observation, the age of this remagnetiza-
tion has been assumed as ca. 100 Ma, i.e. during the 
Cretaceous Normal Superchron (CNS). However, if an 
increase of temperature related with burial was the trigger 
of the neoformation of the magnetite grains, they could 
have started to grow and to block their magnetic moments 
from the Middle-Upper Jurassic up to the inversion of the 
basin during the Cenozoic. 
   In view of these considerations, one of the main chal-
lenges studying chemical remagnetizations is to assess 
the timing under which these processes happened, i.e. 
short vs. long remagnetization periods. Then, we ask 
ourselves, is the remagnetization of the Central High Atlas 
just a punctuated process that happened around 100 Ma? 
Alternatively, is the ca. 100 Ma paleomagnetic direction 
just the average of magnetic moments of the entire SSD 
magnetite population that grew from the Middle Jurassic 
up to the Cenozoic? This question has its validity since 
the apparent polar wander path of Africa for this time 

Fig. 1: Hysteresis loops and low temperature curves showing different magnteic 
behaviors.

(Torsvik et al., 2012) shows, in the study area, a progres-
sive rotation without latitude change, and the CNS (and 
also the ca. 100 Ma age) is just in the middle of this time. 
Therefore, it is possible to imagine a model in which a 
constant and progressive growth and blocking of SSD 
authigenic magnetite grains records ‘normal and reverse 
magnetic moments’ and whose average was the CNS 
paleomagnetic direction.
   We try to assess the effectiveness of the SSD grains 
carrying the remagnetization to answer these questions; 
we compare the NRM and the ARM signal through the 
pseudo-Thellier approach (Tauxe et al., 1995). In this 
case, we use the Arai plot in order to observe differences 
in slope and/or behavior both at the sample scale (com-
paring slopes in different coercivity spectra) and between 
samples corresponding to different stratigraphic positions 
within the Jurassic sequence.

Experiments
During the short stay at the IRM we performed some 
measurements in 90 samples of Lower and Middle Ju-
rassic carbonates from the Central High Atlas. Across 23 
steps from 0 to 170 mT, samples were treated according 
to the following work routine in the 2G u-channel mag-
netometer: (i) AF demagnetization of the NRM, (ii) ARM 
acquisition using a constant DC field of 50 μT and (iii) 
AF demagnetization of the ARM.
   Additionally, several rock magnetic experiments were 
performed to monitor possible differences in rock mag-
netic properties between samples. VSMs (Princenton 
Measurements) were used to measure hysteresis loops, 
backfield curves and FORC diagrams. Low temperature 
curves of remanence (RTSIRM and ZFC) and suscepti-
bility were measured in the MPMS (Quantum Design).
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Fig. 2. The two end-member behavior: a,d) Arai plots; b,e) increment/decay of 
magnteization during ARM acquisition/AF demagnetization of NRM and 
ARM; c,f) orthogonal plot of the AF demagntetization of NRM.

Results
Rock magnetic experiments (Fig. 1) show variable pro-
portions of magnetite and pyrrhotite along the measured 
samples. This generates wasp-waisted hysteresis loops 
as a consequence of the presence of phases with differ-
ent coercivity, i.e. SP and SSD magnetite and pyrrhotite. 
Remanence cooling curves show either the Verwey and 
Besnus magnetic transitions (characteristic of magnetite 
and pyrrhotite respectively) or both, and susceptibility 
curves are highly frequency-dependent, as expected for 
both pyrrhotite and magnetite nano-particles. This behav-
ior is typical of chemically remagnetized rocks.
   Without considering outliers, Arai plots show two end-
member behaviors (Fig. 2). TL61 sample shows well dif-
ferentiated curve-sections with different slopes. The first 
one (4-15 mT) presents higher slope and corresponds to 
the viscous component in the demagnetization diagram, 
and the second one (20-70 mT) corresponds with SSD 
magnetite carrying the remagnetized component (accord-
ing to thermal demagnetization of the NRM). On the other 
hand, some samples show straight Arai plots that seem to 
correlate with straight demagnetization diagrams. Both 
in curved as in straight (from 0 to 70 mT) Arai plots, 
between 70 and 150 mT the slope is similar or greater 
than in the previous interval, and some samples are not 
fully demagnetized at 150 mT. We interpret this due to 
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the presence of a mix between magnetite and pyrrhotite 
(70-150mT) or only pyrrhotite (>150m mT). In the follow-
ing we only consider the interval between 0 and 70 mT, 
trying to exclude the pyrrhotite from the interpretations. 
 Those shown in the figure are end-members (for the 0-70 
mT interval) and different developments of the viscous 
component are observed along the studied samples. In the 
same way, this viscous component observed in the NRM 
can correlate either with the present-day geomagnetic 
field or with random directions probably acquired in the 
laboratory. Although the viscous component, when it is 
present, usually extends from 0 to 20 mT, it can appear up 
to higher fields and seems to correlate with the change in 
slope in the Arai plot. The possible correlation between 
changes in slopes with the viscous and the characteristic 
component could indicate a greater effectiveness at car-
rying the remanence of the viscous rather than the stable 
population of magnetite grains (with longer relaxation 
times). Considering that all magnetite grains have similar 
characteristics and their stability only depends on their 
size, the less effectiveness of stable grains can be due 
to a distribution of grains in normal and inverse polar-
ity groups, pointing to the long-remagnetization model. 
Additionally, we performed a rude correlation of slopes 
(20-70 mT) from the different samples that do not show 
any correlation with either age and/or sampling locality. In 
any case, more detailed treatments of the results are neces-
sary for the moment in order to solve the posed questions.
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It is experimentally shown that cyclic or fatigue loading 
may deteriorate the strength of rocks under conditions, 
where the nominal maximum stress values responsible for 
rock damage are much lower than the rock strength limit 
(Liang et al. 2012). In nature, rock fatigue can be triggered 
by seismic waves leading to earthquake propagation or 
volcano eruption. Therefore, to gain an insight into fatigue 
mechanisms, investigations of amplitude- and frequency-
dependent fatigue loading on the physical properties of 
rocks are of fundamental importance. However, no studies 
are known to show a magnetic response to seismic-related 
fatigue loading. The aim of this study is to test whether 
rock magnetic properties are sensitive to cyclic loading in 
the form of magnetic fatigue (MF) of magnetite. 
   For the magnetic measurements conducted at IRM, 
samples of a metamorphic quartz-magnetite banded iron 
ore described in detail elsewhere (Reznik et al. 2016) 
were cyclically compressed by an Instron Universal 
Testing Machine with 0.1 Hz. The first set of compres-
sion experiments was carried out during 1800 cycles at 
ambient conditions under 500°C using static stress of 70 
MPa and a modulated stress of 40 MPa. In these samples, 
using reflected light microscopy, we observed about 1 
µm thick lamellae of hematite along grain boundaries of 
magnetite. To eliminate the effect of oxidation on MF, 
the second set of experiments was carried out at 500°C 
but under controlled vacuum conditions. In this case, the 
static stress of 150 MPa was modulated with 30 MPa 
during 10000 cycles. Using room temperature hysteresis 
measurements and low-temperature magnetometry, the 
following samples were comparatively studied: a sample 
from the initial Norway ore (Nch sample), a sample com-
pressed static at 500°C in air (N500C sample), a sample 
cyclic loaded at 500°C in air (N500CL sample) and a 
sample cyclic loaded at 500°C in vacuum (NCLV sample).
   Figure 1 presents hysteresis behavior measured by a 
Princeton Measurements vibrating sample magnetometer 
(VSM). Figure 1a is a Day plot showing that compared 
to the initial MD magnetite (sample Nch), the remanence 
ratios of fatigued samples are slightly shifted towards 
the PSD field. This behavior suggests a refinement of 
magnetic domains. The positions of the oxidized samples 
N500C and N500CL lie close to those of the unoxidized 
Nch and NCLV samples, i.e. the presence of hematite 
cannot be definitely deduced from the Day plot (Fig. 1a). 
At the same time, remanence coercivity (Bcr) and rema-
nent magnetization (Mr) are more sensitive to the loading 
prehistory (Fig. 1b). Compared to the initial ore, Mr of the 
oxidized N500C sample is lower. This behavior can be 
related to magnetite oxidation while the Mr increase in the 
fatigued samples N500CL and NCLV can be ascribed to 

