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SUMMARY

We present examples of composite magnetic fabrics (AMS and partial AARM) in five sites
from the western Makran accretionnary prism. These rocks are weakly strained sandstones of
Mio-Pliocene age. Rock magnetic investigations show a large occurrence of magnetite and also
some greigite at two sites. Partial anhysteretic remanent magnetization coercivity spectra reveal
that grain size is not homogeneous suggesting several grain fractions. AMS foliations are close
to bedding, except at one greigite-bearing site where AMS foliation is almost perpendicular
to bedding. Soft AARM (0-50 mT) foliations are slightly oblique both to bedding and AMS
foliation. Surprisingly, hard AARM (50-100 mT) foliations are perpendicular to bedding.
Comparison of two limbs of one fold suggests that AMS foliations are pre-tilting while hard-
AARM foliations are post-tilting. Corrected degree of anisotropy parameters display similar
trends for all sites (Pl & 1.04 < Pl craqm =~ 111 < Prgaarm = 1.19). We suggest that
AMS, soft AARM and hard AARM reflect distinct magnetic grain populations. However, a
possible relationship between hard AARM and a component of natural remanent magnetization
is possible. Our study shows that two orthogonal fabrics exist in these weakly strained rocks;
coarse grains are parallel to bedding, while fine grains are aligned perpendicular to bedding.
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INTRODUCTION

In fold and thrust belts, sedimentary rocks are generally weakly
strained and only a few petrofabric elements such as bedding,
fracture cleavage, tension gashes and brittle deformation can be
recognized. It has been shown during the last four decades that
magnetic fabric is a powerful approach to reveal some cryptic
elements of the petrofabric (Graham 1954). Magnetic fabric ap-
pears as a precursor of visible strain (Borradaile & Henry 1997).
Whilst AMS (Anisotropy of Magnetic Susceptibility) is the most
popular method for measuring magnetic fabric, it has one princi-
pal drawback: AMS measures the combined contributions of dia-
magnetic, paramagnetic and ferromagnetic sensu lato susceptibili-
ties (Hrouda 1982). The contribution of the ferromagnetic fraction
alone can be characterized when using the anisotropic proper-
ties of remanent magnetization (Stephenson et al. 1986). Com-
parison between AMS and other remanence-related magnetic fab-
rics shows generally good agreement (Jackson 1991; Rochette
et al. 1992; Aubourg et al. 2000). Only a few studies refer to
qualitative and quantitative differences between AMS and rema-
nence magnetic fabrics (Aubourg ef al. 1995; Werner & Borradaile
1996; Robion et al. 1999; Rochette et al. 1999; Trindade et al.
1999).
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McCabe et al. (1985) proposed to use the partial anisotropy of
anhysteretic remanent magnetization (AARM). Anhysteretic rema-
nent magnetization (ARM) is obtained by a combination of DC
magnetic field (typically about 50 . T) and AC magnetic field (typ-
ically in the range 0—100 mT). There are two principal advantages
of using ARM: 1) alow DC magnetic field (ca. 50-100 nT) is used.
The acquisition curve of ARM vs DC field is expected to be linear
in this range. This behavior is a desirable condition to measure a
second order tensor of anisotropy (Daly & Zinsser 1973), 2) a win-
dow of AC field can be used to impart ARM. By measuring different
windows of coercivity (partial AARM), one can expect to charac-
terize different subpopulations (size and shape) of ferromagnetic
grains. In this regard, Jackson et al. (1988) first documented multi-
ple AARM magnetic fabrics by using different windows of coercive
field. It was only a decade later that Trindade et al. (1999) explored
again AMS and partial AARM in magnetite-bearing granites. To
understand the advantage of using AMS in combination with par-
tial AARM, let us consider schematically a grain size distribution
and try to evaluate the grain size window measured by AMS, soft
AARM, hard AARM and also the natural remanent magnetization
(NRM). Put simply, it is important to remind ourselves that mag-
netic susceptibility of fine grains is less than that of coarse grains (if
fine grains are not in the super-paramagnetic domain). Conversely,
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the magnitude of remanent magnetization is greater for fine grains
than for coarse grains. It thus appears that AMS and NRM tend to
reflect different grain fractions, respectively coarse and fine. Soft
and hard AARM grain fractions are in between AMS and NRM
windows. The soft AARM grain population resembles the grain
population that dominates AMS, while hard AARM is more repre-
sentative of the grain population that carries NRM. There are two
important comments that should be added to this simple view. First,
grain fractions can overlap each other depending on the grain size
distribution, and second the shapes of the grains (oblate vs prolate)
and their composition (if there are two, or more, species of ferro-
magnetic grains) also play a role.

