N

N

Advances in magneto-optical imaging applied to rock
magnetism and paleomagnetism

Minoru Uehara, Cornelis Jacominus van Der Beek, Jérome Gattacceca,
Vladimir A. Skidanov, Yoann Quesnel

» To cite this version:

Minoru Uehara, Cornelis Jacominus van Der Beek, Jérome Gattacceca, Vladimir A. Skidanov, Yoann
Quesnel. Advances in magneto-optical imaging applied to rock magnetism and paleomagnetism. Geo-
chemistry, Geophysics, Geosystems, 2010, 11, 10.1029/2009GC002653 . hal-01435640

HAL Id: hal-01435640
https://hal.science/hal-01435640
Submitted on 20 Dec 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Copyright


https://hal.science/hal-01435640
https://hal.archives-ouvertes.fr

Article

' i lume 11
Geochemistry | j Volume ! ;umzf)rus)
i a
Geophysics . . y
GeOS StemS J Q05Y09, doi:10.1029/2009GC002653
y ISSN: 1525-2027

Published by AGU and the Geochemical Society

Click
Here
fo

Full
Article

Advances in magneto-optical imaging applied
to rock magnetism and paleomagnetism

Minoru Uehara

Department of Geophysics and Planetology, CEREGE, Aix-Marseille University, CNRS, F-13545 Aix-en-Provence,
France (uehara@cerege.fr)

Cornelis Jacominus van der Beek
Laboratoire des Solides Irradiés, UMR 7642, Ecole Polytechnique, CNRS, IRAMIS, DSM, CEA, F-91128 Palaiseau
CEDEX, France

Jérome Gattacceca
Department of Geophysics and Planetology, CEREGE, Aix-Marseille University, CNRS, F-13545 Aix-en-Provence,
France

Vladimir A. Skidanov

Institute for Design Problems in Microelectronics, Russian Academry of Sciences, Sovetskaja st. 3, Moscow 124681, Russia

Yoann Quesnel
Department of Geophysics and Planetology, CEREGE, Aix-Marseille University, CNRS, F-13545 Aix-en-Provence,
France

[11 We present results of the magneto-optical imaging technique applied to rock samples. This technique
measures the magnetic flux threading a magneto-optically active film, which rotates the polarization direc-
tion of transmitted light (Faraday rotation) and is directly placed on the sample. Through the analyzer of a
reflected light microscope, the vertical component of the surface magnetic field of the sample is observed
and can be quantified through a specific calibration procedure. Owing to the thin magneto-optically active
film (5 pm) and the small sample-to-film distance (~1 pm), stray fields produced by magnetic grains in
rocks carrying saturation isothermal remanent magnetization are successfully imaged with a spatial resolu-
tion of 10 ym. We can also image the surface field distribution of rocks carrying natural remanent mag-
netizations by modulating the analyzer angle. In addition to its high spatial resolution, this technique
offers a direct comparison between magnetic and reflected light images. Therefore, this new technique
appears to be a powerful tool to map and identify the carriers of magnetic remanence in rock samples.

Components: 5600 words, 7 figures.
Keywords: rock magnetism; paleomagnetism; magnetic microscopy; magneto-optical imaging; meteorite.

Index Terms: 1519 Geomagnetism and Paleomagnetism: Magnetic mineralogy and petrology; 1594 Geomagnetism and
Paleomagnetism: Instruments and techniques.

Received 29 May 2009; Revised 8 January 2010; Accepted 2 February 2010; Published 12 May 2010.

Copyright 2010 by the American Geophysical Union 1 of 11


http://dx.doi.org/10.1029/2009GC002653

Geochemistry "3
Geophysics Y
Geosystems | Jr

.

UEHARA ET AL.: MAGNETO-OPTICAL IMAGING OF ROCKS

10.1029/2009GC002653

Uehara, M., C. J. van der Beek, J. Gattacceca, V. A. Skidanov, and Y. Quesnel (2010), Advances in magneto-optical imaging
applied to rock magnetism and paleomagnetism, Geochem. Geophys. Geosyst., 11, Q05Y09, doi:10.1029/2009GC002653.