the increasing MF effect (Fig. 1b, red symbols). Similarly, 
the increase of Bcr in sample N500C can be attributed 
to partial magnetite oxidation, while its followed drop 
manifests again the MF effect. Note this effect is espe-
cially developed in the case of the NCLV sample, which 
was subjected to relatively high, 150 MPa loading. The 
coercivity distributions derived from backfield remanence 
data suggests that the MF corresponds to a refinement of 
magnetic domains (Figs.1c,d). Interestingly, the coerciv-
ity (Fig. 1d) lies near to coercivity values reported for 
pedogenic magnetite exhibiting magnetic behavior of 
superparamagnetic (<30 nm) or single domain (30-75 
nm) grains (Maxbauer et al. 2017). The trend in coercivity 
values (Fig. 1d) is in good accordance with the Day plot 
behavior suggesting refinement of magnetic domains in 

fatigued samples (Fig. 1a).
   Figure 2 illustrates magnetic properties extracted from 
low-temperature measurements using a Magnetic Property 
Measurement System (MPMS). Saturation isothermal 
remanent magnetization at room temperature (RTSIRM) 
was produced in a magnetic field of 2.5 T at 300 K. After 
saturation in the imparted field, the sample NCLV exhibits 
the highest remanence value (Fig. 2a). This behavior is in 
good accordance with the hysteresis behavior measured 
by VSM (Fig. 1b) and proves the onset of MF in the form 
of single-domain grains. Some features of the loading 
prehistory of samples can be studied from the evolution 
of the p-ratio (Fig. 2b) where magnetization at 20 K is 
related to magnetization at 300 K. Compared to the initial 
sample Nch, the p-ratio values of the oxidized samples 
N500CL and N500C are distinctly lower. At the same 
time, compared to the oxidized samples,  the p-ratio of the 
vacuum fatigued sample NCLV is higher and attributes to 
MF. During zero-field cooling (ZFC), all samples exhibit 
a relatively sharp Verwey transition (TV) close to 120 K 
(Fig. 2c). Using the first derivative of ZFC curves, the 
exact position of transition was determined (Fig. 2 d). 
The distinct drop in TV of oxidized samples indicates 

Fig. 2.Effect of loading conditions on hysteresis parameters. (a) Day plot; (b) 
Evolution of coercivity, Bcr (quadrats), and remanence, Mr (circles), values; (c) 
Example showing coercivity curves for Nch (black) and NCLV (red) samples; 
(d) Evolution of log B values.
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that the transformation into hematite occurs via oxidized 
magnetite while the NCLV sample does not show a change 
in TV compared to the initial sample. 
   This study demonstrates the influence of fatigue loading 
conditions on rock magnetic properties of a magnetite-
bearing ore. In the case of loading in a vacuum, magnetic 
fatigue is related to the refinement of magnetic domains 
exhibiting increased magnetic memory. When cyclic 
loading occurs at ambient conditions, magnetic fatigue 
in magnetite is accompanied by its partial transformation 
into hematite. The signals related to hematite, however, 
cannot be easily extracted from bulk magnetic methods 
because they are masked by the much stronger signals 
of magnetite. Thus magnetic data should be validated by 
a microstructural sensitive method like microscopy or 
x-ray diffraction. 
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Teasing out detrital and chemical remanence 
in hematite-bearing sedimentary rocks: in-
sights from fluvial intraclasts