In this paper, we investigate AMS and partial AARM in order to
test whether the petrofabric of magnetic grains is the same for all
grain fractions. The rocks studied are weakly strained sandstones
from the Makran accretionary prism. We show that coarse grains
lie within (or closely parallel) the bedding while fine grains have a
magnetic foliation perpendicular to bedding.

METHODS

All magnetic fabric measurements (AMS, pAARM) were carried
out at the Department of Earth Sciences (University of Cergy
Pontoise). Magnetic fabric is qualitatively defined by the ori-
entation of principal susceptibilities or pAARM susceptibilities
(K; > K; > K3). K, K; and the magnetic foliation (plane K; — K;)
are plotted in equal-area downward projections. We use the cor-
rected degree of anisotropy P" and the shape parameter T (Tarling &
Hrouda 1993) to quantify the magnitude and the shape of the ellip-
soid. AMS was measured with a Kappabridge KLY2 (Agico) using
fifteen positions according to Jelinek (1977). Anhysteretic magne-
tization was imparted with a DC field of 100 T and AC field in the
range 0 to 100 mT, using the AF demagnetizer LDA1 (Agico Ltd.).
A tumbling system is used to demagnetize the sample after each
position. Soft and hard AARM are measured respectively within
the window 0—-50 mT and 50-100 mT. Hard ARM (50-100 mT)
is obtained by applying an ARM at 100 mT and demagnetizing the
resulting ARM at 50 mT by using a computer-controlled 3-axis tum-
bler. ARM was measured with a spinner magnetometer JRS (Agico
Ltd.). To compute the AARM tensor, we used the Jelinek (1993) pro-
tocol. This protocol utilizes six independent positions. Each position
is measured twice with opposite magnetization in order to correct
the signal for the residual natural remanent magnetization. To test
the reliability of AARM measurements, we carried out several tests.

(1) We monitored the viscosity of imparted ARM. We found that
stability of ARM is reached after 1 min. Thus, we measured each
imparted ARM after one to two minutes.

(2) We have performed acquisition curves of ARM in DC
fields ranging from 5 uT to 500 4T (AC field of 100 mT) for
one representative sample of each site (Fig. 1). In the mean
time, we measured opposed ARMs imparted along the +z and
—z axes (z: long axis of the 10.8 cc core) and corrected them
for residual natural magnetization. We derived from these two
measurements the error percentage of opposite ARM (E =200 x
(ARMpax — ARMpin)/(ARMpax + ARMyn)  per  cent,  where
ARM,,,x and ARM,,;, are the maximum and minimum value of the
opposed ARMs). ARM acquisition curves show good linearity up
to 200 u T (Fig. 1). For DC fields lower than 20 T, the consistency
of opposed ARM is rather poor (E > 4 per cent). At 100 uT, the
consistency of opposed ARM is very good at site Z71 and remains
acceptable (1 per cent < E < 3 per cent) for other sites.
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Figure 1. Acquisition of anhysteretic remanent magnetization (ARM)
and test consistency parameter for opposed ARMs, E (E=200 x
(ARMpax — ARMpin)/ARMpax+ ARMpin per cent). We measured at each
incremental DC field paired ARMs along +Z and —Z axes of the core. The
thick grey line corresponds to the selected DC field for measuring AARM.

(3) We measured AARM of the same sample three times. We
always found good agreement and reproducibility for the sites pre-
sented in this study.

(4) We checked the orientation of partial AARM axes in core
coordinates in order to detect any bias as reported by Tauxe et al.
(1990). We conclude that there is no relationship between core axes
and partial AARM axes.

