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Introduction
   Measurements of natural remanence on sedimentary 
sequences are the main source of information for long 
records of paleomagnetic variability. The emergence of 
u-channel magnetometers in the 1980s has allowed re-
searchers to measure a variety of magnetic properties on 
continuous sections, greatly reducing sample preparation 
and data processing times (e.g., Tauxe et al., 1983; Nagy 
and Valet, 1993; Weeks et al., 1993; Roberts, 2006). The 
shape of the u-channels (core-length boxes with square 
cross sections, approximately 2 cm on the side) has led 
to the development of magnetometers with small aper-
tures, which allowed magnetic properties of cores to be 
measured at unprecedented resolution. However, due to 
the geometry of the instrument sensing coils, u-channel 
magnetometer measurements still integrate magnetic mo-
ment over decimeter-length scales, which has the effect of 
convolving (smoothing) the sediment-magnetic record. To 
obtain spatial resolutions comparable to the ones attain-
able by measuring discrete samples, one must remove the 
filtering effect of the magnetometer using a mathematical 
approach known as deconvolution (Dodson et al., 1974; 
Constable and Parker, 1991; Weeks et al., 1993; Oda and 
Shibuya, 1996; Guyodo et al., 2002; Jackson et al., 2010).

Deconvolution of u-channel data
   Deconvolution of long-core data can be applied if the 
response (filter) function of the magnetometer is known. 
The response function is determined by the geometry of 
the instrument sensing coils, the presence or absence of 
a superconducting shield, and the shape and position of 
the sample in the measurement chamber (e.g., Shibuya 
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and Michikawa, 2000; Parker and Gee, 2002). Shibuya 
and Michikawa (2000) have calculated the response func-
tion by considering dipoles at different positions in the 
magnetometer, and integrated results over a half circle, 
simulating the response to a half core, split lengthwise. 
Calculation of the response function is complicated how-
ever, due to the strong distortions of the magnetic field by 
the superconducting shield. Direct measurement of coil 
response is therefore preferred. Parker and Gee (2002) 
measured a small dipole standard sample placed at dif-
ferent positions in the magnetometer chamber, and found 
a strong dependence of the system response to sample 
position, especially for the coil-pairs with axes parallel 
to dipole orientation, as expected, but also for nominally 
orthogonal moment/sensor combinations. 
    The 2G Enterprises SQUID u-channel magnetometer at 
the Institute for Rock Magnetism (IRM) has circular axial 
coils, 2.4 cm apart, and saddle-shaped transverse coils, 6.8 
cm in length, housed within a cylindrical superconducting 
shield. This design is a compromise between high homo-
geneity and high resolution geometries, which allows 
the magnetometer to handle both discrete and u-channel 
samples. For continuous measurements, Jackson et al. 
(2010) have recently developed a deconvolution method 
using singular value decomposition (SVD), which treats 
the response function as a full tensor. The response of 
the axial (Z) and transverse (X and Y) sensing coils was 
measured using a cement standard (with a cross section 

(above): stalagmite slab embedded in epoxy, 
from which a 13 mm x 8 mm x 100 mm 
slab has been cut for u-channel measure-
ment, near the center where layering is 
horizontal.   

(right): a more extreme geometry (33 mm 
x 6 mm x 85 mm) cut from a different 
speleothem, such that layering is as close 
to horizontal as possible.
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The magnetic anisotropy of chloritoid 
single crystals

Tom Haerinck 
KU Leuven, Belgium 
tom.haerinck@ees.kuleuven.be

The objective of my IRM visit was to determine the 
magnetic anisotropy of chloritoid single crystals. The 
reason for this task can be found in a recent regional 
analysis of the magnetic fabric of deformed metasedi-
ments in the Armorican Massif of France (Haerinck et al., 
in prep.) that is showing us that the samples of the inland 
sampling sites, of which the metamorphic mineralogy 
primarily consists of white mica and chloritoid, have a 
consistently higher degree of anisotropy compared to 
samples of equivalent sites in the coastal area, primarily 
composed of white mica and chlorite. Reliable values of 
the intrinsic magnetic anisotropy of chloritoid, which has 
not been studied so far, can give a conclusive answer to 
the question whether the difference in anisotropy between 
the coastal and inland area is primarily due to the higher 
intrinsic magnetic anisotropy of chloritoid compared to 
that of chlorite, and can be used for modelling the magnetic 
fabric of chloritoid-bearing rocks.