Nicholas Swanson-Hysell, UC Berkeley
swanson-hysell@berkeley.edu

   In November of 2018, just prior to the Thanksgiving 
holiday, I had the opportunity to visit the Institute for Rock 
Magnetism as a visiting fellow. This visiting fellowship 
was focused on furthering a study of siltstone intraclasts 
within particularly well-preserved fluvial sediments of 
the 1.1-billion-year-old Freda Formation from the North 
American Midcontinent Rift. As always, this visit was 
intellectually invigorating and involved the acquisition of 
high-quality data on IRM instrumentation. Peat Solheid, 
Mike Jackson, and Dario Bilardello were there to provide 
excellent technical support and advice on experimental 
design. Discussions with them, and with Josh Feinberg and 
Bruce Moskowitz, provided insight on rock magnetic data 
interpretation. In this visiting fellow report, I will seek to 
provide the main take-aways from this study which will 
include discussing thermal demagnetization data that were 
developed in the UC Berkeley Paleomagnetism lab prior 
to the fellowship.
   As those immersed in rock magnetism are well aware, 
there is a long history of leveraging the magnetization of 
hematite-bearing sedimentary rocks to gain insight into 
the behavior of the ancient geomagnetic field and the 
paleogeographic positions of sedimentary basins. There 
is an accompanying long history (at times dubbed the 
“red bed controversy”) of seeking to constrain the age of 
the ancient remanence. The difficulty in doing so arises 
from the reality that hematite within sedimentary rocks 
can have two sources: (1) detrital grains that are within the 
sediment at the time of deposition and acquired a detrital 
remanent magnetization (DRM); and (2) grains that grow 
in situ after the sediment had been deposited and acquired 
a chemical remanent magnetization (CRM). This study 
was initiated with the goal of developing paleogeographic 
constraints from the package of sedimentary rocks that 
post-date the underlying volcanic rocks from which pa-
leomagnetic poles have led to a late Mesoproterozoic ap-
parent polar wander path for North America. Constraining 
the age of the remanence is critical to this effort.
   A common approach to classify hematite grains within 
red beds is into a fine-grained pigmentary population, 
typically interpreted to have formed within the sediment, 
and a coarser-grained population that has been referred to 
in the literature as “specularite” (Butler, 1992; Van Der 
Voo & Torsvik, 2012). Tauxe et al. (1980) showed that 
sediments with abundant red pigmentary hematite in the 
Miocene Siwalik Group had lower thermal unblocking 
temperatures than gray samples dominated by coarser-
grained specular hematite. An additional approach taken 
by Tauxe et al. (1980), and other workers going back to 
the work of Collinson (1965), is to preferentially remove 
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fine-grained pigmentary hematite through immersion in 
HCl acid. Paired chemical and thermal demagnetization 
data have been interpreted to show that pigmentary he-
matite removal coincides with removal of hematite with 
lower unblocking temperatures. These data support the 
interpretation that coarser grains more resistant to dissolu-
tion in acid correspond with those that carry remanence 
to the highest unblocking temperatures (Bilardello & 
Kodama, 2010; Tauxe et al., 1980) although simultane-
ous dissolution of fine and coarser hematite can occur 
(Jiang et al., 2017). Observations such as these have led 
to the practice of defining the characteristic remanent 
magnetization from hematite-bearing sediments as that 
held by the highest unblocking temperatures (Van Der 
Voo & Torsvik, 2012). Additional lines of evidence from 
field and lab based studies have supported this approach. 
For example, in the well-studied Carboniferous Mauch 
Chunk Formation of Pennsylvania, remanence removed 
up to ~660ºC has uniform polarity and fails a fold test 
while the component removed upward of 670ºC is dual 
polarity, was acquired before folding, and is interpreted 
as a primary magnetization (DiVenere & Opdyke, 1991; 
Kent & Opdyke, 1985). The work of Jiang et al. (2015) 
on the thermal demagnetization characteristics of hematite 
experimentally synthesized through ferrihydrite–hematite 
conversion provides additional support for discriminat-
ing between CRM and DRM on the basis of unblocking 
temperature. Nevertheless, the primary versus secondary 
nature of micron-scale specularite grains that carry the 
high-unblocking temperature remanence has been one of 
the largest sources of contention in the red bed contro-
versy (Tauxe et al., 1980; Butler, 1992; Van Der Voo & 
Torsvik, 2012).
   It can be difficult to reliably constrain the relative age of 
hematite within sedimentary rocks given that traditional 
paleomagnetic field tests can be ambiguous. A structural 
fold test can constrain whether remanence acquisition 

