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Introduction

Magnetic susceptibility (MS) is currently used as a
directly representative proxy for the study of climatic
variations, and for cyclostratigraphic studies. It depends on
the concentration of magnetic minerals in the rocks, but does
not allow identifying the magnetic minerals. In the case of
argillaceous sediments, the paramagnetism of clay particles
often plays a major role in determining the magnitude of
their magnetic susceptibility, while the presence of
ferrimagnetic iron oxides or sulfides cannot be assessed
using susceptibility measurements alone. Among the
different methods that can be used to detect ferrimagnetic
particles magnetic viscosity (MV) characterizing the delay
corresponding to the acquisition or loss of induced
magnetization, has the same advantages as MS. Its
measurement is direct, rapid and has been proven to be very
efficient in detecting the presence of secondary ferrimag-
netic minerals in soils. A MV measurement technique was
tested on cores taken from a borehole, in Callovian-Oxfordian
formations in the eastern Paris Basin (France) (Fig. 1).
Although the MV values are very small, they have cyclic
variations of which strongest values are found at the base of
the Lower Oxfordian. These values, when correlated to MS,
Gamma Ray (GR) and a sequential interpretation of a
borehole drilled close-by are found to be associated with the
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Figure 1. Paleogeographic map of the Paris Basin (indicated
by stars) and surroundings (modified after Pellenard, 2003 and
Dercourt et al., 1993).

maximum clay fraction in the core samples, a MS maximum,
and a major transgression event. Consequently, a significant
increase in ferrimagnetic minerals can be associated with
this event.

Spectral analysis of the high resolution MV and MV/MS
records reveals dominant patterns, identified as 95 ky
eccentricity cycles, identical to those found using MS and
GR analysis. Magnetic viscosity, which is sensitive to specific
ferrimagnetic grains, thus appears to be a well suited proxy
for cyclostratigraphic analysis, adapted to the Mesozoic
homogeneous argillaceous series. Its sensitivity is
complementary to, and extends the abilities of, magnetic
susceptibility.

Cyclostratigraphy constitutes a remarkable tool to
estimate the duration of sedimentary sequences. The method
depends on the existence of climatic proxy records, whose
high-resolution acquisition enables temporal resolutions to
the scale of Milankovitch cycles (i.e., eccentricity, obliquity,
and precession cycles with durations of 405 ky, 95 ky, 40 ky,
20 ky, and 18 ky). The quality of the records is often sufficient
to allow the cyclostratigraphic series to be correlated with
theoretical astronomical forcing over the past 40-60 My
(Laskar et al., 2004). In such studies, magnetic proper-
ties—in particular the magnetic susceptibility (MS)—are
powerful tools for cyclostratigraphic analysis (Crick et al.,
2000; Latta et al., 2006). The properties, concentration, and
grain size of the magnetic minerals are affected by erosion,
transport, sedimentation, and/or diagenesis. MS fluctuations
in a sedimentary sequence can thus reflect paleoclimatic
variations and provide a record of orbital cycles. This
technique has been frequently used in recent cyclostrati-
graphic studies; it is also a very promising diagnostic tool for
the analysis of Mesozoic series (Weedon et al., 1999; Huret,
2006; Boulila et al., 2008a, 2008b). MS can be measured at
low cost with a very high resolution on core samples, or by
downhole logging with a high sampling rate, of the order of
one centimeter. The measurements can be made in a few
seconds on core, and they are simple to implement and
non-destructive. The MS in argillaceous sediments is
generally dominated by paramagnetic minerals, although a
significant fraction of ferrimagnetic iron oxide or iron sulfide
grains may also contribute. In question is however whether
the ferrimagnetic fraction is more sensitive to climate
changes, and thus more reliable in cyclostratigraphic
studies.
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It is possible to determine the presence of ferrimagnetic
grains by computing the remanent magnetization, if the total
field and the MS logging analysis are combined (Desvignes
et al., 1992), either by measuring the magnetic viscosity
(MV). Our aim was to assess the use of MV in mineralogical
and sedimentological change interpretations. We tested the
method on samples from the PEP 1002 borehole (Andra
Underground Laboratory, France) and compared the
observed MV variations with those determined using MS
and sedimentology.