Seven chloritoid single crystals have been obtained 
from various localities in Europe and one in the USA. 
These are cut into 18 cubic specimens with dimensions 
ranging from 2 up to 7 mm. As the chloritoid crystals 
can contain ferromagnetic impurities, the (paramagnetic) 

Fig. 1: Plot of the high-field degree of anisotropy versus Jelinek shape parameter for single 
crystals of chloritoid together with those for chlorite, muscovite and biotite obtained by Martín-
Hernández & Hirt (2003). (see full-color version at http://www.irm.umn.edu/quarterly/
irmq22-3.pdf).

magnetocrystalline anisotropy is determined with a high-
field approach (up to 1 T) using a vibrating sample mag-
netometer (Kelso et al., 2002 & Ferré et al., 2004). These 
ferromagnetic impurities have also been characterized 
for the different specimens by investigating the behav-
iour of the isothermal remanent magnetization (IRM) in 
AF-demagnetization experiments and low-temperature 
experiments using the Quantum Design MPMS.

These experiments have allowed to detect a fer-
romagnetic component in all investigated specimens, 
albeit very weak for 14 out of 18 specimens. For the 
specimens of six out of the seven crystals, we observe a 
relatively fast and sharp drop when subjecting the IRM 
to AF-demagnetizing and a dominant drop upon cooling 
the room-temperature IRM through the temperature of 
the Verwey transition (120 K – 130 K), that is only partly 
recovered upon reheating. So, the magnetic remanence 
arises from some form of magnetite. The ferromagnetic 
loops of these specimens show a low saturation  rema-
nence to saturation magnetization ratio (i.e. Mrs/Ms ≤ 
0.10) and coercivity (B0), suggesting relatively soft, mul-
tidomain magnetite. This means that the 1 T field used in 
the hysteresis measurements is strong enough to saturate 
the magnetite component to the magnetic susceptibil-
ity and thus, allows the separation of the paramagnetic, 
magnetocrystalline component. On the other hand, the 
specimens of the seventh crystal show a more gentle drop 
in IRM when subjecting it to AF-demagnetization and a 
linear increase upon cooling the room-temperature IRM 
down to 10 K that is perfectly reversed upon reheating. 
This behaviour is typical for goethite as the applied field 
is quite ineffective at producing a strong remanence for 
this very hard mineral. Because of this, the hysteresis 
measurements are incapable of separating the paramag-
netic, magnetocrystalline component in these specimens.

The high-field magnetic anisotropy (HF-AMS) of 
the 15 specimens that do not contain goethite is oriented 
approximately parallel to the basal plane of the crystals. 
All these specimens show a highly oblate shape, evidenced 
by the Jelinek shape parameter (THF) that is ranging from 
0.82 to 0.97 with an average value of 0.94, and a degree 
of anisotropy (PJ HF) in the range of 1.53 to 1.89 with an 
average value of 1.70 (Fig. 1). One specimen has an usual 
high PJ HF value of 3.08 (not shown). The accuracy of the 
high-field approach is analysed by comparing the results 
of four specimens with those of a ‘daughter specimen’ that 
is cut out of the original specimen. This comparison shows 
that the orientation of the HF-AMS is very consistent and 
that PJ-HF and THF shows a maximum difference of 0.13 
and 0.07, respectively. Even when taking into account this 
inaccuracy, that can likely be blamed for a large extent to 
imprecise orienting and cutting of the tiny specimens, the 
magnetic anisotropy of chloritoid is distinctively higher 
than the HF-values obtained for biotite (PJ mean 1.31), 
muscovite (PJ mean 1.15) and chlorite(PJ mean 1.15) by Martín-
Hernández & Hirt (2003) (Fig. 1). So, the work at the 
IRM has shown that chloritoid as a paramagnetic carrier 
has a very strong intrinsic anisotropy and this should be 
taking into account when interpreting the magnetic fabric 
of chloritoid bearing metamorphic rocks.
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Testing the reliability of the magnetic 
signature of lake sediments as proxy for 
environmental changes (last deglacia-
tion in northern Spain, Enol and Basa 
de la Mora mountain lakes)

Belén Oliva-Urcia 
IPE-CSIC Zaragoza, Spain 
boliva@ipe.csic.es

The main goal of the proposal was to test the reliability 
of the magnetic signature of lake sediments as proxy for 
environmental changes (Evans & Heller, 2003). In order 
to achieve this goal, the study of the magnetic properties 
of sediments from two mountain-lakes was proposed. The 
mountain lakes Enol (1,070 m a.s.l.) and Basa de la Mora 
(1,914 m a.s.l.) (Fig.1a) are sensitive recorders of the last 
deglaciation in the northern part of the Iberian peninsula. 
The origin of these mountain lakes is related to the glacier 
excavation on carbonaceous rocks and to karstic processes. 