occurred prior to folding, but millions of years have typi-
cally passed between deposition and tilting. Dual-polarity 
directions through a sedimentary succession are often 
interpreted to indicate that the remanence records primary 
or near-primary magnetization. However, hematite growth 
could occur after deposition during a protracted period 
over which the geomagnetic field was in both reversed 
and normal polarities. What is needed to most confidently 
address the timing of remanence acquisition is a process 
that reorients the sediment before it has been fully lithified. 
One such process is when intraclasts composed of the 
lithology of interest have been liberated and redeposited 
within the depositional environment. Such intraclasts can 
provide significant insight into whether magnetization was 
acquired before or after reorientation as was done in Tauxe 
et al. (1980) and Opdyke and DiVenere (2004). While 
such clasts can be difficult to find and sample, we luck-
ily found excellent exposures of siltstone intraclasts that 
were eroded from a coexisting lithofacies and redeposited 
within channel sandstone of the Freda Formation along 
the Bad River in northern Wisconsin (Fig. 1).
   High-resolution thermal demagnetization on these clasts 
that we conducted in our paleomagnetism lab at Berkeley 
constrain the timing of hematite acquisition by revealing 
a component that formed prior to the erosion of the clasts 
within the depositional environment and another compo-
nent that formed following their redeposition (Fig. 2). The 
primary component that unblocked in a narrow tempera-
ture range between 665 and 690ºC has dispersed directions 
among the intraclasts indicating that the magnetization 
was rotated along with the clasts in the depositional en-
vironment. The secondary component unblocked over a 
broad temperature range from 100 up to 650ºC or higher 
and has a consistent direction throughout the intraclasts 
indicating that it formed following deposition. During the 
visiting fellowship at the IRM, backfield demagnetization 
experiments were conducted on a Princeton Measurements 

Fig. 1. (a) Siltstone intraclasts within the Freda Formation. The field photo shows an intact layer of siltstone below the hammer head, which is topped 
by a bed of trough cross-stratified coarse-grained sandstone with horizons of siltstone intraclasts. The hammer is 40 cm long. (b) A scan of a thin section 
of the BRIC.26 intraclast (upper half of image) and the coarse sand matrix (lower half of image). The red color of the intraclast is due to pigmentary 
hematite. (c) Backscatter electron image of the siltstone clast from the region of the white box in (b). The light-colored detrital grains that are labeled 
with arrows were confirmed to be hematite through electron backscatter diffraction.
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vibrating sample magnetometer and used to develop co-
ercivity spectra. These spectra were modeled using the 
Max UnMix software package (Maxbauer et al., 2016; 
Figure 3). These spectra are well fit with two overlapping 
log-normal distributions associated with two populations 
of grains. One population has a median coercivity of ~300 
mT and a distribution that extends from the lowest to the 
highest coercivities. The other population has a higher 
median coercivity of ~700 mT and a coercivity distribution 
that is limited to the high-coercivity range (purple curve in 
Figure 3). The high-coercivity phase can be considered to 
correspond with the plateau of high coercivities observed 
for single-domain hematite in the ~10 to ~100-μm range 
(Özdemir & Dunlop, 2014; Fig. 4). The coercivity associ-
ated with the lower coercivity population (green curve in 
Figure 3) spans a large range which is consistent with a 
population of fine-grained authigenic hematite. Coercivity 
values for hematite become progressively larger from the 
superparamagnetic/stable-single-domain boundary up to 
grains sizes of  ~300 nm (Özdemir & Dunlop, 2014; Fig. 
4) overlapping with that associated with a coarser-grained 
detrital component .
   Given the directional consistency of the mid-temperature 
component among the intraclasts (Fig. 2), this component 

must have dominantly formed as a chemical remanent 
magnetization after the intraclasts were redeposited in 
the channel. Chemical remanent magnetization acquisi-
tion by pigmentary hematite would have occurred as 
hematite grains grew to sizes above the superparamag-
netic to stable single-domain transition resulting in the 
wide range of unblocking temperatures that is observed. 
Low-temperature hysteresis experiments conducted at the 
IRM revealed an increase in remanent magnetization at 
low-temperature suggesting the presence of a population 
of superparamagnetic grains. The coercivity spectra are 
consistent with a population of hematite that has a wide 
coercivity range extending from low coercivities up to 
high coercivities (the green component in the unmixing 
models of Figure 3) which is likely associated with a 
population of authigenic hematite nanoparticles. In con-
trast, the sharp unblocking temperature close to the Néel 
temperature of the high-temperature component indicates 
that it is dominantly held by hematite grains that are >400 
nm (based on Néel relaxation theory; Figure 4) such as 
the silt-sized hematite grains observed petrographically 
(Figure 1). The high-coercivity population within the co-
ercivity spectra (purple curves in Figure 3) is consistent 
with this grain-size interpretation (Figure 4).

Fig. 2. Paleomagnetic data from intraclasts and in-place rocks of the same lithology reveal a mid-temperature component (green symbols) that typically 
unblocks prior to 655◦C and a high-temperature component (purple symbols) that typically unblocks between 655 and 687◦C. These components 
are present as varying fractions of the overall remanence. The high-temperature component directions from the clasts are dispersed indicating that the 
magnetization was acquired before the clasts were ripped up in the depositional environment. The mid-temperature component directions are clustered 
indicated that the magnetization was acquired in the clasts as a chemical remanence following deposition. The in-place siltstone show similar, but 
distinct directions between the two components consistent with the mid-temperature component being acquired following burial during an interval of 
rapid North American plate motion.
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   The differential unblocking temperature spectra of the 
two components within the Freda intraclasts provide 
strong support for the argument that chemical and detrital 
remanent magnetization can be distinguished due to de-
trital remanence unblocking at the highest temperatures. 
However, the Freda intraclast data also show that while 
the detrital remanent magnetization can be well isolated 
at temperatures as low as 650ºC (specimen BRIC.31a in 
Figure 2), the chemical remanent magnetization thermal 
unblocking spectra can overlap with that of the detrital re-
manence and extend up to temperatures closer to the Néel 
temperature (specimen BRIC.41a in Figure 2). Therefore, 
to isolate primary remanence in red beds, best practice 
should be to proceed with very high resolution thermal 
demagnetization steps above 600ºC, and particularly 
above 650ºC. Characteristic remanence magnetization 
directions associated with hematite that are fit to compo-

nents that span a wide range of unblocking temperatures 
including those lower than ~650ºC are likely convolving a 
pigmentary chemical remanence and a detrital remanence 
held by larger grains.
   Overall, the data support the interpretation that magne-
tizations of hematite-bearing sedimentary rocks held by 
>400-nm grains that unblock close to the Néel temperature 
are more likely to record magnetization from the time of 
deposition. Hydrodynamic sorting associated with the 
delivery of detrital hematite will lead to a narrower and 
coarser size distribution of grains than that of authigenic 
pigmentary hematite growth. This primary magnetization 
can be successfully isolated from co-occurring authigenic 
hematite through thermal demagnetization provided such 
thermal demagnetization is performed at high-resolution.

