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Abstract. A multidisciplinary
approach has been used in order to map out
the syntectonic magmatic structures of the
Guérande leucogranite in southern Brittany
(Western France): on one hand, extensive
field work and microscopic observations,
and on the other, a detailed magnetofabric
investigation, have been carried out. The
former showed a magmatic flow plane tren-
ding generally to the ENE-WSW with a mode-
rate dip to the north and a flow direction
slightly dipping toward NNE. These observa-
tions suggest a blade shaped body which is
not deeply rooted. The magnetofabric as
defined by the anisotropy of magnetic
susceptibility is mainly related to
hematite—ilmenite grains with a mean rock
susceptibility of about 3.106 G/0Oe. There

is an excellent agreement between the
magnetic lineation (K ,,.) and the magmatic
flow direction; the agreement between the
magnetic foliation (Kpax—Kint plane) and

the magmatic flow plane is not as good. The
quantitative analyses of the anisotropy
allows one to group the data into two
domains: the one with planolinear ellip-
soids corresponding to the central part of
the granitic body where flow was mainly
achieved on the viscous state and the other
in the flattening domain related to the
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northern border area which exhibits inci-
pient orthogneissification, that is, some
deformation on the solid state. Such a
favorable comparison with the classical
structural method is encouraging for using
the anisotropy of magnetic susceptibility
technique more routinely for structural
mapping of granitic bodies, provided that
the microstructural state of the rock is
already well known. '

INTRODUCTION

Since the early study of Ising [1942]
and the suggestion by Graham [1954] that
the anisotropy of magnetic susceptibility
(AMS) could be used as a tool for struc-
tural geology, a great amount of work has
been carried out by using the AMS proper-
ties both on sedimentary and igneous rocks.
In the latter group most studies have been
devoted to mafic rocks having a high value
of the magnetic susceptibility [e.g.,
Stacey, 1960; Khan, 1962; Ellwood, 1978].
However, many other investigations have
dealt with granitic rocks in order to
relate AMS with the remanent magnetism [Van
der Voo and Klootwijk, 1972; Heller, 1973]
and/or to study the intrinsic structure of
the granites [Balsley and Buddington, 1960;
King, 1966; Hrouda et al., 1971; Henry,
1975, 1980; Chlupacova et al., 1975; Duffa,

1975; Hedley et al., 1977; Birch, 1979;
Ellwood and Whitney, 1980]. A few authors
show distribution of the AMS's principal

axes [Chlupacova et al., 1975; Duffa, 1975;
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Fig. 1. Structural maps of the Guérande granitic massif.

Inset: stippled: granitic massifs of South Brittany (France); C.S.A.: South Armorican
dextral shear zone; South of C.S.A. is the South Armorican granitic belt; arrow: Guérande
massif. (a) Magmatic flow plane (MFP) map. Stereoplot: poles of MFP, 50 measurements;
equal area; lower hemisphere. (b) Magmatic flow direction (MFD) map. Stereoplot: 50
measurements. After Bouchez et al., [1981], reproduced by permission of the Société
Géologique de France.

Birch, 1979; Elwood and Whitney, 1980], but al., 1981] which was active during late

none of them seem to have produced a compa- hercynian time [Brun and Burg, 1982]. The
rison with maps of the primary and/or rock is a leucogranite in the sense of
secondary structures of the studied bodies Lameyre [1973], that is of an S type accor-
obtained through field structural studies. ding to Chappell and White's [1974] classi-
This paper presents such a comparative fication. From a petrographic point of
study and discusses the potential use and view, it is a homogeneous two-mica granite
limits of AMS in routine structural with a unimodal distribution of grain size
mapping. (no megacrysts of K feldspars), the bio-
tite being less frequent than the muscovite

THE GUERANDE GRANITIC BODY which is mostly secondary. Considering the
grain size, two categories of granite can

The Guérande massif outcrops over 80 be distinguished. A coarse- to medium-—

km2 on the northern side of the Loire grained granite with a grain size varying
estuary (Figure 1). It belongs to the South between 1 and 5 mm and with typical globu—
Armorican leucogranitic belt, dated at lar shaped quartz grains, and a fine
about 310 m.y. [Peucat et al., 1979] and it grained granite (~1 mm) outcropping around
is considered to be related to an intracon- the La Turballe locality (Figure 1) and

tinental flat-lying shear zome [Bouchez et probably consisting of a sill-shaped body
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[Bouchez et al. 1981, Figure 12]. The rocks
which make up the wall of the granite con-
sist of two different formations: to the
north, an abrupt transition leads to mode-
rately northward dipping chlorite and seri-
cite bearing schists [Audren, 1973] while
to the south, a transitional contact is
observed toward migmatitic rocks.