Magnetic Viscosity

When an external magnetic field is applied to a material, it
acquires an induced magnetization with a delay which can be
measured. In the case of an AC-applied field, this delayed
reaction is described by a complex susceptibility: k= xy - i,
in the frequency domain. In the time domain, for an applied
step impulse function, this delay corresponds either to an
increase in magnetization after the applied field has been
switched on, or to a decrease in magnetization after it has
been switched off. Magnetic viscosity has been observed
experimentally for a wide variety of rocks, from soils (Mullins
and Tite, 1973) to oceanic basalts (Trigui and Tabbagh,
1990). Theoretical approaches (Néel, 1949, 1950; Mullins
and Tite, 1973) have established that for single domain grains
and for wall displacement induced by thermal fluctuations in
massive multi-domain grains, a quantitative relationship
exists between the quadrature susceptibility (iqu, where w is
the angular frequency and x4, is the time domain suscepti-
bility) the decrease of in-phase susceptibility as a function of
frequency, and time domain susceptibility variations:
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This relationship has been experimentally verified
(Bloemendal et al., 1985; Dabas et al., 1992) in the presence
of hyperfine grains. The role of hyperfine grains, at the
transition between the superparamagnetic (SP) and stable
single domain (SSD) states, has been confirmed (Dearing et
al., 1996; Worm, 1998) and has been demonstrated to be very
significant in soils with grain sizes below 30 nm as an
indicator of the presence of secondary ferrimagnetic
minerals (SFM).

In sediments, the MS corresponds to the sum of the contri-
butions from paramagnetic and ferrimagnetic minerals,
while the MV is affected only by single domain hyperfine
grains. Therefore, the ratio MV/MS can be used to normalize
with respect to the total magnetic particle content.

Geological Context at the Studied
Boreholes

The studied boreholes truncate the Callovian-Oxfordian
formation of the eastern Paris Basin (Fig. 1). They comprised

homogeneous argillaceous series (around 130 m thick)
deposited in a marine shelf environment. This formation is
included in a second-order transgressive/regressive cycle
(Hardenbol et al., 1998), with a maximum flooding surface
situated near the base of the Oxfordian stage in the Mariae
zone (Pellenard et al., 1999; Pellenard, 2003; Ferry et al.,
2007). MS studies of many boreholes at the Bure site show
that this evolution reflects the major transgressive/
regressive changes of second and third orders, in which the
transgressive phase is represented by an increase in MS and
the regressive phase corresponds to a decreasein MS (Huret,
2006).

The rocks consist of approximately 50% clay minerals, 25%
silt (quartz, feldspar, muscovite), and 25% carbonate (calcite
and dolomite) whereas micas and pyrite are minor
constituents (<5%). The MS is influenced mainly by the
paramagnetic clay minerals and partly by ferrimagnetic
minerals; significant concentrations are situated at the
Callovian-Oxfordian boundary and in a clay maximum at the
base of the lower Oxfordian (Esteban et al., 2006).

Two data sets from boreholes in this stratigraphy were
used. The PEP 1002 borehole in the Callovian-Oxfordian
argillaceous formation was accessed via the floor of the Bure
Underground Laboratory at the depth of 490-m. This
19-m-long borehole is vertical. The studied interval covers
approximately the top of the upper Callovian and the base of
the lower Oxfordian (Fig. 2). The EST 103 hole was drilled
on the Bure site, at a distance of approximately 200 m from
the PEP 1002 borehole. The time interval of the EST 103
borehole could be defined as ranging from the top of the
upper Callovian to the base of the lower Oxfordian (Thierry
et al, 2006), by evaluating ammonite deposits. The
clay content, GR value, and MS value maxima occur at depths
of approximately 500 m in the EST 103 borehole and 490+3 m
in PEP 1002. This corresponds to the maximum flooding
surface (MFS).

Measurements and Data Processing

When the MS2B (Bartington Ltd) dual-frequency
instrument was used, no difference was observed between
the in-phase magnetic susceptibilities at 0.465 kHz and
4.65 kHz. This means that the quadrature susceptibility is
smaller than 6.8 x 107 S.I. (for frequency dependent
susceptibility of 1%, and a low frequency susceptibility of
10* S.I.). Thus, we chose the more sensitive time-domain
electromagnetic technique (TDEM). A 0.084-m-diameter
coincident loop sensor was built in order to be able to
surround the core. Measurements were performed with TS6
electronics (Protovale Oxford Ltd), with a 2-cm sampling
interval. The data were digitally recorded with thirty values
stacked at each measurement point. To correct for thermal
and electronic drifts, we took zeroing calibrations at regular
intervals.