The results from this study were published in: Swanson-
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Fig. 3. Coercivity spectra developed from backfield demagnetization curves on BRIC intraclast specimens with the points being the data. The data were modeled using 
log-Gaussian distributions implemented with the Max UnMix software package (Maxbauer et al., 2016). The coercivity spectra can be well explained with two distribu-
tions: the higher coercivity distribution in purple and the lower coercivity distribution in green.

Fig. 4. (left) Calculated unblocking temperatures using Néel thermal relaxation theory of idealized spherical hematite grains using a thermal fluctuation rate of 10^10 
s◦1 and a relaxation time of 5 min for comparison to thermal demagnetization data (modified from Swanson-Hysell et al., 2011). The unblocking temperatures of the 
mid-temperature chemical component (green) and the high-temperature detrital component (purple) are shown and can be used to infer grain size. Compilation of coerciv-
ity data from hematite as a function of grain diameter from Özdemir and Dunlop (2014). The higher coercivity population from Figure 3 corresponds to the larger grain 
sizes than the lower coercivity component associated with the chemical remanence.
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Hysell, N. L., Fairchild, L. M., & Slotznick, S. P. (2019). 
Primary and secondary red bed magnetization constrained 
by fluvial intraclasts. Journal of Geophysical Research: 
Solid Earth, 124. https://doi.org/10.1029/2018JB017067. 
Portions of the text in this report are taken and adapted 
from that paper. The reader is encouraged to seek it out 
for additional details. An open access version of the 
manuscript is available here: https://escholarship.org/
uc/item/619097rn
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Summer School 
for Rock Magnetism

at the IRM

June 1-10, 2020

The 10-day program is targeted at graduate students and ad-
vanced undergraduate students in rock magnetism, paleomag-
netism, and associated fields. Students will receive intensive 
instruction in rock magnetic theory and laboratory techniques. 
A daily schedule of lectures, hands-on laboratory measurements, 
and data processing will introduce students to the fundamentals 
of rock magnetism and paleomagnetism and the practical aspects 
of collecting and interpreting data responsibly. Instructors for 
the summer school will be primarily IRM faculty and staff.

In addition to a $100 registration fee, participants will be re-
sponsible for the costs of housing, meals, and travel to and from 
Minneapolis. For students from outside the Minneapolis-St. 
Paul area, housing will be available in University of Minnesota 
dormitories (~$60 per night). A limited number of scholarships 
will be available to cover some of the costs for attending the 
summer program. Participation will be limited to 20 students, 
on a first-come first-served basis. Note that to foster academic 
diversity, a limit of 2 students per research group has been set; 
more students from the same institution will be considered if 
space allows. Applications and registration fees must be received 
by the deadline, April 30, 2020. 

more details can be found at

www.irm.umn.edu

Note
The ISI Web of Science search used to compile the Current 
Articles section now includes Early Access articles, resulting in 
references lacking year and other publication details.
In the future these will be filtered out.
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So shape anisotropy has been recognized for more than 
4 centuries.  Magnetocrystalline anisotropy was a much 
more recent discovery, dating to the middle of the 19th 
Century.  

The possibility of an intrinsic structural 
anisotropy was described by Poisson in his 
Mémoire sur la Théorie du Magnétisme 
[1824].  His theory was based in part on the 
well-known observation that you can break or 
cut a bar magnet repeatedly and never obtain 
separate monopolar pieces; each piece always 
has a north and a south pole, and thus Poisson 
inferred that the magnetism must reside in 
microscopically small elements that act col-
lectively to produce the magnetism of bulk 
matter.  He allowed that these elements may be 
anisotropic, and arranged in such a way that the 
bulk material may be anisotropic, but he did not 
elaborate on the possibility because it had never 

been observed: “Le rapport entre la somme des élémens 
magnétiques et le volume entier dans chaque corps aimanté 
n’est pas la seule donnée relative à ce corps, indépendam-
ment de sa forme et de ses dimensions, d’où puisse dépendre 
l’intensité de ses actions magnétiques : la forme des élémens 
pourra aussi influer sur cette intensité; et cette influence 
aura cela de particulier, qu’elle ne sera pas la même en 
des sens différens.”  Here is a translated paraphrase from 
an excellent review paper by Kathleen Lonsdale [1938]: 
“… in crystalline matter the small ‘magnetic elements’ …
might be non-spherical and symmetrically arranged, and … 
a finite spherical portion of such a substance would, when 
in the neighbourhood of a magnet, act differently according 
to the different orientations into which it might be turned.”  
So in effect Poisson predicted the possible existence of 
magnetocrystalline anisotropy, and within 25 years it was 
in fact discovered.  And surprisingly, the effect was first 
observed in diamagnetic materials.

