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Abstract

The Cuaró intrusion swarm includes dykes and sills and represents the southern part of the plumbing system of the Paraná Large
Igneous Province. Structural analysis reveals that it is emplaced in an overall north–south spreading direction and that extensional
tectonics went on during a significant period of hydrothermal activity. Preliminary results of the Anisotropy of Magnetic
Susceptibility (AMS) study show several magnetic fabrics, mostly carried by magnetite and maghemite, with typical oblate shapes
in the sills and oblate to predominantly prolate shapes in the dykes. Most of the intrusions show superimposed magnetic fabrics in
the same sampling zones. Some fabrics support interpretations in terms of magma flow, but objectively, different origins for other
fabrics, especially for the superimposed ones, cannot be discarded at this stage. Some magnetic fabrics are consistent with those
expected in the tectonic deformation field recorded up to the late hydrothermal event. Thus, we suspect that sub-solidus
recrystallisations under tectonic stress and/or under some hydrothermal fluid flow may have induced some of the fabrics in
the Cuaró intrusions. To cite this article: H. Masquelin et al., C. R. Geoscience 341 (2009).
# 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

L’essaim filonien doléritique mésozoïque du Cuaró, bassin sud du Paraná, Uruguay : exemples de fabriques
magnétiques superposées ? L’essaim des intrusions du Cuaró comprend des filons et des sills. Il représente la partie méridionale du
système de conduits d’alimentation de la Grande Province Magmatique du Paraná. L’analyse structurale révèle une direction
moyenne d’étirement nord–sud pendant la mise en place des intrusions et la tectonique extensive s’est prolongée au cours d’une
période d’activité hydrothermale significative. Les résultats préliminaires de l’étude d’Anisotropie de Susceptibilité Magnétique
(ASM) montrent de nombreuses fabriques magnétiques, principalement portées par la magnétite et la maghémite, avec des formes
d’ellipsoïde aplaties dans les sills et aplaties à principalement allongées dans les filons. La plupart des intrusions montrent des
fabriques superposées dans les mêmes zones d’échantillonnage. Certaines sont compatibles avec une interprétation en termes
d’écoulement de magma mais, objectivement, d’autres origines sont envisageables pour les autres fabriques, en particulier, celles
qui sont superposées. D’autres fabriques sont cohérentes avec celles attendues dans le champ de déformation enregistré jusqu’à
l’événement hydrothermal tardif. Nous suspectons donc que des recristallisations sub-solidus sous contrainte tectonique et/ou sous
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un écoulement de fluide hydrothermal puissent avoir induit certaines fabriques des intrusions du Cuaró. Pour citer cet article : H.
Masquelin et al., C. R. Geoscience 341 (2009).
# 2009 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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1. Introduction

Mesozoic doleritic dykes and sills in the extreme
South of the Paraná Large Igneous Province (PLIP)
[34], northern Uruguay (Fig. 1), are emplaced in a
geodynamical context which is still unclear. They may
represent magmas linked to the South Atlantic Ocean
rifting [22] and/or they can be linked to the Paraná
plume activity [48]. Are they related to the early stages
of this rifting? Did they contribute to feed lava flows in
the southern part of the Paraná? or both? Answering
such questions is beyond the scope of this paper but
remains crucial to feed any general discussion relative
to the relationships between plumes and rifting.
However, those answers will depend largely on the
Fig. 1. Geological map of the eastern Uruguayan Paraná basin showing the
rectangles represent the location of aerial photos of Fig. 2.

Fig. 1. Carte géologique de la partie orientale du bassin du Paraná, Urugu
Projection UTM datum Yacaré. Les rectangles représentent les localisation
interpretations of data, the significance of which first
needs to be clarified. From results evidencing super-
imposed magnetic fabrics, our objective here is
therefore to discuss different possible origins for these
fabrics within magmatic intrusions.

