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Abstract---The progressive development of planar and linear fabrics due to Alpine deformation in Dogger 
calcareous shales has been studied in the Dauphinois zone of the French Alps, using measurements of the 
anisotropy of magnetic susceptibility. The axes and shapes of magnetic ellipsoids and petrofabrics show good 
qualitative correlation through a series of different fabric types from a sedimentary to a highly deformed one. 

Together with various petrological techniques, magnetization measurements in a variable field (up to 5 T) and 
under variable temperature with a cryogenic magnetometer, were used to achieve a complete analysis of the 
magnetic mineralogy with its dia-, para- and ferromagnetic (s.l.) contributions. The effects on the anisotropy of 
the complex mineralogy and various geological processes including pressure-solution, metamorphism and 
weathering, are discussed. 

INTRODUCTION 

IN THE Dauphinois zone of the French Alps, described 
by Ramsay (1963), along the northwest side of the 
external crystalline massifs lies a continuous belt of Lias 
and Dogger calcareous shales (Fig. 1). These weak 
layers form a privileged shearing zone and were 
deformed during the Alpine thrusting and the north- 
westward transport of the upper units, sub-Alpine mas- 
sifs and Prealps. This deformation has led to a spaced 
regional cleavage dipping to the southeast and to folds 
verging to the northwest. As can be seen in the Helvetic 
and Prealps nappes, the deformation has a clear lateral 
gradient from the southwest to the northeast. Illite 
crystallinity and fluid inclusion temperatures indicate a 
correlative increase of metamorphism, reaching the 
epizone in the Meg6ve region (Zwart 1973) where 
paragonite has been observed. In the eastern sedimen- 
tary cover of the crystalline massifs (sites K and L in Fig. 
1) deformation and metamorphism are even higher 
(Bernard et al. 1977, Gratier & Vialon 1980). It is in this 
framework that the relationships between magnetic 
properties and petrofabrics have been studied. 

PETROFABRICS 

Twelve sites were sampled in the homogeneous series 
of dark calcareous Dogger shales (Fig. 1). Optical exami- 
nations and X-ray diffractometrv indicate the following 
mineralogy: calcite, quartz, chlorite, illite and pyrite. In 
the most metamorphosed sites, illite is replaced by' 
paragonite or muscovite. In some weathered samples 
iron oxyhydroxydes become abundant within the cleav- 

age planes. The bedding is marked by a decimetric and 
millimetric compositional layering. 

The beginning of deformation took place principally 
through a mechanism of pressure-solution, indeed cal- 
cite and quartz were dissolved at the level of cleavage 
foliae and grew again in tension gashes. The cleavage 
foliae correspond to an iron-enrichment zone where 
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Fig. 1. Simplified map of the Dauphinois zone (French Alps) showing 
the external crystalline massifs, the western upper limit of Dogger 
outcrops (dashed line) and the location of the sites labeled from A to 

L. The Penninic zone is shown stippled. 
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phyllosilicates and opaque grains accumulated more or 
less passively (cf. Gratier 1982, Rochette 1983). The 
increase in deformation results in a densification of the 
cleavage foliae, a decrease in the angle between the 
bedding and cleavage planes and the appearance of a 
significant amount of grain rotation and oriented recrys- 
tallization. In the Meg6ve region (sites H, I and J) a 
northwestward stretching lineation due to the transport 
appears, superposed on the NE-trending bedding-cleav- 
age intersection lineation (Pijolat et al. 1981). A west- 
ward stretching lineation is strongly developed in the 
eastern sites, K and L. 

The sequence of fabric types described by Ramsay 
(1982) is observed: beginning with an oblate sedimen- 
tary fabric (sites A and B), the superposition of a 
cleavage oblique to the bedding gives a prolate inter- 
section fabric or pencil structure (sites C, D, F and G), 
then the oblate tectonic fabric parallel to the cleavage 
predominates (sites E, H, I, J and K); finally the 
stretching lineation gives a prolate fabric, while the 
cleavage has a less constant attitude (site L). 
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Fig. 2. Induced magnet izat ion curve in high and low fields measured  in 

the cryogenic magne tome te r  at room tempera ture  for sample DY 
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Measurement and representation 

Extensive measurements of the anisotropy of low-field 
susceptibility were carried out using a Digico anisotropy 
delineator. The direction and magnitude of the three 
principal axes of the susceptibility ellipsoid (K~ > K2 > 
K~) were thus determined. To quantify the intensity of 
the anisotropy the parameter P (degree of anisotropy) is 
used, where: 

P = K-5~. (1) 
K~ 

The symmetry of the anisotropy ellipsoid is described by 
the parameter V (Coward & Whalley 1979, Jelinek 
1981), where 

V = 2k~ - (k~ + k3) and k i = log~ Ki. (2) 
k 1 - k 3 

The value of V is 0 for a plane anisotropy ellipsoid, + 1 
for a uniaxial oblate ellipsoid, and - 1  for a uniaxial 
prolate ellipsoid. 