Theme: Advances in Instrumentation for Paleomagnetism and Rock Magnetism
Guest Editors: M. Fuller, B. Goodman, J. Kirschvink, and K. Verosub

1. Introduction

[2] Magnetic microscopy is a powerful tool for the
in situ identification and characterization of indi-
vidual magnetic grains in rock samples. Recently,
several scanning magnetic microscopes have been
developed in particular to understand the magne-
tism of meteorites. Among these are Scanning
Superconducting Quantum Interference Device
(SQUID) microscopy [Gattacceca et al., 2006;
Weiss et al., 2007], Scanning Giant Magneto-
Resistance (GMR) microscopy [Hankard et al.,
2009], and Scanning Magneto-Impedance (MI)
microscopy [Uehara and Nakamura, 2008].

[3] There are two fundamental problems specific to
scanning magnetic microscopy. The first is related
to the sensor dimension. For example, typical
scanning SQUID sensors are several dozen
micrometers in diameter, which limits spatial res-
olution to these scales. The second is the sample-
to-sensor distance. Magnetic field lines emanating
from magnetic grains fan out very rapidly as a
function of distance from the sample surface, which
leads to a concomitant reduction in spatial resolu-
tion of the probe. Furthermore, positioning errors
may flaw the correlation of the magnetic image
with other mineralogical observations, such as
optical microscopy, scanning electron microscopy,
and chemical analyses, and therefore hinder correct
data interpretation.

[4] The magneto-optical imaging (MOI) technique,
which utilizes the Faraday effect of magneto-
optically (MO) active films, measures the magnetic
flux threading a thin magnetic garnet film directly
placed on the sample under study, with the main
advantage that a full two-dimensional map is
obtained by a single observation, without the need
for scanning [Bobyl et al., 2007; Indenbom et al.,
2002]. Since the distance between the garnet film
and the sample is very small (1 pum in the present
study), we can expect magnetic images with very
high spatial resolution, limited only by the wave-
length of visible light and the indicator film
thickness. Moreover, any positioning error is, in
principle, avoided. These merits suggest that the
MOI technique can be very helpful to identify

minerals carrying a magnetic moment in geological
samples. The technique is, in fact, already widely
used in material science for the observation of
magnetic domain structures in magnetic materials
[Polyanski et al., 1999; Welp et al., 2003] or flux
penetration in superconductors [Dorosinskii et al.,
1992; Jooss et al., 2002]. This technique has also
been recently applied to geological samples [Bobyl
et al., 2007]. While the field sensitivity of the MOI
films is orders of magnitude lower than that ob-
tained for instance in scanning SQUID microscopy
(with ~100 pm spatial resolution) [Bending et al.,
2004], and its spatial resolution is orders of mag-
nitude less than that provided by, for example,
Magnetic Force Microscopy (with pT field sen-
sitivity), it does provide a very rapid two-
dimensional mapping of magnetic properties with
intermediate resolution and sensitivity that is more
than sufficient for a wide variety of applications. In
particular, the surface fields due to ferromagnetic
grains in meteorites and terrestrial rocks are in the
mT range and can be easily observed. Bobyl et al.
[2007] conducted MOI observations on magnetite
grains and magnetite-magnetite grain boundary
regions in thin sections of skarns and serpentinites,
carrying an isothermal remanent magnetization
following application of a +160 mT field perpen-
dicular to the sample plane.