The northern Uruguay intrusion swarm is composed
of doleritic dykes and sills, known as the Cuaró
formation. It cross-cuts geological units, from Upper
Proterozoic to Cretaceous, including some basaltic lava
flows of the Arapey Formation, one of the southernmost
extensions of the Paraná flows [6]. The Cuaró swarm
emplaced at ca. 132 Ma, as did the Arapey lavas, and
may therefore correspond to a part of the PLIP
plumbing system [18]. It follows the same general
direction (� N100-120) as the eastern Paraguay and
sampling site locations for AMS. UTM Yacare datum projection. The

ay, montrant la localisation des sites d’échantillonnage pour l’ASM.
s des photos aériennes de la Fig. 2.
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Ponta Grossa dyke swarms, belonging to the PLIP
[14,37]. As in other swarms [3,10], at Ponta Grossa
(Brazil), subhorizontal magma flow was evidenced
[37]. However, the magma emplacement conditions
(e.g. flow direction, fracturing mode) and post-
emplacement events (e.g. tectonic deformation, hydro-
thermalism) are still not well identified in the Cuaró
intrusions. Their identification is however of primary
importance to make the geodynamical context clear.

The anisotropy of magnetic susceptibility (AMS)
technique is an analytic method evidencing the
magnetic fabric of a rock [5,30,41]. AMS was widely
used on doleritic dykes to infer magmatic flow direction
and tectonic deformation fields, as demonstrated by
several works [1,2,5,11,12,16,23,31,33,38,40]. The
method is based on the magnetic sub-fabric correlation,
which is in collinear or orthogonal relationships with
the petrofabric of any rock [5,31]. To infer a magmatic
flow direction, the basic assumptions are:

(i) the petrofabric is representative of the flow fabric
and;

(ii) the petrofabric is composed of S/C type structures
related to flow [11], usually in a symmetrical
arrangement relative to the dykes margins [4,21,44].

For magnetite, the AMS primarily defines the shape
anisotropy of grain aggregates. For non ferromagnetic
minerals, the AMS shows a crystallographic or lattice
control of the vectorial magnetic properties [24]. For
this reason, one can infer the orientation/distribution of
a dominant mineral phase using the magnetic fabric
[24].

When possible, our sampling strategy was based on
coring regularly spaced oriented samples along per-
pendicular and/or parallel sections from one or both
margins of an intrusion. Such a strategy is helpful to
detect any orientation change of magnetic fabrics
related to flow from the margins to the intrusion centre,
especially within thick intrusions possibly resulting
from multiple injections. It is also possible with such a
strategy to evidence syn- to post-emplacement defor-
mations, as it has been done in dykes emplaced in a
variety of tectonic settings by combining AMS data and
field observations (slickenlines, dips, orientations. . .).

Magnetic fabric parameters are useful in order to
make out whether a fabric results from magma flow
during dyking or from other events (e.g. recrystalliza-
tions during deformation and/or during fluid circula-
tions) or origins [32,38,43]. In the best cases, knowing
the relationships between AMS fabric and magma flow,
the AMS data allow to deduce a tectonic deformation
field during dyking [1]. Nevertheless, we can confi-
dently associate the AMS data with a particular tectonic
deformation field, if we know the absolute or relative
age of the magnetic minerals carrying a given fabric.
Most often, this never occurs, except when a set of
samples gives superimposed magnetic fabrics carried
by different mineral phases. In such a case, it becomes
possible to discuss ways of discriminating between
fabrics due to magma flow formed above the solidus,
from fabrics due to partial or total recrystallisations in a
stress field and/or due to fluid circulations linked to any
hydrothermal event during or after cooling.

The purpose of this contribution is to exemplify the
AMS signatures of some of the Cuaró intrusions and to
discuss the origins of the fabrics in terms of primary
(temperature above solidus: e.g. magma flow) or
secondary post-emplacement processes (tectonic defor-
mation and/or hydrothermal alteration) affecting dykes
and sills. Geodynamics is not the aim of this work.