In addition to magnetic fabrics, we measured thermomagnetic
curves (K-T curves), stepwise demagnetization of composite
isothermal remanent magnetization (IRM), hysteresis loops, and
coercivity spectra of partial ARM of representative samples. K—
T curves were measured under argon with a kappabridge KLY-3
coupled with the CS-3 furnace. Stepwise demagnetization of com-
posite IRM imparted successively along orthogonal axis at 1.2 T,
0.5 T, 0.1 T were performed according to the method proposed by
Lowrie (1990). Hysteresis cycles are determined using a Micromag
Vibrating Sample Magnetometer. We determined real partial ARM
coercivity spectra on standard cores (10.8 cc) in steps of 5 mT ac-
cording to the method of Jackson et al. (1988).

PRESENTATION OF SITES
AND ROCK MAGNETISM

Sites 255,760, 764,771 and Z109 are located in the western part of
the Makran, south East Iran (Fig. 2). It consists of Neogene weakly
strained grey sandstones derived from the formation of the Makran
accretionnary prism, which is still active (McCall 1997). Sites Z55
and Z109 belong to thick Mio-Pliocene flysch series. Sites Z60,
764 and Z71 are proximal continental rocks. Z55, Z60, Z64 and
Z71 are located in a gentle flank of kilometric ramp-related folds
(Fig. 2). Z109 is sampled in the two limbs of a 500-m length fold.
Brittle deformation is very scarce, and only rare tension gashes are
observed. No cross-bedding or internal deformation is visible in
the field. Thin section of one representative sample from site Z55
(Fig. 3) shows a quartz matrix with carbonates, clays and a relative
abundance of large opaque minerals. Opaque minerals are rounded,
and are therefore likely of detrital origin. Magnetic susceptibilities
range from 1 - 107* SI to 2 - 10~3 SI (Table 1). Soft anhysteretic
susceptibility (1 - 17 SI to 2 - 1073 SI) is of the same order as
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Figure 2. Map of the western part of Makran showing site location. Trends
of fold axes and main faults are shown, defining the bending of the Makran
prism.

magnetic susceptibility and higher than hard anhysteretic suscepti-
bility (5-107° SI to 5 - 10~* SI) (Table 1). Hysteresis loops show
that ferromagnetic susceptibility is significantly larger than high-
field magnetic susceptibility, which represents at most 10 per cent
of the initial susceptibility. Hysteresis ratios (2.25 < Her/He < 3.63
and 0.11 < Jrs/Js < 0.23, where Mrs is the saturation remanence,
Ms is the saturation magnetization, Her is the coercivity of rema-
nence, Hc is the coercive force) plot in the PSD field of to Day et al.
1977).

Stepwise thermal demagnetization of 3-axis composite IRMs ex-
hibits very similar signatures for all sites (Fig. 4a). They are charac-
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Figure 3. Thin section (natural light) at site Z55 parallel to the AMS folia-
tion (K;—K; plane). A matrix of quartz and carbonates and opaque minerals
(essentially magnetite and greigite) is observed. Note the rounded shape of
opaque minerals that suggest a detrital origin.

terized by dominance of soft coercivity, with maximum unblocking
temperatures below 600°C. Magnetite is therefore the main ferro-
magnetic fraction. This is confirmed by K—7 curves (Fig. 4b), which
show Curie temperature close to 580°C, indicating a Ti-poor mag-
netite. Note that no paramagnetic trend is observed at low temper-
atures on the K-T curve (Fig. 4b). This, together with relatively
low high-field magnetic susceptibility, suggests that ferromagnetic
susceptibility dominates the low-field magnetic susceptibility in the
studied sandstones. The slope change for the soft IRM component
at about 300°C (Fig. 4a) is also expressed in K—T curves at sites Z55
and Z60 (Fig. 4b). Because the same intermediate Curie tempera-
ture is detected at 360°C in both sites, we believe that this secondary
mineral is not titanium-rich magnetite. This Curie temperature of
360°C is close to the Curie temperature of the iron sulfide greigite
as reported by Sagnotti & Winkler (1999). Additional arguments
suggest the presence of greigite rather than any other iron sulfide
such as pyrrhotite. 1) We found that samples Z60 and Z55 samples
are sensitive to gyroremanence (Stephenson 1993) when they are
submitted to static AF demagnetization (results are not shown). 2)
Samples are sensitive to the test of field impressed AMS anisotropy
(Sagnotti & Winkler 1999) after saturating the core along the z-axis
with a DC field of 1.2 T. Increase of magnetic susceptibility is about
100 wSI (~3 per cent) and 50 uSI (~6 per cent) respectively at
sites Z55 and Z60. 3) Additional K—T curves under argon show that
greigite is rapidly destroyed from 360°C to make magnetite at both
sites.