[s] Another magneto-optical effect known as the
Kerr effect is also used in magnetic microscopy to
characterize magnetic domain structures [Hoffimann
et al., 1990]. Since Kerr effect microscopy mea-
sures a rotation of the polarization when light is
reflected from the surface of a magnetized material,
it can only measure the magnetic field above
a highly polished surface with high reflectance.
On the other hand, MOI does not need a perfect
polishing of the sample. Because MOI measures
the magnetic flux passing through the indicator
film, it can observe stray magnetic field even out-
side the magnetic material. Thus, the MOI tech-
nique has an advantage in the mapping of surface
magnetic field distributions, although the thickness
of the garnet film will result in some spatial reso-
lution to be sacrificed as compared to Kerr effect
microscopy.
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Figure 1. (a) Schematic representation of the magneto-
optical imaging technique. Linearly polarized light is in-
cident (indicated by 1) on the magneto-optical indicator
(indicated by 2), which is simply placed on the rock
sample (indicated by 3). It traverses the gadolinium-
gallium-garnet substrate (indicated by 4) and the
magneto-optically active film (indicated by 5) and is
reflected on an Al mirror evaporated on the film surface
(indicated by 6). The presence of magnetized grains
(indicated by circled letters a, b, and c) in the rock sam-
ple (indicated by 3) results in nonzero local magnetic
fields threading the magneto-optically active film (indi-
cated by the field lines (indicated by 7)). As a conse-
quence, the magnetization of the MO active layer,
indicated by the near-horizontal arrows in the layer,
undergoes a local out-of-plane rotation. The out-of-
plane rotation causes a nonzero Faraday rotation a of
the polarization direction of the light, which can be mea-
sured by passing the reflected light (indicated by 8)
through the analyzer of a polarized light microscope.
(b) Scheme of the magneto-optical imaging system us-
ing reflected light microscope.

[6] In this paper, we review the principle of the
MOI technique and its specific development for the
study of rock magnetism. A modulation technique,
which increases the MOI sensitivity and allows for
the measurement of the stray field from the natural
remanent magnetization of geological samples, is
also described. The observation of surface field
distribution of rocks carrying natural remanent
magnetizations is a significant improvement over
the previous study [Bobyl et al., 2007]. We show
representative results on chondrite meteorites.

2. Magneto-Optical Imaging

[71 The MOI technique is based on the Faraday
effect of a MO active magnetic layer (Figures la
and 1b). We have used cubic Bi-doped rare earth
iron garnet films, with a ferrimagnetic magnetiza-
tion resulting from the sum of the moments of the
Fe ions, situated on three differently coordinated
crystalline sites. The films are grown by liquid
phase epitaxy on paramagnetic doped gadolinium-
gallium-garnet (Gd;GasO,,) substrates. The rare
earth composition of the iron garnet films, similar
to that used by Dorosinskii et al. [1992] and
Indenbom et al. [2002], is chosen such that the easy
axis of magnetization coincides with the film plane.
Bi doping is performed to increase the saturation
magnetization M, the corresponding Faraday
rotation, and, ultimately, the film sensitivity. Figure 1
illustrates the principle of the imaging technique.
Linearly polarized light is incident on the substrate
(thickness 0.5 mm) and the garnet film (of thick-
ness d = 5 um), which is placed on the polished
sample under study. The light is reflected on an Al
layer of thickness 100 nm, evaporated on the garnet
surface, and therefore traverses the MO active layer
twice. This configuration of the garnet film is the
same as that used in the previous study of Boby!
et al. [2007]. The presence of a nonzero magnetic
induction, for example, due to the presence of
magnetized grains in the rock sample, results in a
rotation of the magnetization of the garnet, out of
the film plane. While the in-plane component of the
film’s magnetization does not rotate the polariza-
tion angle of the light [Polyanskii et al., 2004], the
component of the magnetization parallel to the
propagation direction of the light results in a
Faraday rotation

aF =2d V M;arctan B, /(B) + Bx) | (1)

of the polarization direction. The Faraday angle of
rotation o is proportional to the Verdet constant of
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the MO material (V) and its thickness d, and
depends on the magnetic field components perpen-
dicular (B ) and parallel to the film (B)) [Polyanskii
et al., 2004]. By is the anisotropy field of the MO
film. The observation of the reflected light image
through an analyzing polarizer, oriented at an angle
of 90° — 0 with respect to the incident polarization
direction (0 < 90°, nearly perpendicular configu-
ration), allows for the direct visualization of the
spatial distribution of the Faraday rotation angle. If
the in-plane component of the applied field is small
with respect to By, this corresponds to an image of
the perpendicular component of the surface mag-
netic field, B, .