2. Geological setting

A synthetic overview of Mesozoic magmatism in
Uruguay is given by Muzio [34]. The first studies of
subvolcanic rocks in the Uruguayan Paraná basin only
consider the post-Permian doleritic dykes from the area
of Melo [46,47]. At first, the sills were considered as
‘‘intrusive basalts’’ [17]. Then they were assimilated to
lava flows in the lateral continuity of those of the Paraná
[9] before their intrusive nature was confirmed near the
village of Cuaró [36], and later, in other areas within the
basin (i.e. Los Novillos, Cerro Pereira and Ramón
Trigo; Fig. 1) [7,8]. All the magmatic intrusions (dykes
and sills) were formally defined as the Cuaró Formation
and considered Triassic in age by Preciozzi et al. [36].

The sills are almost horizontal with tabular shapes
but locally top contacts present significant dips. Their
thickness is variable but can be estimated up to some
tens of meters. The most extended Los Novillos sill has
an exposure of ca. 1200 km2, followed by the Cuaró sill,
with an exposure of ca. 1000 km2. Low-grade contact
metamorphism has been recognized in the Permian
sedimentary host rocks, as well as roof – pendants
included in the doleritic mass.

The dykes are not homogeneously distributed. They
can be grouped into two main swarms: the central (Melo
– Caraguatá) and southwestern swarms (San Gregorio).
They are mostly subvertical and show widths ranging
between 1 and 20 m. Close to sills, they can exceed
50 m. They cross-cut Permian sediments as well as
Cretaceous basaltic lava flows. On aerial photographs,
dykes trend from N808 to N1508, but generally close to
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N1208; there are also N208 trending dykes. A contact
metamorphism is described within the walls of some
dykes, where silicified sandstones and conglomerates
are present. Chilled margins and hydrothermal veining
are also present. Most of the dolerites in both dykes and
sills present similar microgranular to granular por-
phyritic textures and the following mineral assemblage:
Plagioclase (An35-50) + Clinopyroxene (Augite) + Oli-
vine � opaque minerals, confirming historical observa-
tions [8,46].

We did not observe direct evidence of multiple
injections within the intrusions (no internal chilled
margins and/or significant grain-size variations across
the width of the intrusions) but a single site 40A gave
evidence for composite flow involving coeval magmas
with complex mingling structures (rounded enclaves;
‘‘cauliflower-shaped contacts’’). At this site, the main
magma is represented by the classical dolerite and the
other occurs as a finer grained dolerite. In addition, none
of the sills provides evidence for phenocryst accumula-
tion nor cumulate textures.

Despite their regional structural trends and their
spatial and temporal relationship with tholeiitic basalts
of the PLIP, few authors accepted to consider them as
the feeders of the Paraná basalts. In contrast, they have
been considered as independent ‘‘intra-cratonic’’
magmatism and feeder channels of eroded older basaltic
lava flows [7]. Féraud et al. [18] were the first to relay
the sills and the dykes with the PLIP.

Doleritic bodies are here considered as the magmatic
feeders through which basaltic magmas gave rise to the
huge amount of the PLIP lava flows. Although some
intrusions are possibly older, it is commonly accepted
that the bulk magmatism was emplaced in a short time
span at ca. 132 Ma at the beginning of the opening of the
South Atlantic Ocean [14,19,39]. Yet, there is not
enough evidence that dolerites intruded in a single
magmatic event. Only two 40Ar/39Ar ages are available
at 131.6 � 1.3 Ma on a dyke and 132.1 � 1.06 Ma on a
sill [45]. Most available K/Ar ages are younger and
range from 121 � 6 to 131.8 � 6.4 Ma [34]. If we
interpret them as cooling ages, they become compatible
with a main intrusive event at ca.132 Ma followed by a
significant period of hydrothermal activity.

3. Structural data

Our fieldwork was focused on the western Melo
region, where the number of dykes is larger and better
exposed than elsewhere. The most conspicuous sills
were also studied (i.e. Los Novillos, Cerro Pereira and
Cuaró). Geological maps at 1:50,000 are still not
available in the study area. The tectonic evolution of the
Paraná basin, Uruguay is not well constrained yet.