Scientific Drilling, No. 8, September 2009 19


http://dx.doi.org/10.1029/JB090iB10p08789
http://dx.doi.org/10.1111/j.1365-246X.1992.tb00841.x
http://dx.doi.org/10.1111/j.1365-246X.1996.tb06366.x
http://dx.doi.org/10.1190/1.1443300
http://dx.doi.org/10.1029/JB078i005p00804
http://dx.doi.org/10.1016/j.crte.2006.05.005
http://dx.doi.org/10.1046/j.1365-246X.1998.1331468.x

Science Reports

As the core is not continuous
and presents some fractures and
gaps,thedatahadtobecorrected
for these effects. The signal
decay was computed as a func-
tion of core length, using an
abacus, for several gap sizes.
The final data reduction step
involved  transforming the
2 0 1 2 3 4 s | measured voltage into apparent
quadrature susceptibility, after
calibrating the global loop and
instrument response using a
small 5-mm-diameter metallic
sphere (Tabbagh and Dabas,
1996). In order to provide a good
fit for the experimental values,
the total instrument sensitivity
s | was increased so that its total
% dynamic range corresponded to
) 107 S.1., in good agreement with
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those between 10 m and 13 m are correlated with strong GR
values characterizing clay-rich zones. Moreover, the GR log
presents the same high frequency variations as the MS recor-
ding (Fig. 2). These similarities confirm that the presence of
paramagnetic clay minerals is the dominant contributor to
MS. Correlations between MV and MS are less evident,
although they present the same cyclic variations (of the order
of 3 minthickness). They appear to be anti-correlated, rather
than correlated; nevertheless, the strongest MV values,
which occur at 3.5 m, 7.5 m, and 11-13 m, correspond to
maxima of both MS (values varying, 15-20 x 10-5 SI) and GR
(Fig. 2). It should be noted that the relative variations in MV
(variations divided by the mean value) are clearly higher
than those in MS.

The main discrepancy, together with the main high and
medium frequency variations observed in the MYV, lies
between 3 m and 4 m. This is associated with a strong relative
increase in MV, followed by a strong relative decrease. By
comparison, the sedimentology and stratigraphical
information corresponds to a MS maximum and, after
comparison with the EST103 borehole, is found to be
correlated with the position of the second-order maximum
flooding surface (MFS) known to exist at the base of the
Lower Oxfordian. This level also corresponds to a clay-rich
maximum in the EST 103 borehole, with strong GR values.
A second interval with strong MV, MS, and GR values is
observed between the depths of 11 m and 13 m, but is not
associated with a particular lithological or stratigraphical
change. However, the base of the Mariae zone can be
recognized as the most argillaceous level of the series
(Pellenard et al., 1999; Esteban et al., 2006).

The highest MS values, found at 3 m depth in the PEP
1002 borehole, indicate that the MFS may correspond to
(i) a greater quantity of paramagnetic clay particles, or (ii) a
greater quantity of magnetite grains of terrigenic origin
(Esteban et al., 2006), or (iii) greater in situ generation of
biogenic minerals (greigite or magnetite). The strong
changes in MV suggest that the processes involved are even
more complex than suggested by MS alone; inside this period
of high susceptibility, rapid and strong changes occurred
in the sediment transfer modes, and possibly in the oxygen
content of water. In the absence of a detailed mineral
analysis, it is not possible to determine exactly what
happened during the flood event.

We would like to emphasize that, for the MFS event
recorded at 3—4 m, the MV/MS ratio provides a large quan-
tity of useful information. It not only highlights changes that
have already been observed using GR or MS, as for the case
just above 11 m, but also reveals more complex, detailed
variations which have yet to be understood. As the relative
variations in MS are of limited extent (20% maximum) and
are correlated with clay content, the MV/MS ratio can be
initially interpreted as expressing the small ferrimagnetic

particle content of the clay. Variations in this ratio could thus
provide an indication of the sediment’s origin.

Frequency Content

MYV data exhibited a higher relative variability than that
recorded using MS (or GR). However, in order to assess its
relevance for cyclostratigraphic studies, the frequency
content of the relevant recordings must also be analyzed.

Time series analysis of the PEP 1002 and EST 103 well
logs and core data were carried out using the “Multi-Taper
Method” (Thomson, 1982, 1990). This method, which we
implemented with Matlab® software, estimates the power
spectral density of a time series through the application of a
set of orthogonal tapers, while maintaining suitable
confidence levels. In spite of the presence of some gaps in
the PEP 1002 data and of the limited length of the recordings,
our analyses were performed over the full series. The data
was re-sampled every 2 cm, using linear interpolations
(except for the GR, which has a constant sampling step), and
the linear trend was removed. The results are shown in
Fig. 2, for which the data was smoothed (3-point average) to
improve the contrast of the high frequency variations.