Two key steps toward that discovery were made by 
Michael Faraday.  Faraday was deeply interested in the 

various forces of nature, how they interact 
with matter, and how they are related to 
one another.  In 1831 he had made his 
discovery of electromagnetic induction, 
forming a new link between electricity 
and magnetism.  And in Sept 1845 he was 
experimenting with magnetism and light, 
when he discovered that the polarization 
of light was affected when it was trans-
mitted through a piece of glass, parallel 
to an applied magnetic field (Fig 3), by 
what is now known as the magneto-optic 
Faraday effect.  

This was an important discovery in its 
own right, but it’s also part of the anisot-
ropy story, because it triggered Faraday’s 

curiosity about the glass, which was nonmagnetic yet 
played a direct role in the magneto-optic effect, and he 
wondered whether it might also be affected more directly 

by magnetic forces.  He obtained a stronger electromag-
net and started a new series of experiments, and almost 

immediately he made his discovery of diamagnetism, on 
Nov 4, 1845.  Fig 4 shows the experimental setup.  He 
suspended a bar of heavy glass from a thread, so that it 
could rotate into whatever orientation it felt inclined to 
adopt between the poles of the strong electromagnet.  He 
set the initial orientation by turning the thread, so that the 
long dimension was oblique to the magnet axis, and as 
soon as he activated the magnet, the bar rotated into an 
“equatorial” orientation, so that its long dimension was 
across the lines of force, rather than parallel to them as 
in the normal “axial” orientation adopted by magnetic 
materials. He interpreted this in terms of the ends of the 
bar moving from areas of strong magnetic force to areas of 
weaker force.  This was his original operational definition 
of diamagnetism. As soon as the field was turned off, the 
bar rotated back to its initial orientation.  

Now, as you can imagine, there are many factors that can 
affect the orientation and position adopted by a material in 
an applied magnetic field, including: the shapes of the pole 
pieces and the field uniformity; the shape of the sample; 
the susceptibility of the sample as well as any remanence 
it may have; the internal structure or intrinsic anisotropy 

...Anisotropy, cont’d. from pg. 1

Siméon-Denis 
Poisson
1781 - 1840

Michael Faraday 
(1791-1867)

  Fig. 4. Sketch from Faraday’s notebook, Nov 4, 1845, showing the 
experimetal setup for his discovery of diamagnetism (plan view).  The 
sample (G) is the same bar of heavy glass used in his magneto-optic 
discovery.  Initially oriented obliquely to the magnetic axis (top), it 
rotated when the field was turned on, into an “equatorial” orientation 
with its long dimension perpendicular to the field (bottom)

  Fig. 3. Sketch from Faraday’s notebook, Sept 13, 1845, showing the 
experimental setup for his discovery of the magneto-optic effect.  A smaller 
electromagnet (top) and a larger one (bottom) are arranged with opposite 
poles adjacent on the right.  A ray of polarized light passes through a bar 
of leaded glass, along the magnetic lines of force, and the polarization 
is observed to rotate.
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of the sample, which Faraday named the “magnecrystallic 
force”; the sample homogeneity in terms of composition 
and crystallography; and the medium in which sample is 
immersed.  

Figure 5 illustrates the complex behavior that can result 
from the superposition of these various effects. It comes 
from a review paper by William Bragg [1927], based on 
experiments carried out by John Tyndall in the 1840’s.  The 
dashed curves show the magnetic lines of force between 
the tapered pole pieces, and the solid lines show the ori-
entation adopted by a sample placed in various locations 
in the nonuniform field.  The sample here is a piece of 
bread, pressed into a disk, and suspended from a thread as 
in Faraday’s experiment, and again we are looking down 
from above.  When the sample is placed directly between 
the poles, it adopts the diamagnetic equatorial orientation 
with its long dimension across the lines of force.  Here the 
field decays rapidly outward from the central axis, and the 
sample is able to occupy regions of lower magnetic force 
by orienting this way, so the principal factors controlling 
its orientation are its diamagnetic susceptibility and planar 
shape, combined with the strong field gradients.  Farther 
from the axis, it rotates into an axial orientation, with its 
long dimension along the lines of force.  Here the field 
gradients are lower, and the orientation is controlled by the 
sample anisotropy, related to its molecular structure and 
compressed state. Bragg is amused to note “It is quaint 
to observe how the bread, as it is moved ... to the poles, sets 
itself to pass neatly through the narrow gate and take up a 
parallel position on the further side”.

The discovery of diamagnetism excited great interest, 
and within a few years Faraday and his contemporaries 
had reached a clear understanding of the various factors 
involved in the magnetic alignment of samples, through 
careful experiments like this.

Two of those contemporaries who made important con-
tributions were Julius Plücker and John Tyndall.  In 1847 
Plücker was actually the first to observe a clear effect of 
crystal structure in magnetic orientation experiments.  
In a review paper a decade later, he wrote: “In repeating 
Professor Faraday’s experiments, … I was led to examine 
crystalline substances. Between the two poles of a strong 
electromagnet I first suspended a plate of tourmaline, then 
a plate of calcareous spar; and I remarked that these plates 
… were acted upon in an extraordinary way, not dependent 
on their exterior shape, but solely on their crystalline struc-
ture.”  [Plücker, 1858].  So here, finally, is the discovery of 
magnetocrystalline anisotropy, which had been predicted 

by Poisson.
John Tyndall also carried out some key experiments 

and published numerous articles, which he collected 
and republished in 1870 in a book called Researches on 
Diamagnetism and Magne-crystallic Action, Including 
the Question of Diamagnetic Polarity.  This question 
of diamagnetic polarity was a persistent point of dis-
agreement between Tyndall and Faraday.  Although 
they concurred on all of the experimental results col-
lectively obtained, they did not agree on the underlying 
physical explanation for them.  Tyndall was convinced 
that the proper explanation of diamagnetism necessarily 
involved induced diamagnetic poles, which formed with 
a polarity opposite that of normal magnets.  Faraday was 
equally convinced that all of the observed phenomena 
could be explained in terms of the lines of force around 
and through the material, without any need for poles.  
Both carried out experiments attempting to prove or 
disprove the physical reality of diamagnetic poles, 
without conclusive result.  I believe that this is quite 
probably the very beginning of the eternal debate about 
whether the B field or the H field is the fundamental 
magnetic field (see IRM Quarterly v. 24 n. 4 and also 
v. 18 n. 1).  But that’s another story.