THE FLOW STRUCTURES

The structures are mostly inherited
from the internal magmatic movements, i.e.,
from distorsional part of the flow of the
granite when an important part of the body,
say, over 35%, was still in a viscous state
[Van der Molen and Paterson, 1979]. For a
given sample or outcrop, these magmatic or
primary structures can be most often redu-
ced to a simple geometry: a magmatic flow
plane (MFP) and a magmatic flow direction
(MFD). The MFP, which is clearly visible,
is mainly marked by the preferred subplanar
orientation of micas (mostly biotite) and,
to a minor extent, of the (010) face of the
plagioclase feldspars; the orientation of
the latter crystals is better seen in the
microscope by using oriented thin sections
[Bouchez et al., 1981, Figures 2 and 6].
The MFD, which is more difficult to measure
directly in the field, is best determined
by wusing oriented samples of a large size
properly saw-cut in the laboratory. In
practice it is defined as the direction
which is parallel (1) to the preferred
alignment of feldspars as seen in a plane
parallel to MFP [Bouchez et al., 1981,
Figure 4], and (2) to the axis of the zonal
orientation of the platty minerals (biotite
and felspars). Locally, a secondary struc-
ture due to flow in the solid state is
superimposed on the primary one. This is
the case along the northern boundary (stip-—
pled area in Figure 6a) and in a few places
within the granitic body. These structures
are marked by typical intragranular defor-
mation features in quartz grains. Deforma-
tion in the solid state is usually slight
to moderate; 1in quartz, it gives undulose
extinctions to mosaic patterns under the
microscope, and slightly to moderately
flattened and stretched quartz ellipsoids
which are also seen in the field. In condi-
tions of a weak solid state deformation the
magmatic structure pattern still prevails.
Along the northern boundary where solid
state deformation may be clearly imprinted,
the magmatic structures are deleted, but
the orientation measurements of the flatte-
ning planes and the stretching directions

of these secondary structures do not
greatly differ from the local MFP and MFD.
It has then been proposed that the solid
state flow was just the continuation of the
viscous flow under colder conditions along
the present northern limit which is consi-
dered as a roof for the granite.

STRUCTURAL MAPPING
AND GEOLOGICAL INFERENCES

Systematic orientation measurements of
the flow structures taken either directly
in the field or in the laboratory using
oriented samples reveal a homogeneous pat-—
tern of flow planes and lines over the

whole massif. These measurements are dis—
played in Figure 1 where the superimposed
solid state structures when present have

not been distinguished. The MFP have gene-
rally ENE-WSW trending directions and
slight to moderate dips to the north (20°
to 40° ) except in the northeasternmost
extension of the massif, where NE-SW direc-
tions are observed (Figure la). The MFD
plunge homogeneously towards the NNE at low
angles (10° to 30° ; Figure 1lb). The 1low

dipping angle of the planar structures
suggest a flat roof for the body; this
roof, which 1s partly represented by the

country rocks of the northern border, was
probably not far above the present outcrop-
ping surface of the granitic body as indi-
cated by some metric to hectometric
micaschist-xenoliths within the granite and
by the 1local occurence in the granite
massif of a faint flat-lying foliation due
to the imprint of the solid state deforma-
tion related to the emplacement.

The overall geometry of the body
deduced to be blade-shaped with a thickness
less than 2 km, is also confirmed by an
interpretation of gravity data [Vigneresse,
1978)]. The granite would have been fed by
its migmatic floor through numerous grani-
tic dykes, and would have flowed parallel
to its flat-lying walls along a NNE-SSW
direction. The sense of flow within the
blade is unknown: no marker could be found
indicating the rotational component of the
magmatic flow. The sense of shear could
neither be obtained from the tectonites of
the northern contact close to the granite:
classical methods like quartz lattice pre-
ferred orientations [Nicolas and Poirier,
1976, p. 200; Bouchez and Pé&cher, 1981] and
geometry of the microshear planes [Berthé
et al., 1979] indicate statistically symme-
trical patterns which suggest a strong
flattening component of the strain under-
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Fig. 2. Oxide grains responsible for the magnetic susceptibility. Sample: site & in
Figure 6b. Micrographs; plane polarized light. These grains are mainly hematite-ilmenite.
(a) Grains within the cleavages of a partially chloritized biotite and at the quartz (Q)-
biotite boundary. (b) Grains mostly at the chlorite (Chl)-muscovite (Mu) boundary and
locally within the cleavages of a secondary muscovite. (c) The oxide grains within the
cleavages and at the muscovite-muscovite boundary support the hypothesis that the musco-
vite developed from chloritized biotites as in Figure 2a.