In order to illustrate the magnetic grain distribution, we show the
coercivity spectrum of partial ARM for greigite-bearing (site Z60)
and magnetite-bearing (site Z64) samples (Fig. 5). To test this sta-
tistical reliability of the partial ARM spectra, we measured several
samples and also the same sample three times. The distinguishable
peak at about 15 mT suggests the occurrence of large grains accord-
ing to Jackson et al. (1988). Interestingly, several additional peaks
are suggested (Fig. 5), indicating that grain size range is not narrow
and unimodal. The same pattern of partial ARM is observed at all
sites.

In summary, rock magnetic investigation indicates that ferromag-
netic grains dominate the low field magnetic susceptibility, and thus
AMS. Ti-poor magnetite is the main mineral at sites Z71, Z64 and
7109 while greigite is also detected at sites Z55 and Z60. A broad
grain size distribution is indicated by pARM coercivity spectra.
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Figure4. (a) Representative stepwise thermal demagnetization of isothermal remanent magnetization (under air) is shown. Note the dominance of soft
coercivity (<0.1 T), the unblocking temperature at about 580°C, which is typical of magnetite, and the slope change at about 300°C. (b) K~7 curve under argon
of sample from sites Z55 and Z60. One can see a Curie temperature at about 360°C, which is due to greigite (see text) and another Curie temperature at 580°C.

Greigite is completely destroyed after heating.
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Figure 5. Partial anysteretic remanent magnetization coercivity spectra. Partial ARM coercivity spectrum are measured, according to the method of Jackson
et al. (1988) in steps of 5 mT. Error bars correspond to standard deviations computed from three measurements of pARM. Note the occurrence of several peaks,

which suggests several grain size population in the rocks.

Coarse detrital magnetites derived probably from alteration of
ultrabasics and volcanics, located in the coloured mélange
(McCall 1997). Greigite is generally attributed to anoxic con-
ditions during late diagenesis conditions (Sagnotti & Winkler
1999).

MAGNETIC FABRIC RESULTS

We measured AMS, soft and hard AARM of 3 to 6 samples.
90 per cent of the samples have individual confidence angles less
than 10°. These confidence angles are routinely computed from
Jelinek methods (Jelinek 1978). We present first magnetite-bearing
samples (sites Z64, Z71, fold Z109), and then greigite-bearing sites
(Z55, Z60).

Atsites Z64 and Z71, AMS foliations are respectively parallel and
slightly oblique to bedding (Fig. 5). In both sites, we observe the
following characteristics: Soft AARM foliation is slightly oblique to
bedding and AMS foliation; hard AARM foliation is perpendicular
to bedding; anisotropy parameters of AMS display rather oblate
shape and weak anisotropy while soft and hard AARM show stronger

© 2002 RAS, GJI, 151, 729-737

anisotropy and rather triaxial shape. Note that soft AARM is less
anisotropic than hard AARM.

At fold Z109 (Fig. 7), we have the opportunity to test magnetic
fabric in respect to geometry of gentle and steep limbs. To visualize
the grouping of magnetic fabric axis, we plot the tensorial mean
according to Jelinek (1978). When comparing AMS in geographic
coordinates and after bedding correction, we see that AMS foliation
is pre-tilting and equally oblique to bedding in both limbs (Fig. 7a).
AMS lineation is roughly parallel to the intersection of magnetic
foliations. In gentle limb (Fig. 7b), soft and hard AARM are scat-
tered. AMS, and soft and hard AARM are slightly clockwise rotated
respectively from each other. Conversely, magnetic fabrics in steep
limb (Fig. 7b) are better defined. AMS and partial AARM lineations
are more or less parallel each other. However, magnetic foliations
rotate progressively. We observe that soft AARM foliation lies be-
tween AMS and hard AARM foliations. Despite scattering, one can
note that hard AARM foliations in both limbs of the folds are close
each other. This contrasts with AMS foliations that are clearly pre-
tilting. Anisotropy parameters P’and T have the same trend in both
limbs (Fig. 7b), and reflect the same pathway to those observed at
magnetite-bearing sites Z64 and Z71.