As we move into the 20th Century, we find an 
increasing interest in the magnetic anisotropy of bulk 
natural materials (rocks and sediments), and its geological 
significance.  In 1929, Johann Koenigsberger published 
a remarkable paper with the simple title “Method for 
measuring the susceptibility of rocks.” His method was 
adapted from Kelvin’s mathematical method of images 
in electrostatics. 

Figure 6 illustrates Koenigsberger’s design and the 
method of images.  Suppose we have a half-space, filled 
with a uniform material having a particular dielectric 
constant (or magnetic susceptibility), bounded below by 
a planar surface that separates it from vacuum or air.  If 

we introduce a point charge or a magnetic pole into the 
lower space, it affects the upper material, polarizing or 
magnetizing it, and the effect is equivalent to placing an 
imaginary charge or pole symmetrically in the upper mate-
rial (a mirror image), with a strength that depends on the 
material properties.  The great advantage of this method is 
that it provides a direct way to calculate the mutual force 

Figure 5. The orientation adopted by a sample when placed in different 
locations in a strongly non-uniform field [Bragg, 1927, based on experi-
ments by John Tyndall in the 1840s]. Julius Plücker 

(1801-1868)

John Tyndall 
(1820–1893)

  Fig. 6. (left) Koenigsberger’s [1929] drawing of his instrumental approach: a magnetic 
needle M, of length l, effectively has an isolated pole at its tip, which interacts with a sample  
having thickness h and permeability μ, and an attractive force acts across the distance a 
according to the image affect.  (right) sketch of the electrostatic image effect from Wikipedia; 
see text for description.
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acting between the discrete pole or charge and 
the distributed volume of material.

Koenigsberger’s approach to measuring 
susceptibility is remarkably simple.  The in-
strument consists primarily of a long magnetic 
needle, which effectively has an isolated pole 
at the end.  When a sample having a planar 
surface is placed near the end of the needle, 
an induced magnetization is produced in the 
sample, and that in turn exerts a force on 
the pole by the image effect.  Deflection of 
the magnetic needle is proportional to this 
force and therefore gives an indication of the 
susceptibility of the sample.  Due to the sim-
plicity of the instrumentation, “The method is 

suitable for use in the field with a variometer to determine 
the susceptibility of samples of rocks”.

When the sample has a remanent moment, that also 
contributes to the deflection, but Koenigsberger recog-
nized that he could simply rotate the sample by 180° 
to change the sign of that contribution, and thus obtain 
both the induced intensity and the parallel component of 
remanence, giving the famous Koenigsberger ratio.  But 
more to the point for this discussion, he was also able 
to measure the anisotropy of magnetic susceptibility on 
suitably shaped samples, in the field, with a resolution 
down to about 5%.  He notes that “Observations on about 
a hundred samples have shown that massive igneous rocks 
have normally… magnetic isotropy but that crystalline schists 
often possess a large magnetic anisotropy. The anisotropy 
K

parallel
/K

perpendicular
 ranges from 1.05 to 2.”  Remarkably, 

he then offers two possible physical mechanisms for 
the observed anisotropy: “This may be explained by as-
suming an anisometric distribution of magnetic isotropic 
minerals or also of anisotropic minerals which have a quite 
irregular arrangement with respect to their crystallographic 
orientation.”  In other words, the directional dependence 
may be due to distribution anisotropy (as later proposed 
by Mike Fuller [1961] and by Rob Hargraves [1991]), 
or it may be a consequence of the statistical preferred 
orientations of crystals having magnetocrystalline and/
or shape anisotropies (as in the models of Owens [1974] 

and Hrouda [1987]), with imperfect alignment 
of the crystals resulting in a bulk anisotropy 
that may be significantly less that that of the 
individual crystals.

Gustav Ising is often mentioned as one of 
the pioneers of magnetic anisotropy research 
(e.g., Parés [2015]; see also Ted Evans’ 2017 
article in the IRM Quarterly).  In his most 
relevant work, On the magnetic properties of 
varved clay [1942] he begins with a surpris-
ing initial hypothesis:   “…being very skeptical 
as regards the constancy of remanent magnetic 
moments in general, I thought it conceivable 
that the varved clay, during its sedimentation, 
might have acquired an anisotropy of susceptibil-
ity which had thence remained as an invariable 

quality of material, independent of possible changes in its 
remanent moment.”

In other words, he thought that AMS might possibly be 
a more reliable indicator of paleofield orientation than the 
NRM is.  Stepwise cleaning was as yet unknown, so NRM 
orientations could very well be compromised.  Further it 
seemed conceivable that the depositional magnetic field 
could exert enough direct control of particle long-axis 
orientations to produce an AMS signature.

What he found instead was a dominantly gravitational 
fabric: “The large excess of susceptibility of the strata-plane 
(about 10%) constituting a kind of magnetic schist structure 
that almost conceals the azimuthal anisotropy, must certain-
ly be ascribed not to magnetic field actions, but to forces of 
purely mechanical origin during and after the sedimentation 
process; even after settling …an additional levelling may have 
been caused by the pressure of the overlying clay.”  He also 
observed that the NRM inclinations were systematically 
shallower than expected.