gone by these rocks. Flattening is attri- The origin of the anisotropy of suceptibi-
buted to the pressure transmitted by the lity is diverse, as reviewed by Bathal
underlying granite which tended to rise, [1971] and considered here to be mainly due
similarly to what is shown on top of the to (1) the shape alignment of ferromagnetic
Papoose Flat pluton [Sylvester et al., grains and (2) the lattice alignment of
1978]. crystals which have a marked magnetocrys-—
talline anisotropy. In the Guérande

AMS MEASUREMENTS. granite, the grains responsible for the AMS
are mostly hematite and/or hemo-ilmenite,

General. The principle of AMS in which are present along the cleavages of
rocks 1is presented in a number of papers, the phyllites or at their boundaries

for example, Daly [1970] and Hrouda [1982]. (Figure 2). Magnetite which is often the
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principal species responsible for magnetic
susceptibility, is not present in the Gué-
rande granite; this explains the low value
of the susceptibiliy of our specimens (mean
value: 2.88. 10-6 G/Oe, standard deviation
1.32. 10-6 G/0Oe; Figure 3).

Twenty different sites were cored over
the whole massif giving 94 specimens (4-5

per site). Each specimen is a cylinder,
with a diameter of 2.54 cm and a
length/diameter ratio of 0.89, oriented

with respect to the geographical frame. The
susceptibility and AMS measurements were
obtained in a low magnetic field by using a
Digico anisotropy delineator [see Wagner et
al., 1981]. The principal axes of the AMS
ellipsoid (Kmax? Kint 2 Kpin ) were calcu-—-
lated using a corrected calibration proce-—
dure [Veitch et al., 1983].

Among the large number of AMS parame-—
ters that exist in the literature, those
appropriate to the Flinn diagram (Flinn
[1962] and Hedley et al. [1977]; see
Figures 4 and 5) have been chosen here.
This diagram which is widely used in struc-—
tural geology for finite strain studies
gives a convenient representation of both
the ellipsoid shape (Kpj;,, = slope of the
line joining the origin to a given point)
and the degree of anisotropy (DASM = dis-

tance to origin). The conventional lower
hemisphere equal area projection has been
used (Figure 6) for the orientation in

space of K., (magnetic lineation) and K;;,
(pole to the magnetic foliation); the dif-
ferent orientations for both K ., and the
plane perpendicular to K ;, are also repre-
sented on a map (Figure 7).

=
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Fig. 3. Histogram of the mean magnetic
susceptibility values (Ko + Kipe +

Knin)/3 for the 94 specimens.

SITES |  DASM KFlinn || SITES DASH KF11nn
1 0.033 4.56 10 0.039 1.70
2 0.065 0.34 1 0.057 0.72
3 0.056 0.64 12 0.075 1.00
4 0.050 0.94 13 0.041 1.00
5 0.089 0.96 14 0.065 2.27
6 0.102 0.30 15 0.087 1.14
7 0.116 0.18 16 0.071 0.43
8 0.174 0.23 7 0.059 1.49
9 0.081 0.27 18 0.051 0.51
19 0.162 0.72
20 0.084 0.77
Fig. 4. Location of the 20 sites and their

corresponding DASM and Kpiipn values.