The dyke swarm structural analysis was made using
photo-interpretation analysis. Some dykes are segmen-
ted (Fig. 2a). Branching-dykes are common (Fig. 2a–e)
as well as angular jogs in relay zones (Fig. 2a,d). Local
‘‘en-echelon’’ dyke distribution was recognized, indi-
cating that sinistral (Fig. 2b) and dextral (Fig. 2d) strike-
slip movements, depending on the dyke swarm
orientation, occurred during dyking. Others show kinks
and local bending (Fig. 2c,e). The dykes are closely
linked to sills (Fig. 2b). Although we did not observe
directly a dyke transforming into a sill, such feature has
been previously described [8]. Most of these structures
and the general trend of the dyke arrays suggest a north–

south to NNE–SSW finite extension direction, syn-
chronous with dyking.

Mesoscale structural analyses show that the dykes as
well as their host rocks are affected by a brittle
extensional deformation. Normal fault-planes contain
slickensides showing a dip-slip sense of shear (Fig. 3a).
They are concentrated in two main families (Fig. 3b).
Their directions were observed to be mostly subparallel
to the dyke margins. Slickenline contour plot shows
mainly two maxima distributions plunging in opposite
directions, to the north and to the south (Fig. 3c). The
brittle fault was recorded after the cooling of the magma
but fracturing was observed to be synchronous with a
hydrothermal activity, which is recorded by the
presence of hematite, calcite or silica veinlets within
both the dykes and their host rocks. Dip-slip slicken-
sides on hydrothermal veins show the synchronicity
between hydrothermal fluid circulations and faulting.
Hydrothermal activity may locally be recorded by a
strong alteration within the doleritic mass, especially
along some margins. Along some normal faults, the
development of doleritic breccias shows that host rock
sediments were fluidized during deformation and re-
injected into the solidified magma.

Most slickensides show a quasi north–south finite
extension direction during the hydrothermal event. The
mean main trend for dykes gives almost the same finite
extensional direction, suggesting that the hydrothermal-
ism directly relates to the magmatic event. We conclude
that dyking and subsequent hydrothermalism occurred in
a bulk north–south finite extensional direction.

4. Anisotropy of magnetic susceptibility data

Among 55 doleritic outcrops visited, most were not
suitable for magnetic studies because of alteration and
bad outcrop conditions. However, 13 sampling sites
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Fig. 2. Different outcropping dyke arrays of the Paraná Basin in Uruguay. (a) Branching dykes (western Melo). (b) Sinistral shearing and sill relay
(Caraguatá). (c) Branching dykes and local bending (San Gregorio de Polanco). (d) ‘‘En-echelon’’ geometry giving dextral shearing (Bañado de
Medina, road 26). (e) Two parallel kinked dykes (Bañado de Medina, road 26).

Fig. 2. Différentes géométries de filons affleurant dans le bassin du Paraná en Uruguay. (a) Ramification de filons (ouest de Melo). (b) Cisaillement
sénestre avec connexion en sill (Caraguatá). (c) Ramification de filons et courbure locale (San Gregorio de Polanco). (d) Géométrie « en-échelon »
montrant un cisaillement dextre (Bañado de Medina, route 26). (e) Deux filons parallèles avec des genoux (Bañado de Medina, route 26).
(9 sills and 4 dykes) were selected and 452 specimens
were collected (Fig. 1). From these specimens, only 439
specimens were used for the statistics; some of the
remaining specimens were used for thin sections and
rock magnetic analyses. Sampling was made as close as
possible to the margins of the intrusions but most of the
cores were taken at a distance of several metres from the
contacts (Table 1 gives estimates of the distances of the
groups of samples from the contacts). Samples were
cored parallel and/or perpendicular to the contacts.

Bulk magnetic susceptibility was measured using a
KLY-3 kappabridge (AGICO, Brno) and gave values
ranging between 0.38 � 10�4 and 1.142 � 10�1 SI,
with a corrected degree of anisotropy P´ indicating an
anisotropy between 0.1 and 12% except for two
specimens which reach 25% (in Table 1, the mean
sampling site values never exceed 10%; the anisotropy
percentage is calculated using 100(P´-1)). In both sills
and dykes, different fabrics were evidenced by selecting
samples showing coherent clustering of the AMS
tensor’s main axes calculated from bootstrap statistics
[44]. We verified afterward if the fabrics do or do not
depend on the spatial distribution of the samples in each
site.