Identification of the orbital cycles was achieved using the
frequency ratio method (Mayer and Appel, 1999), which
consists of comparing the frequency ratio of pairs of dominant
cycles observed in the series, with those known to charac-
terize the Earth’s orbital cycles (i.e., 18.2 ky and 21.9 ky for
precession, 37.7 ky for obliquity, and 95 ky for eccentricity)
during the Jurassic period (Berger and Loutre, 1994). GR
analysis of the EST 103 reveals a power spectrum with only
two major peaks, with periods of 2.85 m and 4.2 m, and
a weaker peak at 1.58 m, visible on the curve (Fig. 2). This
power spectrum does not have small high-frequency
variations similar to those associated with the MS data,
because a longer (10 cm) sampling step was used. The MS
spectrum of the EST 103 hole presents several peaks with
strong amplitudes, the first identical in frequency to those of
the GR spectrum, with periods between 4.6 m and 2.8 m
clearly visible (Fig. 2). Others periods, close to 1.4 m and
1.58 m, 1.07 m and 0.8 m, and 0.62 m and 0.33 m, are also
characterized by comparatively strong amplitudes. By
comparing the terrestrial orbital frequency ratios with those
derived from the GR and MS recordings at the EST 103 hole
(Table 1), we can associate the core cycles (with periods of
2.8-4.1 m) with 95-ky eccentricity cycles. The core cycles
with periods of 1.58-0.62 m can be associated with obliquity
cycles, and the core cycles with periods 0.33-0.80 m can be
associated with precession cycles. These periodicity
allocations agree with the cyclostratigraphic analysis
performed on cores of another hole (EST 322) drilled 10 km
from EST103 and PEP 1002 (Boulila et al., 2008b). The fact
that the observed cycles are spread over a large range of
frequencies can be explained by variations in the rate of
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sedimentation. The sedimen- Table 1. Durations and duration ratios of orbital cycles, defined for the Late Jurassic (Berger and Loutre,

tation rate, in the MS
recordings associated with
95-ky  eccentricity  cycles,
increases from that corres-
ponding to the 2.8-3.2 m
thicknesses at the bottom of

1002 hole.

1994), frequency ratios of the principal cycles observed in MS and GR recording spectra from the EST
103 hole, and of the principal cycles observed in MS, MV and MS/MV recording spectra from the PEP

18.2 ka 0.483 0.191
37.7 ka 95 ka 0.397
21.9ka 0.581 0.230

the recording, o thatresuing | e | = T T w6 T e [ |

in athickness of approxi-mately
4 m at the top (Fig. 2).

0.33
MS 0.58
0.80

The spectral analysis of
MS in PEP 1002 is more com-
plex. Eccentricity cycles are
expressed, as for the EST 103
borehole, by a 4.1-m thickness.
However, other cycles such as
obliquity and precession are more difficult to identify
because the spectrum contains many close frequency
peaks with strong amplitudes. This effect is certainly ampli-
fied by the presence of a core sample gap (7.76-9.26 m).
Similar spectral characteristics have already been observed
by Weedon (1989); however, the frequency ratio of the major
peaks allowed Milankovitch cycles to be identified with
frequencies in agreement with those found at the EST 103
borehole (Table 1). MS stratigraphic correlations between
the two boreholes show similar trends and clearly present
the same high-frequency cycles. In this correlation, some
thickness variations are also expressed by small differences
in MS measurements.

PEP 1002

The MV spectrum for PEP 1002 in Fig. 2 is clearer than
that produced from the MS recordings. It has the same two
strong peaks corresponding to periods of 2.92 m and 4.1 m,
associated with the 95-ky eccentricity cycles. Although the
higher frequency cycles are not very strong, the use of
frequency ratios enabled obliquity and precession cycles to
be identified. The spectrum of the MV/MS ratio is the most
representative of all the spectra, with all Milankovitch cycles
expressed with strong, distinct amplitude peaks. The MV
and MV/MS curves (inversed in Fig. 2) clearly show the
eccentricity cycles corresponding to thickness periods in
the range of 2 m to 4 m.

Conclusions

The results presented in this paper are the first on direct
magnetic viscosity measurements of argillite samples.
Measurements of PEP1002 cores are shown to be informa-
tive, and they demonstrate that MV measured by the TDEM
technique appears to be a potentially promising climate
proxy for high-resolution cyclostratigraphic studies. The
resolution and lateral sensitivity of MV measurements
should be similar to that of MS and could be adjusted by
appropriate definition of the coil geometry. The potential of
MYV as a proxy for stratigraphic climate analysis is its ability
to constrain the ferromagnetic iron oxide or sulfide grain

0.62 1.58 0.5632 0.209 0.419
1.07 2.80 0.542 0.207 0.382
1.40 3.20 0.571 0.250 0.437

fractions. This capability potentially can be used to improve
the identification of sedimentary sources, changes in miner-
alogy which occurs during transport, and sedimentation
process. It is now necessary to determine precisely the
advantages and drawbacks of this type of measurement
and the extent to which it can be complementary to MS and
other petrophysical analyses. The construction of a MV
wire-logging tool could take advantage of the experience
acquired in surface prospecting instruments.
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