Quantitative analysis. When the AMS
raw data [Guillet et al., 1983] are scruti-
nized according to their geographical loca-—
tion (Figure 4), the samples fall in two
groups on the Flinn diagram (Figure 5).
Although having a common intersection for
the lowest DASM values, these two groups
differ mainly in their Kpjipp trends. The
first one, represented by diamonds (9
sites), 1is populated by samples belonging
to the northern border of the granite:
their Kplinn Vvalues belong mainly to the
flattening domain (Kﬁlinn < 1) and the
average deviation from sphericity of the
corresponding ellipsoids (DASM = 0.088) is
somewhat higher than for the other group
(DASM = 0.063). The second group, repre-
sented by full circles in Figure 5 (11
sites), corresponds to the central part of
the granitic body with ellipsoids typically
close to the planolinear domain (KFlinn~1)'

Directional analysis: Orientation in
space of the principal axes of the
ellipsoids 1is consistent over the whole
massif, with the long axes (X,,,) fairly
well concentrated around a maximum 25° NE30°
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Fig. 5. Flinn diagram of the AMS values

for the 20 sites. Diamonds: northern border
zone, full when some solid state deforma-
tion 1is present. Solid circles: central
part of the massif.

{(calculated best fitting axis of Figure
6a). The short axes of the ellipsoids
(Kpin) are roughly dispersed in a plane,
the pole of which (30° NE25° ; calculated
best fitting pole of Figure 6¢c) is very
close to the maximum of the Kmax; within
the latter girdle the K ;, have a tendency
to concentrate around a submaximum (BA in
Figure 6c).

DISCUSSION

Deformation regime in the northern
border zone. The AMS data for this part of

the granite present some quantitative argu-

ments consistent with the previously
obtained microstructural data. Toward the
northern roof of the granite, the strain
undergone by the granite either in the

viscous state (dotted diamonds of Figure 5)
or locally in the solid state (solid dia-
monds) state progressively increases as
shown by the average of the DASM values of
the corresponding specimens. The flattening

regime, although somewhat heterogeneous,
which was previously deduced from the
fabrics in the schists above the roof and

locally in the granite, is also reflected
in the dominantly flattened shape of the
AMS ellipsoids. Due to the fact that some
of these flattened ellipsoids concern sam-

ples which have no imprint of solid state
deformation as deduced from the quartz
microstructures (three sites out of nine;
dotted diamonds in Figure 5), the flatte-

ning episode is demonstrated to be synchro-
nous with the emplacement of the granite:
this was proposed in the previous structu-
ral study but could not be positively
demonstrated.

Comparison of orientations with struc-
tural data. A striking similarity appears
between the orientation of K ,, (Figure 6a)
and the corresponding MFD (Figure 6b) mea—
sured either in the field or in the labora-
tory using oriented samples for the 20
sites. In addition, the similarity of the
latter stereoplots with that of all the MFD

orientation (Figure 1b) emphazises the
representativity of the chosen sites. Less
convincing is the comparison between K, ;.

(Figure 6c) and the poles to the correspon-—
ding MFP (Figure 6d). However, those K i,
axes which depart strongly from the princi-
pal cluster of MFP correspond to sites
located at a distance from the northern
border zone where the anisotropy (DASM) has
a low value. Some of their ellipsoids are
also more elongate than flattened (prolate
domain; Kplinn > 1), their long axes (Kpax)
being much easier to define than the two
others which are almost identical; this
explains some cases where the computer
program is not able to discriminate, there-—
fore K;,x and Kj ¢ exchange their mutual
orientations (Figure 8a).

Plotting the magnetic measurements on
a map confirms that (1) the magnetic folia-

Kmin -c- MFP g~

Fig. 6. Stereoplots of (a) Riase» (b) MFD,
(¢) Kyip and (d) MFP. Equal area, lower
hemisphere. Diamonds: northern border zone;
dots: central part of the massif. Solid
circle = calculated best fitting axis (BA)
of the distribution; open circle = calcu—
lated pole to the best fitting plane (PBP)
of the distribution.
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Fig. 7. Maps of the magnetic "foliations" (plane normal to K, j,) and the magnetic

"lineations"” (K,,,) for the 20 sites.
to d correspond to the stereoplots of Figure 7.

tions (Figure 7a) do not always fit with
the corresponding MFP (Figure la); in addi-
tion to the explanation proposed above,
some deviation is probably due to the low
dip of these planes, their direction being
consequently less precisely defined; (2)
the magnetic lineations (Figure 7b) are
generally close to the corresponding MFD
(Figure 1b) with the exception of the sites
1-4 which are numbered in Figure 7b: site

(a) Stippled area: northern border zone; squares a

(b) 1-5: sites discussed 1in text.