[8] The intensity of the reflected light (I,0;) is
given by

[MOI = [()TH sinz(ap + 9) +[0Tl COS2(OzF -+ 9) (2)

where Iy is the incident light intensity, 7} and 7'
are the transmission factors in the direction of
parallel and perpendicular to the polarization plane
of the analyzer, respectively, and T, /T is the ex-
tinction ratio [Flament et al., 2004]. A first-order
expansion of equation (1) in o yields

Iyor =~ ozplo(TH - TL) sin 20 +10(TH sin? 0 + T, cos® 0);
(3)

only the first term contains information about the
magnetic field intensity. A development in 6,

Ivor = 20p 01o(T) — T.) + T, (4)

shows that the uncrossing angle of polarizer and
analyzer acts as an amplification factor. However,
too large angles of 6 increase the nonmagnetic
contribution (/o T sin®f + I, T, cos® 6), resulting
in low image contrast. Thus, there is an optimum
orientation angle of the analyzer that maximizes the
contrast [Flament et al., 2004]. This optimum angle
(Oop), which depends on the field strength, is
around 3 ~ 5° in the present study. Finally, the
proportionality of the parasitic intensity Iy 7', to
T, shows that the use of efficient polarizers with
T, < T is essential.

[9] The proportionality of the image intensity to
both the sign of the uncrossing angle 6 and that
of the Faraday rotation angle, and therefore to the
perpendicular component of the magnetic field means
that a contrast between positive and negative field

components is observable. Thus, bright regions
indicate nominally positive values of the perpen-
dicular field component in an image with nomi-
nally positive 6 (“positive image,” Iyoy, ), While
the corresponding image with nominally negative 0
enhances negative values of the field component
(“negative image,” Iy ). We normally use the
“positive image” to observe the magnetic flux
distribution emanating from strongly magnetized
grains such as SIRM (saturation isothermal rema-
nent magnetization). The resulting images are
referred to as “direct” images.

[10] For the observation of weakly magnetized sam-
ples, such as natural remanent magnetization (NRM),
we use a modulation technique that switches the
analyzer angle between 6 = A0 [Indenbom et al.,
2002]. This technique subtracts the positive and the
negative images and measures only the magnetic
contribution

AIMOI = IMOI(+) — IMOI(f) ~2 arp Ae]() TH (5)

Furthermore, very weak magnetizations can be
measured by enhancing the signal-to-noise ratio
through simple averaging of multiple differential
images (Alyo;). The previous study by Bobyl
et al. [2007] used another modulation technique
to increase the sensitivity, in which the image of a
sample with isothermal remanent magnetization
(IRM) induced by a negative perpendicular
magnetic field H, = =160 mT is subtracted from
the image acquired after the application of H, =
+160 mT. The change of the external applied field
(160 mT) implies that only the IRM can be mea-
sured, whereas our optical modulation method is
fully nondestructive and allows one to measure
NRM.