The sills gave relatively fresh dolerite samples. The
shape parameter (T) indicates mostly oblate ellipsoids,
the bulk magnetic susceptibility ranges between
3.8 � 10�4 and 3.6 � 10�2 SI and the anisotropy is
low, between 1.1 and 2.2% (Table 1). AMS tensor’s
minimum axes (K3) are mainly subvertical, perpendi-
cular to the intrusive contacts. Except for sites 53 and 54
(Fig. 4a) where a single fabric is recorded, in the seven
other sills, one to two additional fabric(s) can be
evidenced (Table 1). For some of these additional
fabrics, K3 remains subvertical. In the concerned sites, a
switch between subhorizontal K1 and K2, most often
independent on the spatial distribution of the samples,
can be observed (fabrics 2-1 compared to 2-2,17-1 to
17-2, 32-1 to 32-3, 45-1 to 45-2 in Table 1). In the other
cases, K3 is no longer subvertical (fabrics 10-2
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Fig. 3. Dip-slip slickensides at Melo (site 22). (a) Photograph of dip-slip slickenlines at the contact interface between the dyke and the wall of the
host rock. (b) Fault plane poles (n = 54) and (c) Slickenlines (n = 54) using Kamb’s [29] contouring method on lower hemisphere equal area
projections, in agreement with the photograph.

Fig. 3. Plans de faille avec des stries pleine pente à Melo (site 22). (a) Photo de stries pleine pente sur un contact encaissant–filon. (b) Pôles de
failles (n = 54) et (c) Stries (n = 54) en projections à aire égale de l’hémisphère inférieur, utilisant la méthode des contours de Kamb [29], en accord
avec la photo.
compared to 10-1, 32-2 to 32-1, 36-2 to 36-1, 37-2 to
37-1, 45-3 to 45-1 in Table 1 and Fig. 4b,c). These
additional fabrics are most often dependent on the
spatial distribution of the samples relative to the
contacts.

The anisotropy in dykes (up to 10%) is larger than in
sills, and T exhibits both prolate and oblate signatures,
often predominantly prolate. Three fabric types are
evidenced in Table 1: a- K3 almost perpendicular to the
dyke walls and subhorizontal K1 or K2 (normal fabrics
33-1, 33-2, 40A-1 and 44; Fig. 4e,f); b- K1 almost
perpendicular to the dyke walls and subvertical or steep
K3 (inverse fabrics 22-1, 40A-3 and 40B-3); c- K2

almost perpendicular to the dyke walls (intermediate
fabrics 22-2, 40A-2, 40A-4, 40B-1 and 40B-2). In site
22, fabrics 22-1 and 22-2 do not depend on the spatial
distribution of the samples from the dyke margins. This
is also the case in sites 40A and 40B. In addition, in 40A
where two different dolerites mingle, the fabrics are
observed to be independent from the rock type. Fabrics
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Table 1
AMS parameters of the Cuaró intrusions. Sampling sites located on Fig. 1, are identified by numbers with superscripts refering to GPS (W, S) coordinates, given at the bottom of the Table; A, B, C are
used to distinguish sample groups within a sampling site; obs.: indicates the approximate location of groups of samples, relative to the bottom (b) or top (T) contacts of the sills, relative to the North
(N) contacts for the dykes (in brackets are the distances from the contacts b, T, N or between sample groups; u: undefined distance; c: chilled margin); -1,-2,-3 or -4 distinguishes between different
fabrics (Fi) within a sampling site; n: number of samples; Km: bulk magnetic susceptibility; DKi/IKi: declination/inclination of the maximum (i = 1), intermediate (i = 2) and minimum (i = 3)
susceptibility principal axes and their oval of 95% confidence about the mean (a95); P’, T: mean corrected degree of anisotropy and shape parameter [26,27].