734  C. Aubourg and P Robion
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Figure 6. Magnetic fabrics (AMS, soft AARM (0—50 mT) and hard AARM (50-100 mT) for magnetite-bearing sites Z64 (a) and Z71 (b). Maximum (K = full
squares) and minimum (K3 = circles) magnetic fabric axes are plotted in geographic coordinates in downward stereographic equal-area projection. Bedding
(thick great circle) and magnetic foliation (dashed great circles) are shown. The intermediate temperature component of NRM is shown for hard AARM.
Arithmetical mean of anisotropy parameters P’ and T are displayed with their standard deviation. T: shape of the ellipsoid T (T = 2(n1 —n2)/(n2 —n3) — 1; —1:
prolate, 41 oblate, 0: triaxial). P": corrected degree of anisotropy P = exp(v/2[(n1 — 1m)? + (12 — 1m)? + (13 — 0w )2 Ds i = N Ky, 0y = (01 + 72 + 13)/3.

(@) (b)

Z109
steep limb

Z109
gentle limb

Figure 7. Magnetic fabrics at magnetite-bearing fold Z109. Same legend as in Fig. 6. Tensorial mean (black symbols) are plotted in order to visualize the
scattering. (a) AMS in both limbs in geographic coordinates and after untilting the bedding. We thus see that AMS foliation is pre-tilting. (b) AMS and partial
AARMs limb by limb.

© 2002 RAS, GJI, 151, 729-737



Ferromagnetic fabric in sandstone, Iran 735
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Figure 8. Magnetic fabrics (AMS, soft AARM; hard AARM) at greigite-bearing sites Z60 (a) and Z55 (b). Same legend as in Fig. 6. Note that AMS of heated
samples (heating at 700°C under air and cooling in magnetic shielded oven), as well as AMS, soft AARM and hard AARM of unheated samples, are presented.

The intermediate temperature component of NRM is shown for hard AARM.

For greigite-bearing sites Z55 and Z60 (Fig. 8), we also measured
AMS after heating samples at 700°C. At site Z60, AMS foliations
ofunheated and heated samples are more or less parallel to bedding.
Note however that AMS lineations of heated and unheated samples
change significantly. Soft AARM is too scattered to define a folia-
tion, but the rough trend is apparently different both to bedding and
AMS foliation. Hard AARM foliation is almost perpendicular to
bedding. Anisotropy parameters are weakly anisotropic and oblate
for AMS of heated and unheated samples, while they are triaxial and
more anisotropic for soft and hard AARM. At site Z55, AMS folia-
tion is rather scattered but largely oblique to bedding. Interestingly,
AMS of heated samples groups better and shows very different be-
havior: its foliation is parallel to bedding. Soft AARM resembles
AMS of heated samples. Conversely, hard AARM foliation is close
to AMS of unheated samples, and perpendicular to bedding. At site
755, we know that magnetite and greigite carry magnetic suscep-
tibility. Since greigite is destroyed by ca. 400°C, we suggest that
AMS of unheated samples and hard AARM are likely carried by
greigite, while soft AARM and AMS of heated samples are carried
by magnetite. Anisotropy parameters display the same trend than
those of site Z60.

DISCUSSION

In these weakly strained sandstones from Makran, we documented
composite magnetic fabrics that are distinguishably different each
other. It is first questionable how reliable these fabrics are. First, we
explore whether magnetic fabrics are independent from each other.
It is well known that when magnetic foliations are slightly oblique
to each other, then the magnetic lineation trends parallel to the in-
tersection of these magnetic foliations (e.g. Housen ez al. 1993). In

© 2002 RAS, GJI, 151, 729-737

our data set, this effect is only suggested within the steep limb of
fold Z109 (Fig. 7) where the magnetic lineation is parallel to the
intersection of AMS and soft and hard AARM foliations. Another
possible effect of interacting magnetic fabrics is an apparent rela-
tionship between magnetic foliation. Such an effect is suggested at
site Z55 because AMS foliation of unheated samples is apparently
between the foliations of hard and soft AARM (Fig. 8B). Despite
these two relationships, the absence of clear interaction between
magnetic fabrics suggests that AMS and soft and hard AARM mea-
sure distinct magnetic grain populations. It is tempting to say that the
AMS grain fraction is predominantly coarse while the hard AARM
reflects mainly fine grains. Distinct peaks in partial ARM coercivity
spectra support the existence of several grain fractions.