On one hand, the investigation of the type, concentra-
tion and grain size of magnetic minerals along the cores (6 
m and 12 m respectively) will help to determine magnetic 
variations. On the other hand, the comparison of the mag-
netic variations with other environmental proxies (major 
elements, d18O, total organic carbon, pollen analyses, 
sedimentology) will contribute to control the reliability 
and precision of the magnetic measurements that deter-
mine the environmental changes over the last 40 Ka and 
16 Ka respectively (Moreno et al., 2010; Pérez-Sanz et al., 
2011a). The magnetic signal obtained with u-channels will 
be correlated with the other proxies in order to determine 
the factors that allow the magnetic signature to record the 
environmental changes. In addition to that, stable isotopic 
data from speleothems hosted in caves adjacent to the 
studied mountain lakes (El Pindal and Lasgüériz caves) 
will provide an additional geochemical proxy from another 
continental record to compare with the magnetic record 
of the lakes, Fig.1b.

The geochemical and sedimentological data of the 
Enol lake in the Cantabrian Mountains allow determining 
the environmental changes over the last 40 Ka. Such data 
suggest a dynamic glacial evolution (40-26 cal kyr BP), a 
warming (at 26 cal kyr BP) and the onset of organic-rich 
sediments (at 18 cal kyr BP) related to the North Atlantic 
Deep Water formation oscillations and paleohydrological 

variability of the region (Moreno et al., 2010). 
The Basa de la Mora lake in the Pyrenees is bound 

by the influence of the Atlantic Ocean to the west and the 
Mediterranean Sea to the East. The location of Basa de la 
Mora lake is exceptional to study how Atlantic and Medi-
terranean regimes have progressed along the Holocene and 
how vegetation adapted to changing climate conditions. 
The evolution of the vegetation through pollen investiga-
tions together with sedimentological observations and 
geochemical analyses allows distinguishing three periods 
in the sediment record of the lake, i) ca 16,000-6,000 cal 
yr BP, with high water availability, especially between 
8,000-6,000 cal yr BP; ii) ca 6,000-800 cal yr BP with a 
shortage of water during the Medieval Warm Period and 
iii) ca 1,200 cal tr AD to present, an increase of the runoff 
is seen related to the Little Ice Age and the pressure of the 
human activity increases during the last centuries (Pérez-
Sanz et al., 2011b).

The analyses performed at the IRM comprise the 
standard NRM measurement and stepwise AF demag-
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(see full-color version at http://
www.irm.umn.edu/quarterly/
irmq22-3.pdf).
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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-science 
journals. Most are taken from INSPEC (© Institution of Elec-
trical Engineers), Geophysical Abstracts in Press (© American 
Geophysical Union), and The Earth and Planetary Express (© 
Elsevier Science Publishers, B.V.), after which they are  sub-
jected to Procrustean culling for this newsletter. An extensive 
reference list of articles (primarily about rock magnetism, the 
physics and chemistry of magnetism, and some paleomagnetism) 
is continually updated at the IRM. This list, with more than 
10,000 references, is available free of charge. Your contributions 
both to the list and to the Current Articles section of the IRM 
Quarterly are always welcome. 
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  Figure 2. Measurements of calibration standards magnetized in successive orthogonal directions (Mx = magnetization imparted in the x direction, 
My = magnetization imparted in the y direction, Mz = magnetization imparted in the z direction) for the cement standards. UC values are from 
Jackson et al. (2010). Magnetization is normalized (note the different scale for the plots on the main diagonal of the figure.

identical to that of u-channels) magnetized successively 
along the x, y, and z directions. The computed response 
function was successfully tested using u-channel-sized 
samples, measured continuously and then sliced for 
discrete measurements (Jackson et al., 2010). This SVD 
inversion is the standard method used for u-channel data 
deconvolution at the IRM.