[11] Figure 1b schematically shows the present
MOI system based on a reflected light optical
microscope. The image acquisition and modulation
sequence are controlled by a LabView-based PC
system. A 12 bit color CCD camera (CFW-1312C
Scion Corporation) or a 12 bit black and white
CCD camera (Hamamatsu Photonics 4748 Orca II)
is used for image acquisition. The present layout
enables us to observe surface magnetic fields of
opaque samples, such as rock samples, by placing
the mirrored indicator on the surface (Figure 1a).
The field sensitivity and the maximum attainable
field with typical MO indicators are of the order of
0.1 mT and 200 mT, respectively; The latter cor-
responds to the saturation field of the garnet mag-
netization. These numbers are general bounds and
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Figure 2. (a) Light intensity for three relative positions
of the polarizer-analyzer pair, measured with respect
to the fully crossed position. The deviation from a para-
bolic behavior at high fields is due to the saturation
of the out-of-plane magnetization of the garnet film.
(b) Absolute Faraday rotation angle as function of mag-
netic field for the garnet indicator used in Figures 3-7.

vary with garnet composition. A small negative
(in-plane) magnetic anisotropy of the garnet implies
a large field sensitivity of the order of 0.1 mT
without image treatment, but a small saturation
field. Oppositely, a large anisotropy is detrimental
to the sensitivity but allows one to a have satura-
tion fields of up to 200 mT. Boxcar integration
of images (stacking) yields sensitivities down to
0.01 mT, while in general, a spatial resolution of 1—
5 pm can be attained [Indenbom et al., 2002]. To
reduce noise or parasitic elements in the captured
MO images (e.g., dust on the indicator surface,
or the magnetic domain structure of the indicator
itself), we took the mean of three images acquired
with different spatial positions of the indicator with
respect to the sample. Because the magnetic pattern
is independent of the indicator’s position, any

image element that moves together with the indi-
cator can be cancelled out by such a numerical
noise reduction technique.

3. Results and Discussions

[12] Figure 2 demonstrates the characteristics of the
garnet indicator used in the present observations,
measured under vertically upward applied field.
Figure 2a shows the light intensity (/y;0;) at the
fully crossed position ( = 0°), and around the
optimum angle (¢ = +£3°). For 6 = 0°, we can only
measure the absolute field strength by the /,,o; due
to its symmetric feature with the field polarity. The
curves are measured up to magnetic saturation, at
which the field dependence of the Faraday rotation
angle vanishes. Thus the measurable field range is
controlled by the physical properties of the garnet
indicator; at large perpendicular inductions, the
resulting image is qualitative and nonlinear in the
surface field intensity. On the other hand, the dif-
ference in intensity Alyo7 (between images taken
for opposite angles +6) is a bijective function of the
induction. Thus, the differential image is much
more suitable for quantitative measurements. The
absolute Faraday rotation angle as function of mag-
netic field (Figure 2b), which represents equation (1),
shows that the product (2 d V M,) is equal to 0.122°,
Since M, of this material is ~3 x 10* Am 2 and
the thickness is 5 um, the Verdet constant of
this indicator is about 1 x 102 rad m A™'. The
anisotropy field value (H in Figure 2b) is 32.8 mT,
this can be regarded as the maximum field strength
up to which the Faraday rotation is linear in the
perpendicular component of the induction. Although
the characteristics of the MOI system vary between
measurements because of variations of the tempera-
ture, of the intensity of the incident light, and so forth,
it is possible to precisely estimate the field strength
from MOI images by making a calibration curve for
each measurement.

[13] Figure 3 shows a result of an MOI observation
of a 6 mm thick polished section of the Agen (H5)
ordinary chondrite meteorite. The sample was
magnetically saturated by a 3 T vertically upward
(out-of-plane) field and demagnetized by a 10 mT
alternating field using the inline AF demagnetiza-
tion of a 2G SQUID magnetometer. Because some
meteorites contain ultrasoft magnetization compo-
nents due to the presence of low-coercivity kamacite
grains, we have demagnetized the sample to enhance
the contrast of the signal produced by the carrier of
the stable magnetization component (presumably

Sof 11



“fid=. ~ Geochemistr R
~ Geophysics y( |j
| Geosystems | I

UEHARA ET AL.: MAGNETO-OPTICAL IMAGING OF ROCKS

10.1029/2009GC002653

Figure 3.