Magnetic mineralogy 

The anisotropy of low-field susceptibility, K,, can be 
due to the preferred orientation of various magnetically 
anisotropic minerals with dia-, para-, antiferro- or fer- 
romagnetic (s.l.) behaviours (Owens & Bamford 1976, 
Hrouda 1982). To understand the relation between the 
pctrofabric and the magnetic fabric, a dose control of 
the magnetic mineralogy is necessary. In fact, especially 
in rocks with low values of K., there is generally more 
than one mineral which contributes to the value and 
anisotropy of K., as shown by Coward & Whalley (1979) 
using magnetic measurements in a variable field up to 

In the present study a complete quantitative analysis 
of K. has been performed on several selected samples 
using magnetization measurements in a variable field up 
to 5 T and under variable temperature, with a cryogenic 
S,H.E. magnetometer.  This apparatus can measure 
12 mm-high cubic samples with a noise level of less than 
10 -~ A/m. At room temperature the magnetization curve 
of a sample shows two parts (Fig. 2): one, which is linear 
at any field strength, is the sum of the para-, dia- and 
antiferromagnetic contributions. All these minerals 
form the matrix, characterized by the high-field suscepti- 
bility, K~, and in which are dispersed few ferromagnetic 
grains responsible for the saturating part of the curve. 
The ferromagnetic (s.l.) contribution is characterized by 
the isothermal remanent magnetization at saturation, 
IRM,, and by a ferromagnetic low field susceptibility, 
K,, derived from K, measured between 0 and 1 mT by 
the subtraction of K~. This operation implies that the 
ferromagnetic grains are saturated in the fields used to 
measure Kt: between 3 and 5 T. For diamagnetic 
materials and paramagnetic salts it has been verified that 
K, and Kt are equal. Paramagnetic salts were also used to 
calibrate the value of K, between the Digico A.C. bridge 
and the cryogenic magnetometer.  

The matrix susceptibility K~, ranging from 20 to 180 
10 -~ SI, can be further analysed through its thermal 
variation (Rochette et al. 1983). For several samples it 
has been possible to fit this variation with the following 
law 

K~ = C I ( T -  #) + D. (3) 

where C, 0 and D are constants and T is the absolute 
temperature. It separates a predominant paramagnetic 
term, C/(T - 0), from a diamagnetic term, D, as shown 
for sample L8 in Fig. 3. For five samples, a mean 
diamagnetic susceptibility of -15  x I() 6 is observed. 
This value, intermediate between the susceptibilities of 
calcite and quartz, -13  and -17  × 1() ~ (Carmichael 
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Fig. 3. Linear regression plot of( K / -  D)-~ vs T(absolute temperature ) 
between 70 and 370 K for sample LB. KI is the high@eld susceptibility 

and D the best-fitted diamagnetic term. 

1982) is quite correct for a calcareous shale matrix, 
although no data are available for the diamagnetic sus- 
ceptibility of phyllosilicates. 

The paramagnetic minerals in sample L8 have been 
identified by M6ssbauer spectroscopy coupled with X- 
ray diffractometry. The M6ssbauer spectrum recorded 
at room temperature has been interpreted as due to the 
superposition of three doublets (Fig. 4). The M6ssbauer 
parameters of these doublets (see Table 1) are in good 
agreement with those already observed for iron in pyrite 
(Evans et al. 1982) and for Fe 2+ in chlorite and muscovite 
(Heller-Kallai & Rozenson 1981). From the chemical 
analysis of total iron and the relative intensities of the 
three doublets, one can deduce that the paramagnetism 
of this sample is due to the presence of 2.09% of Fe 2+ 
ions in the phyllosilicates (mainly in chlorite). Indeed 
pyrite has a very weak susceptibility (Serres 1953), 
negligible compared with the paramagnetic and even 
diamagnetic contributions. On the other hand the Curie 
constant, C, deduced from the curve in Fig. 3, corres- 
ponds to 2.06% of Fe 2÷. The good agreement between 
magnetic and spectroscopic analyses shows that the 
separation of the paramagnetic contribution, using the 
magnetization measurements, is truly effective. In all 
the studied samples the susceptibility of the matrix is 
mainly due to paramagnetic iron in the phyllosilicates. 