Second, we investigate a possible relationship between the nat-
ural remanent magnetization (NRM) and magnetic fabric. Such
interaction is possible, although rarely documented (e.g. Rochette
et al. 1992). However, NRM-induced deviation should be consid-
ered when interpreting hard AARM as this property is dominated
by a fine grain fraction, as is NRM. Hard AARM s are characterized
by normal-to-bedding foliations and steeply dipping magnetic lin-
eations. A preliminary palaecomagnetic investigation on sites Z55,
760, 264 and Z71 defined an intermediate temperature (~200°C—
500°C) component of NRM (Figs 6 and 8). This component of
NRM is roughly close to hard AARM K, or K; within 20-30 de-
grees. It is also noticeable that the plane K;—K; contains the NRM
component. On the basis of this relationship, an interaction between
NRM and hard AARM is possible. However, it is difficult to explain
why hard AARM foliation is perpendicular to bedding, as there is
no relationship between bedding and NRM. Note that there is no ap-
parent relationship between NRM and other magnetic fabrics (AMS
and soft AARM).
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The composite magnetic fabrics from this study can originate
from sedimentary or tectonic processes. In rocks from Makran, a
preliminary investigation on about 500 samples indicates that AMS
is of tectonic origin (Aubourg et al. 2001). A tectonic imprint is also
inferred by Bakhtari et al. (1998) who reported a systematic tectonic-
related AMS in equivalent rocks from Zagros. At fold Z109, we have
an additional indication that AMS is not sedimentary in origin. At
this fold, AMS foliations in the two limbs are oblique to bedding
and poles of AMS foliation group well after restoring bedding to
horizontal (Fig. 7a). Pre-tilting and homogeneous oblique AMS fo-
liations taken in several strata cannot be explained by a sedimentary
process such as cross bedding. If AMS is pre-tilting at this fold,
it seems that hard AARM is post-tilting, ruling out a sedimentary
origin. An additional clue for tectonic origin of composite magnetic
fabric comes from a comparison of the strike of hard AARM folia-
tions and fold axes. The strikes of hard AARM foliations from sites
755,260 and Z109 are parallel to fold axes, while those from sites
764 and Z71 are more or less perpendicular. Therefore, we propose
that tectonic processes control AMS, hard AARM, and probably
soft AARM.

CONCLUSIONS

We give evidence for composite magnetic fabrics in weakly strained
sandstones by comparing AMS and partial AARM. We list here a
summary of results found in this study:

(i) Ubiquitous magnetite and locally, greigite control the low field
magnetic susceptibility and anhystereric remanent magnetization of
Makran sandstones;

(ii) Coercivity spectra of partial ARM suggest that grain size
distribution of magnetite and greigite is not broad and not unimodal;

(i) Soft (0-50 mT) and hard (50-100 mT) partial AARM are
reliable techniques where no bias has been detected;

(iv) Quantitatively, we see the following relationship of cor-
rected degree of anisotropy Pl s~ 1.04 < P/~ 111 <
Py rasarm = 1.19. AMS is oblate (T~ 1 while partial AARM are
generally triaxial (T ~ 0).

(v) We suggest that AMS, soft AARM and hard AARM measure
distinct magnetic fabrics without apparent interactions.

(vi) A possible relationship between natural remanent magneti-
zation (NRM) and hard AARM is suggested.

(vii) AMS foliation can be oblique to bedding without any indi-
cation of sedimentary features. Such obliquity is pre-tilting at fold
Z109.

(viii) Soft AARM foliation is generally slightly oblique to AMS
foliation and bedding.

(ix) Hard AARM foliation is strongly oblique to AMS and soft
AARM foliation, and it is roughly perpendicular to bedding. Its
geometry in a fold suggests a post-tilting acquisition.

Previous studies in thrust belt showed that magnetic foliations are
often parallel to bedding and more rarely perpendicular to bedding.
Our study reveals the composite nature of the magnetic foliation in
weakly strained sandstones: coarse and fine grains make respectively
a foliation parallel and perpendicular to bedding. We propose that
these steep magnetic foliations reflect probably a tectonic event.
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