(left) Reflected light image and (right) direct MO image of a polished thick section of Agen (H5) ordinary

chondrite carrying an upward pointing (out-of-page) SIRM. Brighter (darker) region corresponds to vertically upward
(downward) surface magnetic field. The white box emphasizes an example of rimmed feature (see section 3 and

Figure 5b).

tetrataenite). The Fe-Ni metal grains, which are the
dominant magnetic minerals in ordinary chondrites,
show up as bright spots in the MO image, indicating
the presence of upward (out-of-plane) surface fields.
Features with sharp contours correspond to the
surface grains observed in reflected light. Features
with fuzzy contours do not correspond to visible
grains and originate from grains that are hidden
under the surface of this 6 mm thick sample.

[14] Most MO patterns are bright solid spots, but
several large grains show distinctive rimmed MO
patterns (e.g., white box in Figure 3). There are two
possible hypotheses explaining the rim pattern. The
first is a shape effect. Above an uniformly mag-
netized infinite plane, the external field is always
zero due to the mutual cancellation of individual
source elements, but will result in a rimmed MO
pattern for grains of finite width (e.g., MOI of
magnetized ~200 nm thick and 1 mm? films in the
work by Jooss et al. [2002]). This holds if the plane
dimensions are at least ~30 times larger than the
distance at which the field is measured. For MO
observation of a 30 pm thin section, this would be
the case for homogeneously magnetized grains that
are at least ~500 ym in dimension. The second

possibility is that the magnetization of the rim is
larger than that of the bulk of the grain. These
hypotheses can be checked by looking at the con-
tinuity of the rim: a continuous rim may correspond
to a geometric effect, whereas a discontinuous rim
must correspond to a discontinuous magnetized
rim. Figure 4 shows enlarged images of grains in
the Ausson (L5) ordinary chondrite meteorite, with
discontinuous rim patterns showing up either as a
large rim defect or as a broken line feature. These
discontinuities probably correspond to the distri-
bution of ferromagnetic minerals with higher
magnetization at the rims of the grains. In fact,
metallographic studies report that most metamor-
phic (type 4-6) ordinary chondrites contain zoned
Fe-Ni grains, which have a central region with
low-Ni content (about 30 ~ 40 wt % Ni, para-
magnetic taenite) and an outer region with high
Ni content [Reisener and Goldstein, 2003]. Since
the Ni-rich region contains tetrataenite (ordered
FesNisg) with high coercivity [Nagata and Funaki,
1982; Nagata et al., 1986; Gattacceca et al., 2003],
the rim MOI pattern may have some relationships
with this tetrataenite rim. A third possibility is that
the grain has a magnetization with radial symmetry.
In that case the presence of a strong in-plane field
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a

Figure 4. (a and b) Reflected light and (c and d) direct MO images of metallic FeNi grains (bright in the reflected
light images) in a polished thick section of the Ausson (L5) chondrite meteorite showing imperfect surrounding rims
in the direct MO images. The sample carries an out-of-page pointing SIRM (demagnetized at 10 mT AF). Darker gray
nonmagnetic grains in the optical images are troilite. Figures 4a and 4c depict a grain showing a broken rim MO pat-
tern. Figures 4b and 4d depict a grain showing an intermittent rim MO pattern. The thickness of the thinnest portion of

the rim is 10 pm. Scale bars are 300 pm.

component over the grain would result in perpen-
dicular flux at the edges due to flux closure, and
could account for the rimmed MO pattern. However,
the closed flux configuration would imply a
magnetic singularity at the grain center. Such a
singularity as in a magnetic vortex or very strong
downward magnetic field is not observed. We can
therefore safely exclude this third hypothesis.