In the induced magnetization the ferromagnetic con- 
tribution is hidden by the paramagnetic one: this makes 
thermomagnetic studies unsuccessful in the identifica- 
tion of the ferromagnetic grains, as has been pointed out 
also by Lowrie & Heller (1982). The ferromagnetic 
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Fig. 4. Mossbauer spectrum of powdered  sample L8 at 300 K. The solid 
line represents the best least-squares fit of the spectrum. 
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Fig. 5. Plot of the remanent coercive force. Her, against the ratio ol 
IRM, to Kt for all studied samples showing the separation in two groups 

(full and open circles). 

contribution can be only studied through the properties 
of IRM. The acquisition curve of IRM permits the 
determination of the remanent coercive force Her. In 
Fig. 5 the coercive force of all studied samples is plotted 
against the ratio of IRM~ to Kt. This ratio takes into 
account the induced magnetic properties and seems to 
be an interesting parameter, coupled with Her, to dif- 
ferentiate the ferromagnetic grains according to their 
nature and grain size (see Hartstra 1982). This plot 
shows two groups of samples, with some intermediate 
ones. Group ! is typical of a ferrimagnetic mineral and 
could correspond to fine-grained titanomagnetite 
according to the studies of Hartstra (1982). Group II 
corresponds to a mineral with a very high coercive force: 
in fact the IRM is not saturated even at 5 T. The stepwise 
thermal demagnetization of IRM~ shows for all samples 
of group I the same behaviour with maximum blocking 
temperatures around 520°C (Fig. 6). For group II sam- 
ples a drastic decrease of IRM is observed between 20 
and 80°C: together with the high value of H~ this fact 
identifies poorly crystallized goethite due to weathering 
(Lowrie & Heller 1982). The abrupt increase of the 
susceptibility K0 after heating over 350°C is linked to the 
dehydration of goethite into hematite, which is optically 
obvious. The breakdown of pyrite into magnetite prob- 
ably occurs in all samples and leads to a general increase 
of K0. In the samples containing goethite the value and 
behaviour of IRMs after the thermal cleaning at 80°C is 
similar to those of group I samples. All these facts would 
indicate that in all the sites the original ferromagnetic 
mineral consists of fine-grained iron-rich titanomagne- 
tite. Such grains have effectively been observed by 
microprobe analysis of a magnetic extract: but there are 

Table 1. MOssbauer parameters  of the three quadrupole doublets of 
the spectrum (Fig. 4). 6. ~ and F are respectively (in ram/s) the isomer 
shift relative to iron metal, the quadrupole splitting and the line-width 

at half height: I is the relative intensity in per cent 

Doublet  ,8 -~ F 1 Assignment 

a 1,12 2.61 0.30 53% Chlorite Fe:-  
b 0.30 0.62 0.30 35% Pvrite Fe-'- 
c 1.10 2.18 0.40 12% Muscovite FeZ- 
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ferromagnetic iron of goethite diminishes the value of K~ 
10 -3 while the total iron content keeps roughly constant 

around 2.5 %. Except for this weathering effect the value 
E of K/ is more or less the same. around 130 x 10 -~, 
~ .  throughout the whole studied area. On the contrary the 

~ susceptibility of the ferromagnetic grains. Kt., shows an 
~= abrupt decrease when entering, the epizone (sites H to L. 

~_ ~ Fig. 7). The presence of goethite has no visible effect on 
the value of Kf which is supposed to be only due to 
titano-magnetite. It seems that this mineral is partly 

10-4 destroyed by a metamorphic reaction occurring in the 
epizone. 
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Fig. h Stepwise thermal demagnetization of IRM, and correlative 
change in the low-field susceptibility for group I and group [I samples. 

also some spherules of iron sulphides which could con- 
tain some pyrrhotite (Rochette 1983). Thus the presence 
of a mixture of titan•magnetite and pyrrhotite cannot be 
totally discarded. 

The formation of goethite in weathered samples, 
traced by IRM properties, has also an effect on the 
matrix susceptibility K~ (Fig. 7). Indeed the conversion 
of the paramagnetic iron of phyllosilicates into the anti- 