1, where a very low value of the magnetic
susceptibility (~0.8.10-6 G/0e) renders the
AMS measurements unreliable; site 2, where
the high plunge angle of the line renders
the direction imprecise; sites 3, where
some heterogeneity of the strain has been
observed very close to the northern
boundary; and site 4, where a MFD orienta-
tion close to had been previously
measured but considered as unreliable; in
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Kint

Kmin

DASM = 0.041
KFlinn 1.0

DASM = 0.075
KFlinn 1.0

DASM = 0.064

KFlinn = 0.3
DASM = 0.102
KFlinn = 0.3

Fig. 8. Contoured stereoplots of the K values for the sites a to d squared in Figure 6b.

lower hemisphere.
contours:

Equal area,

Kpine (a) Four specimens;

Left-hand column: Kmax; central: K;,;; right-hand column:
25., 50., 75.%. (b) Six specimens; 17., 34., 51.7%.

(c) Five specimens; 20., 40., 60.%. (d) Six specimens; 17., 34., 51.%.

fact, the zone axis is hard to define in
the flattened domain when the rock is not
deformed on the solid state. The latter
explanation is stressed by the measurements
of site 5, close to site 4, where a pecu—
liarly oriented MFD was found and confirmed
by the AMS measurements.

Magmatic flow along an axis. In prac-

tice, the MFD orientations (crystal
alignments and/or =zone axis of the MFP
variations) are difficult to obtain and
thus may be considered to he less reliable

than the MFP ones. This explains why MFD
measurements are rarely performed in gra-
nites. The close correspondence that exists
between the orientations of K., (Figure
6a) and MFD (Figure 6b) is thus unexpected;
it strengthens the reliability of our
structural measurements and points to the
importance of determining the magmatic
lineations in a flowing granite.

define
whole

The AMS measurements help to
the lineation. On the scale of the

massif, the magnetic lineation (Kmax) is
also a =zone axis for the magnetic fabric
planes (L Ky i, ) as shown by the
coincidence of the maximum of the K;,, (BA

in Figure 6a) with the pole of the girdle
distribution of the Kyin (PBP in Figure
6c). At the scale of a single outcrop where
many specimens were sampled, the same rota-
tion phenomenon of K i, around K., is
observed (Figures 8a and 8b). This AMS
pattern reflects the orientation of the
biotites themselves which probably have a
stronger tendency for a zonal distribution
around the magmatic flow direction than
have the feldpars [see Fernandez et al.,
1983]; it also characterizes the central
part of the granite, where the flow is
achieved only on the viscous state and
where there is no flattening (Kpijpn ~ 1)-
At the northern border where some flatte-
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ning appears (Kpjjpp < 1), each K axis is
well defined in its orientation and no
rotation is observed (Figures 8c and 8d).

The question of a possible zonal flow
has been a subject of controversy in the
AMS literature especially in magnetite-rich
rocks like diabases [Khan, 1962; Brown et
al, 1964; Ellwood, 1978]. Is the flow
direction perpendicular or parallel to the
zone axis of the flow planes? In the case
considered here, the zone axis, which 1is
parallel to the 1long axis of the AMS
ellipsoid when no zonal distribution of
K,in 1s present, is also parallel to the
stretching axis of the solid state deforma-
tion 1f present: this excludes the hypo-
thesis of a zonal flow along the normal to
the flow direction. Flow along an axis
appears to be quite common in granites and
in peridotites [Nicolas and Boudier, 1975];
it is considered to be responsible for the
"imbricate" flow planes [Blanchard, 1978]
which are commonly observed when the
outcrop 1s studied perpendicularly or at a
high angle to the MFD.

CONCLUSION

The present study of the magmatic
structures in a granite , using independent
methods, shows the close correspondence
between the resulting maps and stereoplots
of MFP and K;, on the one hand, and of
MFD and Kpax on the other. It also allows
one to control the reliability of the
primary structures obtained from classical
measurements. In granites, MFD is difficult
to define, however it has been shown in the
present study that AMS measurements can be
substituted for the classical approach. In
addition, the quantitative aspect of AMS
can help to better define a gradient of
flattening (toward the northern boundary)
or a flow geometry (zone axis).

Despite these encouraging results, it
must not be forgotten that AMS is a macro-—
scopic method which integrates relative
orientation from hundreds to thousands of
magnetic grains. The grain orientation

reflects the fabric of the original magma
during emplacement as well as other
possible late-~deformation events. Conse-
quently, the AMS ellipsoid does not neces-—

sarily reflect the primary structure of the
granite; a good microstructural knowledge
of the rock is still necessary.
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