Going beyond u-channels
   In the recent past, new research directions at the IRM 
and elsewhere have resulted in use of the u-channel 
magnetometer (by IRM researchers and visiting fel-
lows) for measuring magnetic properties continuously 
on non-traditional samples. Most of these specimens are 
slabs cut from speleothems, which are calcium carbonate 
deposits formed chemically in caves. These precipitates 
(stalagmites in the majority of cases) are generally very 
weak magnetically, so ideally one would strive to measure 
the maximum amount of material in order to get the best 
signal to noise ratio possible. Cutting u-channel-shaped 
specimens from the center of speleothems is not always 

feasible: in some cases the size of the stalagmite or the 
curvature of the growth layers do not allow for a section 
with parallel growth horizons, while in other cases the 
maximum amount of material that can be extracted trans-
lates to cutting slabs that are very wide and thin. In light of 
the experiment of Parker and Gee (2002), the deconvolu-
tion of the data collected on non-u-channel specimens, 
using a response function calibrated to a standard with a 
u-channel cross section, raises the question whether such 
deconvolution is reliable. To answer this question we have 
designed a set of experiments using cement samples with 

  Figure 1. Cross sectional dimensions of the cement samples (CC and 
BCC) used to measure instrument response. UC is the classic u-channel 
shape used by Jackson et al. (2010) to compute the current response 
function used for deconvolution at the IRM.

...Beyond U-channels, cont’d. from pg. 1
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cross sectional areas departing from classic the u-channel 
(UC) shape. In particular, we focused on two rectangular 
cross section geometries, both with heights < 1cm. One 
(sample CC) has a width slightly smaller than a u-channel, 
and one (sample BCC) has a width approximately twice 
that of a u-channel (Fig. 1).

The response function
    In a first step we collected calibration data for calcula-
tion of the response function, by measuring the CC- and 
BCC-shaped standards magnetized successively in 3 
orthogonal directions. The length of the standards was 
1.5 cm, following Jackson et al. (2010), and they were 
measured continuously at an interval of 0.1 cm, with a 
leader (the segment preceding the standard) of 16 cm and 
a trailer (the portion succeeding the standard) of 21 cm. 
The standards were magnetized uniformly by imparting 
an anhysteretic remanent magnetization (ARM) in a 50 
mT direct field superimposed on an alternating field decay-
ing from a peak value of 100 mT at a rate of 0.5 mT per 
half cycle. The individual X, Y, and Z sensor calibration 
measurements for successive magnetizations in the x, y, 
and z directions (Mx, My, and Mz) for the three shapes 
investigated are shown for comparison in Fig. 2. The par-
allel responses, plotted along the main diagonal of Fig. 2, 
are in fairly good agreement. The main differences are the 
amplitude of response for UC (larger x-x and smaller z-z 
terms), and the shape of axial response for BCC, which 
features twin peaks corresponding to the two axial coils 
(the respective responses for UC and CC have a relatively 
flat shape). It thus appears that wide slabs are the most 
sensitive to the geometry of the axial sensing coils. The 
cross terms exhibit significant differences in amplitude, 
shape, and symmetry of the response curves.  
   In a second step we computed the response functions 
for CC and BCC and compared them to the current UC-
based response function used at the IRM. Here we show 
the calculation for CC, which was performed using SVD, 
in similar fashion to the UC-based response function cal-
culation (Jackson et al., 2010). The comparison between 
the computed response functions is shown in Fig. 3, and 
reflects the same differences in amplitude, shape, and 
symmetry exhibited by the calibration data. The main dif-

ference in curve shapes is that RZZ for UC is twin-peaked, 
compared to the relatively flat top of the corresponding 
curve for CC, indicating that thin and narrow specimens 
are not as sensitive to axial coil geometry as more equi-
dimensional ones. There is also a sign change for the x-z, 
z-x, and z-y cross terms, related to the lower profile of 
the CC geometry, whose center is displaced downward 
(in the -x direction) by 5.5 mm with respect to that of the 
UC geometry.

Testing deconvolution accuracy
    We tested the deconvolution accuracy using the newly 
computed response function, in parallel with the decon-
volution using the standard u-channel response function. 
For this, we fabricated a 22-cm-long cement slab with a 
CC-shaped cross section, cut it into 0.5-cm-long segments, 
and magnetized each segment using the same parameters 
as for the calibration standard. Below we present one of 
the deconvolution stability experiments conducted, in 
which we magnetized the individual segments mainly 
in the x direction, with misalignments of up to 30°. To 
simulate directional excursions we magnetized two to 
three consecutive samples in the -x, -y, and -z directions 
at three different positions respectively. We measured the 
segments individually and then reassembled the slab for 
continuous measurements. This experiment is similar to 
the ones conducted by Weeks et al. (1993), Roberts et al. 
(1996), or Jackson et al. (2010), with the difference that 
our sampling resolution was four times higher than in the 
previous studies (0.5 versus 2 cm).
   The deconvolution was performed using both the 
newly computed, CC shape-specific response function, 
as well as the standard UC-based response function. For 
comparison, the results of the discrete measurements and 
deconvolution of continuous data are shown in Fig. 4. 
The major directional changes (at ~5 cm, 13 cm, and 16 
cm) are captured by both deconvolution methods, but the 
CC-based response function does an overall better job in 
reproducing the location, amplitude, and duration of the 
excursions. The simulated reversal at ~5cm provides the 
greatest mismatch between discrete and deconvolved in-
tensity values, due to the abrupt change in magnetization 
direction, and short event duration (Fig. 4a). A similar 