The orientation of  the principal axes 

The directions of K~, the maximum axis and K3, the 
minimum axis of the low-field susceptibility ellipsoid are 
plotted and compared with the structural elements for 
the twelve sites in Fig. 8. In sites A and B where the 
directions are rather scattered due to the weak aniso- 
tropy degree, the K 3 directions lie close to the pole to 
bedding while the K~ directions show a spread of orienta- 
tions within the bedding plane. This would indicate a 
planar sedimentary fabric perhaps soon disturbed by 
tectonic deformation. In sites C, D, F and G a magnetic 
lineation (that is, a grouping of K~ directions) is clearly 
defined and parallel to the bedding-cleavage intersec- 
tion. As for the magnetic foliation it is still parallel to the 
bedding in site C while in the others a competition 
between the bedding and cleavage planes explains the 
directional scatter of Ks. In sites E, H, I, J and K the 
magnetic foliation is now well-defined and parallel to the 
cleavage plane while K~ directions are widely scattered. 
In the Meg6ve region (sites H, I and J) this scatter could 
be the result of the competition between the bedding- 
cleavage intersection and the transport lineation; mean- 
while there is a slight tendency toward the transport 
lineation. This tendency is much clearer in site K. Finally 
in site L a clear magnetic lineation parallel to the trans- 
port lineation appears, while the magnetic foliation 
parallel to the cleavage is much less defined. 
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Fig. 8. S tere•p lo ts  of the max i mum and mi n i mum axes of the low-field susceptibility ellipsoid for the twelve sites (Fig. 1 ). 
compared  with the structural  e lements .  In several cases the bedding is not indicated because it is almost parallel to the 

cleax age. At site D a small fold has been sampled:  the general bedding and the axial-plane cleavage are indicated. 

The shape attd intensity of the magnetic fabric 

Arithmetical means of the shape parameter V and the 
anisotropy degree P have been calculated for each site 
(Fig. 9), The succession of the different planar and linear 
fabrics also appears when considering these two 
parameters: V is positive for a predominant planar fabric 
and negative for a predominant linear fabric; roughly 
speaking the anisotropy degree P increases with defor- 
mation. 
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Fig. O. Variation of the site mean-shape  parameter .  V. with the site 
mean-anisot ropy degree,  P, for the t~elve sites, showing the different 
fabric types (Fig. 81. Circles correspond to prolale fabric and squares  

to oblate fabrics. 

DISCUSSION 

The qualitative agreement between the axes and 
shape of magnetic fabric and petrofabric is rather good 
in these rocks showing various fabric types. A similar 
trend was observed by Kligfield et al, (1981) in Permian 
red shales. However no direct quantitative correlation 
between strain and magnetic anisotropy could be drawn 
from the present data; indeed it has been shown that the 
low-field susceptibility has two main contributions: the 
paramagnetic one of phyllosilicates and the ferrimag- 
netic one of titanomagnetite. The within and between 
sites variability in their relative ratio due to lithology, 
metamorphism and weathering (see Fig. 7), results in a 
strain independant variation of the total magnetic 
anisotropy. With the present available data for Kf and K/ 
it is not possible to correct the low field anisotropy data 
for the effect of the matrix susceptibility. 

Measurements of Kt~ and K/with the cryogenic mag- 
netometer along the maximum and minimum axes of 
samples cut according to the petrofabric axes show that 
the origin of the total anisotropy is variable. The matrix 
susceptibility is almost is•tropic in the sites with 
sedimentary or intersection fabric. But when the cleav- 
age is well developed, the anisotropy degree of Kt 
becomes important, up to 1.22. This is due to a strong 
preferred orientation of phyllosilicates parallel to the 
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cleavage plane. Indeed phyllosilicates exhibit a 
maximum paramagnetic susceptibility within the silicate 
planes, as shown by Ballet (1979) and Ballet & Coey 
(1982), in particular for chlorite and muscovite. The 
contribution of the.paramagnetism of phyllosilicates to 
the total anisotropy is important in sites E, H and I, and 
is almost the only one in sites J, K and L, as deduced 
from Fig. 7. 

The anisotropy of the ferromagnetic contribution, 
which governs the total anisotropy in the less deformed 
sites is due to shape alignment of titanomagnetite grains. 
This alignment could be the result of individual grain 
rotation during continuous strain. But in the case of the 
tectonic fabrics, considering the importance of pressure- 
solution processes and the frequent occurrence of planar 
or linear clusters of opaque grains within solution planes, 
it is probably more realistic to assign the origin of 
anisotropy to the solution planes themselves, as stated 
by Borradaile & Tarling (1981) in a similar situation. In 
this model, magnetic interactions between titanomag- 
netite grains of an identical cluster would produce the 
overall anisotropy. If such a mechanism actually occurs, 
it rules out a quantitative correlation between strain and 
magnetic anisotropy in rocks where pressure-solution 
processes take place: no mathematical relation can arise 
from the addition of a discontinuous process and 
anisotropic magnetic interactions. 

In this paper the influence of complex magnetic 
mineralogy and deformation mechanisms has been 
pointed out to emphasize the need for a close control of 
these two factors for successful investigations in the field 
of magnetic anisotropy. 
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