Tableau 1
Paramètres d’ASM des intrusions du Cuaró. Les sites d’échantillonnage, localisés en Fig. 1, sont identifiés par des numéros avec des exposants indiquant leurs coordonnées GPS (W, S), données en
bas de tableau ; A, B, C sont utilisés pour distinguer les différents groupes d’échantillons dans un même site ; obs. : localisation spatiale des groupes d’échantillons par rapport au contact bas (b) ou
haut (T) des sills, par rapport au contact nord (N) des filons (entre parenthèses : distances des contacts b, T, N ou entre groupes d’échantillons ; u : contact indéfini, c : marge figée) ; -1,-2,-3 ou -4 :
différentes fabriques (Fi) d’un site ; n : nombre d’échantillons ; Km : susceptibilité magnétique moyenne ; DKi/IKi : déclinaison/inclinaison des axes de susceptibilité maximum (i = 1), intermédiaire
(i = 2) et minimum (i = 3) et leur ellipse de confiance à la probabilité de 95 % (a95) ; P’, T : degré d’anisotropie corrigé et paramètre de forme moyens [26,27].

Site Obs. Fi n Km � SD
(10–3 SI)

DK1/IK1 a95 DK2/IK2 a95 DK3/IK3 a95 P’ T

9 Sills
21 T (�10 m) 2-1 24 18.8�1.8 348.6/0.7 17.9/5.1 258.6/2.1 17.9/6.3 96.8/87.7 6.7/4.6 1.013 0.560

T (�10 m) 2-2 8 18.6�1.0 249.4/2.3 32.2/5.3 159.3/2.6 31.7/9.6 21.2/86.6 9.9/8.1 1.010 0.726
10A2 b (< 0.2 m),c 10-1 5 19.3�2.7 189.2/1.5 32.3/9.2 279.5/9.9 42.6/22.4 90.4/80.0 38.4/9.3 1.044 0.599
10B2 (�2 m above, �20 m

N from 10A)
10-2 10 2.0�2.7 242.8/3.5 29.0/11.7 335.9/41.5 49.5/21.7 148.8/48.3 49.5/19.6 1.004 �0.129

173 T (u) 17-1 26 17.7�1.5 126.2/2.1 22.8/3.2 216.3/1.6 22.7/7.8 344.1/87.4 8.0/3.6 1.015 0.724
T (u) 17-2 9 18.9�1.9 42.5/3.5 27.9/4.8 132.7/3.3 27.9/5.0 266.4/85.2 5.7/4.4 1.016 0.682

324 T (u) 32-1 31 27.7�5.1 146.8/4.7 23.2/10.3 55.8/12.6 37.3/13.3 257.0/76.5 38.7/16.9 1.011 �0.511
T (u) 32-2 21 22.5�2.8 238.8/83.1 18.8/6.6 335.4/0.8 44.8/6.8 65.5/6.9 45.3/15.3 1.020 �0.395
T (u) 32-3 16 24.7�4.7 60.8/24.7 21.9/16.4 321.4/19.5 41.1/19.2 197.4/57.7 40.5/16.8 1.015 �0.430

36A5 T (> 5 m) 36-1 5 11.1�1.6 114.4/23.0 20.1/5.7 12.3/26.2 52.5/5.2 239.9/53.9 52.2/9.0 1.014 �0.728
36B5 (�1 m above,�12 m

N from 36A)
36-2 5 11.6�1.9 199.2/67.5 18.7/7.2 0.3/21.4 18.4/2.8 92.9/6.6 8.3/1.7 1.022 0.695

376 b (�1.5 m) 37-1 17 19.3�1.5 90.9/2.5 13.9/7.8 181.1/5.9 14.9/10.9 338.4/83.6 12.8/6.9 1.012 0.057
b (�1 m) 37-2 5 25.8�2.5 197.7/82.8 11.8/3.5 14.6/7.2 18.7/10.4 104.6/0.4 18/3.6 1.028 0.070