Figure 3. Computed response functions for UC (left) and CC (right). Magnetization is in normalized units (vertical axis). The horizontal axis represents 
distance in cm.  (see full-color version at http://www.irm.umn.edu/quarterly/irmq22-3.pdf).
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Figure 4. Comparison of discrete measurements with continuous measure-
ments deconvolved using the two computed response functions.

reversal, but with a lower resolution (2 cm), was success-
fully reproduced by Jackson et al. (2010). This indicates 
that our magnetometer has the ability to accurately resolve 
such events if they span at least 1 cm of a sedimentary 
record. The directional changes in the y and z directions 
are more faithfully captured due to their lower amplitude 
(Fig. 4b-c), with the CC-based deconvolution reproduc-
ing the features with greater accuracy in all cases. Similar 
to the experiments of Jackson et al. (2010), both the UC 
and CC-based deconvolutions introduce low amplitude 
oscillations throughout the record, especially for the x 
and z curves, which are anticorrelated, so small-scale 
misalignments as set up here (Fig. 4a) cannot be resolved. 
The inclination swing at ~13 cm (Fig. 4d) is better repro-
duced by the CC-based deconvolution. However, both 
methods produce spurious changes in inclination around 
the x-direction reversal, due to the marked heterogeneity 
in magnetization (Roberts et al., 2006). Finally, the CC-
based deconvolved declination record provides the best 
reproduction of the discrete data (Fig. 4e).

...Beyond U-channels, cont’d. from pg. 9
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Concluding remarks
    The results presented here show the importance of per-
forming u-channel data deconvolution using a response 
function tailored specifically for the shape of the sample 
being sent through the magnetometer. However, it is rather 
unfeasible to construct a response function for every dif-
ferent sample shape we measure, so perhaps having a few 
representative cross sections, such as CC and BCC, will 
provide enough templates to fit the most common slab 
shapes (e.g., wide and thin, narrow and thin, narrow and 
tall, etc.) one might encounter for speleothems and other 
hard materials that would benefit from continuous mea-
surement and deconvolution. Alternatively, complete char-
acterization of the tensor response function for oriented 
point-dipole sources throughout the 3-dimensional volume 
of the magnetometer (as done by Parker & Gee, 2002), 
and development of appropriate deconvolution methods, 
would allow inversion of data for any arbitrarily-shaped 
sample. We are currently assessing more deconvolution 
experiments using the CC-shaped slab, as well as a BCC-
shaped cement slab, so stay tuned! 
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Figure 2. SIRMs at room temperature and measurement of the magnetization during cooling and then during warming of two samples from Enol lake 
(left) and Basa de la Mora lake (right).
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netization (up to 100 mT), the ARM measurement in a 
DC field of 50 mT and under an AF field of 100 mT and 
finally, IRMs at 300 mT and 150 mT were measured 
after applying and measuring an IRM on the contrary 
sense at 1 T (Opdyke and Channel, 1981). The remanent 
magnetization was measured with a 2G every centimeter 
in the u-channels. Additional discrete samples were taken 
to perform hysteresis loops (55 samples) and SIRM (33 
samples) at room temperature in the MPMS (“Old blue”) 
Fig. 2. The only drawback of the measurements is the 
“saturation” of the 2G after the application of 1 T on the 
u-channel, due to the apparently larger concentration of 
ferromagnetic minerals at certain depths. Especially it 
occurred so in Basa de la Mora lake, which could not be 
solved using a slower slide time of the u-channel. In Enol 
lake, a slower slide time solved the problem. That means 
the data of the IRMs in Basa de la Mora lake are not reli-
able. Deconvolved data is also simultaneously calculated 
thanks to the software package developed at the IRM. 
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