He still hoped that the AMS lineation might reflect the 
paleofield declination, but “The instrumental sensitivity 
... has not yet been quite sufficient to determine accurately 
the azimuthal direction in the strata-plane of the axis of 
maximal susceptibility, which seems to be decisive for the 
problem of determining the secular variation of the declina-
tion from clay measurements.”  Although Ising’s approach 
has not proven to be suitable for determining paleofield 
orientations, I have a particular interest in it, as it provided 
the basis for my postdoctoral work with Subir Banerjee 
before the inception of the IRM, looking at the relationship 
between sedimentary remanence and the anisotropy of 
partial anhysteretic remanence.  Ted Evans also describes 
Ising’s pioneering studies in environmental magnetism, 
and notes that Ising played a role in the invention of the 
particle accelerator.

John Graham is well known in paleomagnetism as the 
originator of the fold test and the conglomerate test for 
paleomagnetic stability [Graham, 1949].  He also pub-
lished a GSA abstract in 1954 with the title “Magnetic 
susceptibility anisotropy, an unexploited petrofabric ele-
ment”, which is frequently mentioned as one of the pio-
neering works of magnetic fabric analysis.  Twelve years 
later he provided a detailed look at sedimentary rocks of 
the Appalachians that have undergone various degrees 
of deformation [Graham, 1966].  Before this there had 
been several anisotropy papers concerned mainly with 
paleomagnetic fidelity (e.g.,  Hargraves [1959], Stacey 
[1960], Fuller [1960]), but this is the first paper I am aware 
of in which the structural applications of AMS were the 
primary emphasis.

Figure 7 shows his generalization of his results into an 
evolutionary diagram of the magnetic fabric with increas-
ing deformation.  The undeformed sedimentary fabric is 
mostly planar with a vertical minimum axis.  Initial defor-
mation reorients the ellipsoid so that the intermediate axis 
aligns with the horizontal compression axis.  Continued 
compression leads to systematic changes in the ellipsoid 
shape.  The third stage has a purely linear fabric (V=0°), 
with the vertical tectonic foliation superimposed on the 
horizontal sedimentary foliation to produce an intersec-
tion lineation.  Then we go through another triaxial state, 
followed by a purely oblate ellipsoid (V=90°) as the tec-

Johann Georg 
Koenigsberger
(1874-1946)

Gustaf Ising
(1883-1960)
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Figure 7. Evolution of sedimentary magnetic fabric with increasing deformation, 
redrawn from Graham [1966].

tonic foliation becomes dominant.  Finally for strongly 
deformed rocks with vertical extension, the vertical axis 
becomes the unique maximum axis of a triaxial ellipsoid.  
Variously modified versions of this figure are still widely 
used in the structural anisotropy literature.

The deep and rich history of magnetic anisotropy re-
search includes numerous other people and ideas that are 
worthy of discussion, but due to the limitations of space 
and time, we will reserve them for future articles.
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Correction: Since distributing the IRMQ29-3 it was 
brought to my attention that I had omitted to cite 
the article by Smirnov (2009) on the effect of grain 
size on the FC/ZFC ratio (the RLT  ratio). Smirnov 
(2009) reported RLT values of 1.12 for synthetic 
magnetite with the smallest mean grain size of 150 
nm (range 30-600 nm), effectively demonstrating 
SD-like behavior in grain size ranges that are actu-
ally dominated by MD particles. I have since modi-
fied the article to include these observations and 
the updated article is posted on the IRM website.
Dario Bilardello



18

University of Minnesota
John T. Tate Hall, Room 150
116 Church Street SE
Minneapolis, MN  55455-0149
phone: (612) 624-5274
e-mail: irm@umn.edu
www.irm.umn.edu

Nonprofit Org.
U.S Postage

PAID
Twin Cities, MN

Permit No. 90155

Quarterly
 The IRM Quarterly is published four 
times a year by the staff of the IRM. If you 
or someone you know would like to be on 
our mailing list, if you have something you 
would like to contribute (e.g., titles plus 
abstracts of papers in press), or if you have 
any suggestions to improve the newsletter, 
please notify the editor:
Dario Bilardello
Institute for Rock Magnetism
University of Minnesota
John T. Tate Hall, Room 150
116 Church Street SE
Minneapolis, MN 55455-0149 . 
phone: (612) 624-5274
e-mail: irm@umn.edu
www.irm.umn.edu

The U of M is committed to the policy that all 
people shall have equal access to its programs, 
facilities, and employment without regard to race, 
religion, color, sex, national origin, handicap, age, 
veteran status, or sexual orientation.

The Institute for Rock Magnetism is dedi-
cated to providing state-of-the-art facilities 
and technical expertise free of charge to any 
interested researcher who applies and is ac-
cepted as a Visiting Fellow. Short proposals 
are accepted semi-annually in spring and 
fall for work to be done in a 10-day period 
during the following half year. Shorter, less 
formal visits are arranged on an individual 
basis through the Facilities Manager.
 The IRM staff consists of Subir Baner-
jee, Professor/Founding Director; Bruce 
Moskowitz, Professor/Director; Joshua 
Feinberg, Assistant Professor/Associate 
Director; Mike Jackson, Peat Sølheid and 
Dario Bilardello, Staff Scientists.
 Funding for the IRM is provided by the 
National Science Foundation, the W. M. 
Keck Foundation, and the University of 
Minnesota.

The IRM

The IRM is pleased to welcome 
new Facility Manager 

Maxwell Brown

The next Visiting Fellowship 
application deadline is 

April 30, 2013.