[15] The results exemplify the high spatial res-
olution of the MOI technique. A close-up image
(Figures 4b and 4d) demonstrates that the MOI
technique can be used to visualize a 10 pm
magnetic structure. Such high spatial resolution
is due to the small thickness of the MO active layer
(5 pm) and the small sample-to-indicator distance,
which allow us to measure only the near-field
contributions of the sample’s stray fields. Since the
magnetic field decays quadratically with distance

in this configuration, this small sample-to-indicator
distance compensates for the low sensitivity of the
indicator. Bobyl et al. [2007] showed that the actual
sample-to-indicator distance can be measured by
observing a small gap (<10 pym) between two mag-
netic grains separated by a nonmagnetic material.
In the experiment of Bobyl et al. [2007], this dis-
tance was 2.5 pm. Although we did not experi-
mentally estimate the sample-to-indicator distance
in the present study due to the large intergrain
distance within the observed samples (Figure 3),
this distance is probably the same as in the previous
study in view of the similar material and experi-
mental setup.

[16] Figure 5 shows direct MO images at different
sample-to-indicator distances for solid and rim-
like MO patterns. Figure 5a demonstrates that the
contrast of solid MO patterns is progressively
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Figure 5. Direct MO images of metal grains in meteorites at different sample-to-indicator distances adjusted by use
of 20 pm thick plastic films. The samples carry an out-of-page pointing SIRM demagnetized at 10 mT AF. Bright
grains in the reflected light microscopic images (“optical”’) are Fe-Ni grains, and darker grains are troilite. The silicate
matrix is dark. (a) Polished thin section of Borgo San Donino (HS) ordinary chondrite meteorite. The largest metal
grain shows magnetic inner texture without rim. Smaller grains also show magnetic signals (white arrows), but the
signals are diminished at large distances (black arrows). (b) Polished thick section of Agen (HS5) ordinary chondrite
meteorite (see also Figure 3). MO image shows clear rim structure. Scale bars are 500 pm.

diminished and the image is more and more diffuse,
with loss of the detailed features as one increases the
distance between sample and indicator. Finally,
small magnetized regions completely vanish from
the image. It is interesting to note that the rim-
like MO patterns keep their ring feature even for
large indicator-to-sample distances (Figure 5b). In
the image covering the whole sample (Figure 3), one
observes only diffuse solid MO patterns and no
diffuse rim-like MO patterns. This suggests that
rim-like MO patterns appear only on a cut surface of
the zoned Fe-Ni grain.

[17] The quantification of magneto-optical images
can be conducted through ad hoc calibration pro-
cedure. Equations (1) and (4) have that the intensity
of the MOI image is

Ivor =~ 4d VMo (T — Ty )0arctan[B, /(B + Bi)| + 1o T..
(6)

From equations (1) and (5), the differential MOI
image can be written as

Alyor = 4d V M, IyT)Afarctan[B, /(B + By)]. (7)
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Figure 6. Calibrated MOI image of metallic grains in
Agen (H5) meteorite. The observed region is same as
that used in Figure 5b. The scale indicates the absolute
field value. The direction of the field is generally upward
except for the interior of the ring-shaped rim structure.
The peak value (whitish color) is underestimated due to
the saturation of the indicator.

The analyzer angle 6 and the difference of the angle
A6 are measurable. We have already measured the
characteristics of the indicator, such (2 d V M,) =
0.122° and B; = 32.8 mT. Although these values
are not homogeneous over the indicator, we can
reduce the error by averaging several images acquired
with different spatial positions of the indicator. Thus,
using these values and assuming a given intensity
of the illumination, one can estimate B, using
equation (6) or (7).

[1s] However, there is additional source of uncer-
tainty in the presence of in-plane magnetic fields.
Indeed, according to equation (1), the in-plane
component (B)) will result in an underestimation of
ar. Although this results in negligible (<1%) error
for weak magnetic fields (B < By), such as stray
fields from samples carrying a NRM, this may lead
to significant underestimation in case of sample
carrying a saturation remanent magnetization. If we
consider a thin section (30 um thick) with a mag-

netite or FeNi grain of lateral dimensions 300 pm,
carrying a homogeneous vertical SIRM (about 1 x
10> Am ! for both typical magnetite and FeNi),
we can compute through forward modeling [e.g.,
Quesnel et al., 2008] that a maximum in-plane
field B = 20 mT will thread an indicator situated
3 um above the sample plane. This will result in an
underestimation of B, of 50% at the edge of the
grain, but will not induce any error at the grain
center where B = 0 mT. A straightforward calcu-
lation of B can then remove the underestimation
at the edge. Furthermore, spatial variations of the
illumination /,, which cannot be cancelled by
taking the mean of several images, should also
be accounted for whilst calibrating. However, the
modulation technique vastly reduces this source
of error.