45A7 T (3–5 m) 45-1 11 6.9�2.9 129.8/4.7 25.2/7.9 221.0/13.5 23.3/5.6 21.1/75.7 17.3/3.3 1.006 �0.139
45B7 T (�2 m) 45-2 17 7.7�2.5 66.8/19.5 21.5/9.5 158.6/5.2 25.0/12.7 263.0/69.8 21.7/9.8 1.005 �0.145
45C7 T (�1 m) 45-3 5 9.0�2.6 114.8/79.4 27.4/4.7 325.1/9.2 29.7/5.7 234.2/5.3 37.0/7.2 1.008 �0.451
538 T (< 3 m) 11 16.0�2.4 53.8/11.3 6.3/3.4 318.8/23.2 28.0/3.4 167.8/63.9 28.0/6.2 1.004 �0.255
549 T (�10 m) 35 17.6�1.8 221.3/23.1 20.8/7.0 311.6/0.7 20.9/8.8 43.2/66.9 9.9/6.3 1.013 0.590
4 Dykes
2210 N (2–6 m) 22-1 15 18.8�4.3 211.9/7.5 29.1/20.1 302.1/1.7 30.4/18.7 44.9/82.3 26.8/14.8 1.044 0.192

N (2–6 m) 22-2 15 22.6�2.7 59.8/74.4 15.3/11.9 186.3/9.4 21.7/8.5 278.3/12.3 20.4/15.1 1.050 �0.394
3311 N (3-5 m) 33-1 9 16.9�1.7 257.1/12.2 6.5/2.6 23.1/69.9 10.2/2.9 163.6/15.8 10.4/6.0 1.027 �0.181

N (3–5 m) 33-2 24 20.1�3.3 302.9/69.7 14.6/5.0 68.3/12.1 14.6/10.2 161.8/16.0 10.2/5.0 1.041 �0.184
40A12 N (3–10 m) 40A-1 16 46.1�31.7 64.8/58.5 22.0/11.7 284.3/25.3 21.9/15.7 185.7/17.5 15.7/12.0 1.044 �0.049

N (3–10 m) 40A-2 14 26.9�10.1 46.5/66.7 15.6/13.0 172.5/14.2 32.3/12.9 267.3/18.1 32.8/14.0 1.041 �0.543
N (3–10 m) 40A-3 9 25.8�7.2 171.8/7.9 21.3/9.5 266.5/30.2 2.0/8.2 68.7/58.6 3 27.1/10.2 1.038 0.008
N (3–10 m) 40A-4 9 37.7�26.2 248.8/38.3 53.1/30.2 156.3/3.2 54.5/33.4 62.2/51.6 42.0/21.6 1.023 0.115
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33-1 and 33-2 are partly dependent on the spatial
distribution of the samples. In the site 33, coring was
made in a rectangular zone 2 m wide (3 to 5 m from the
northern contact, Table 1) and 6 m long parallel to the
contact. Most of the samples of the eastern part of the
sampling zone define the fabric 33-1 while most of the
samples of the western part define the fabric 33-2 but
sometimes, as in other sites, the same core exhibits
different fabrics in different samples.

5. Discussion and conclusions

On the bases of available radiometric data [45],
previous descriptions [8] and from our own structural
(Fig. 2a) and petrological observations, we are confident
that most dykes and sills relate to a single main
magmatic event. The structural data (e.g. dyke arrays,
dyke contact orientations, normal faults and slicken-
sides) show a predominantly NW–SE trend for the
dykes (Fig. 1) and a dominant east–west trend for the
normal fault planes (Fig. 3b). Normal faults are
subparallel to the dyke segments, which are not
systematically parallel to the general dyke trend. These
structural features and geological observations docu-
ment a general north–south extension synchronous with
dyking and subsequent hydrothermal activity. The
presence of micro-cracks and hydrothermal minerals in
the dykes indicates that magnetic fabric could
secondarily have been influenced by the deformation
associated with hydrothermalism. Additional late (post-
cooling) faulting may also affect some intrusions.