[19] Figure 6 shows a quantitative image of the
perpendicular field distribution around the metal
grain observed in Figure 5b. The calibration was
performed by increasing a perpendicular magnetic
field from 0 to 55 mT in 1 mT steps, without
removing the indicator from the sample, and taking
an image at each step. The field strength is cali-
brated with a Hall probe at the sample location
before the imaging. The image intensity in a
selected portion of the image, in proximity to the
grain but avoiding any soft magnetic inclusions, is
then fitted against field strength. This is tantamount
to determining the parameters in equation (6).
Finally, image intensities are converted to local
values of B . Since the maximum field intensity
(~80 mT) in the image is very high, the MOI image
was taken at # = 0° to avoid saturation of the CCD
camera; hence, the scale shows the absolute value
of B,. This procedure demonstrates that MOI
images can be accurately converted into a map of
the perpendicular magnetic induction through a
calibration procedure. The presented method is
very robust because the calibration and the mea-
surement are simultaneously conducted, but has the
drawback that the sample was subjected to a
magnetic field. The utilized magnitude of the field
does not alter the saturation magnetization, but may
alter a natural remanent magnetization. Although
this will affect accuracy, this can be resolved by
making separate calibration and measurement runs.
Finally, we present differential MO images (Alys07)
of a sample (Ensisheim LL6 ordinary chondrite)
with its original NRM (Figure 7). Owing to their
high signal-to-noise ratio, the differential images
obtained by the modulation technique show clear
magnetic patterns. The magnetic image shows that
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Figure 7.
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(left) Reflected light microscopic image and (right) differential MO image showing a polished thick sec-

tion of Ensisheim LL6 meteorite carrying its natural remanent magnetization. Metallic grains (bright in optical image)
show small-scale (<100 pm) magnetic dipole-like feature. The larger two grains show several dipole-like features
within a grain, whereas the other smaller grains tend to show single dipole feature within a grain. Dotted lines in
the magnetic image indicate outlines of metal grains. Scale bars are 300 pm.

the metallic grains in the meteorite carry an NRM,
and that the declinations of the NRM vectors of
individual grains, which can be roughly estimated
by the dipole-like features, are not homogeneously
oriented as was already observed in LL6 ordinary
chondrites by bulk measurements on the mm scale
[e.g., Morden and Collinson, 1992; Gattacceca
et al., 2003]. Moreover, single large metallic grains
contain multiple dipole-like features with typical
scale of several dozen micrometers. The direc-
tions of these magnetic signatures are not uniform.
It suggests that the NRM is not homogeneously
oriented even within single metallic grains.

4. Conclusions

[20] We have adapted a magneto-optical imaging
system to the observation of polished rock samples.
This system images the vertical component of the
magnetic field above the samples, thus allowing for
mapping of the remanence carriers in rocks. Quan-
tification of the magnetic field can be achieved
through a calibration procedure that is, however,
specific to given experimental settings (temperature,
light intensity, modulation angle, etc). This tech-
nique can map stray fields from both artificial and
natural magnetizations of polished rock samples
with a spatial resolution of the order of 10 um.
Weakly magnetized samples can be studied through

the use of a polarization modulation technique.
One of the main advantages of this magneto-
optical system is that it allows direct comparison
of the magnetic images with reflected light images,
a crucial advantage to identify remanence carriers
in rocks.
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