In sills, magnetic fabrics are mostly oblate with K3

perpendicular to the margins. This suggests that most
fabrics probably relate to their primary (magmatic)
petrofabric. These primary fabrics, acquired above
solidus temperatures, may directly reflect magma flow
directions during magma emplacement [41]. In such a
case, subhorizontal K1 or K2 are compatible with
magma flow (Fig. 4a,b). During the crystallization of
the magma, they may also result from crystal settling
[35] in a stagnant magma (weak P’, K1�K2) but we
have no petrological evidence of cumulative textures, or
result from vertical compaction of a magmatic mush
under the weight of the sediments above the sills. In
addition, such fabrics can also be secondary, that is
acquired at sub-solidus temperatures: a vertical K3 is
also consistent with the vertical shortening expected in
an extensional setting. In such case, sub-solidus re-
equilibrations of some of the magnetic minerals should
have occurred within the sills. Objectively, our results
on sills are not helpful to discriminate between these
different primary and secondary processes (flow,
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Fig. 4. Lower hemisphere equal area projections of AMS tensor principal axes [26] for sills (a,b,c) and dykes (d,e,f). Example of a sill (a, dip
�108E) and a dyke (d) which did not record superimposed fabrics. Example of two superimposed fabrics on a sill (b,c) with a vertical K3 and a
horizontal magma flow (site 37) and on a dyke (e,f) with a horizontal magma flow (site 33) superimposed on a vertical component. The dashed lines
represent the trace of the dykes.

Fig. 4. Projections à aires égales dans l’hémisphère inférieur des axes principaux du tenseur d’ASM [26] pour des sills (a,b,c) et des filons (d,e,f).
Exemple de sill (a, pendage�108E) et de filon (d) qui n’ont pas enregistré de fabriques superposées. Exemple de deux fabriques superposées dans un
sill (b,c) avec un K3 vertical à et un flux magmatique subhorizontal (site 37) et dans un filon (e,f) avec un flux magmatique horizontal (site 33)
superposé à une composante verticale. Les tiretés représentent la trace du filon.
compaction and sub-solidus recrystallization under
stress). Nevertheless, thermomagnetic curves within
sill 37 (Fig. 6a) show three different magnetic carriers:
one is likely magnetite, with a Curie temperature at
�570 8C, the others, with lower Curie temperatures at
�520 8C and �200 8C, are probably maghemite and
undetermined impure phases (goethite? maghemite?
magnetite?), respectively. Fabric 37-1 is carried by
magnetite and a small amount of maghemite (sample
37-12) while fabric 37-2 (sample 37-4) is carried by
magnetite (in lower amount than in sample 37-12),
maghemite and a small amount of impure phases
(sample 37-4, Fig. 6a). Despite uncertainties on the
nature of some of the magnetic phases, the magnetic
mineral assemblages are clearly different from one
fabric to the other. In the same rocks, these different
assemblages are unlikely to have been produced in the
same temperature range during cooling. Fabric 37-1,
consistent with flow, is likely primary. This leads us to
propose a secondary origin for fabric 37-2 (Fig. 4c) but
it could also result from late stage crystallization of the
magma [43]. Vertical K1 in fabric 37-2 is inconsistent
with the vertical shortening excepted during extensional
deformation which unlikely explains the fabric. For this
reason, we suspect that the superimposed fabric 37-2
could result from sub-solidus fluid circulations which
partly transformed high temperature magnetic phases
(magnetite) into lower temperature phases (maghe-
mite).

Magnetic fabrics in dykes are more difficult to
interpret than in sills. There is still a debate on the
relationships between magnetic fabrics given by AMS
and petrofabrics resulting from magma flow [13,43].
Normal or inverse fabrics can result from magma flow
[42]. Examples of such fabrics are observed in all the
dyke sites but site 33 exhibits two different normal
fabrics (Fig. 4e,f) with predominantly prolate shapes
(Fig. 5). Fabric 33-1 with a subhorizontal K1, parallel to
the dyke margins, suggests horizontal or vertical
magma flow (Fig. 4e). It is possible that fabric 33-2
results from the same flow as examplified in a similar
context [10,11] or from theoretical considerations
[15,20,25,28]. However, fabric 33-2 with a subvertical
K1, is also consistent with horizontal or vertical flow.
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Fig. 5. Shape parameter T versus corrected degree of anisotropy P´
[26,27] for the sills (sites 37, 53) and the dykes (sites 33, 44) with their
statistical mean (large symbols). 37-1 (b), 37-2 (c) and 33-1 (e), 33-2
(f) recorded superimposed fabrics while 54 (a) and 44 (d) did not (see
Fig. 4 and Table 1).

Fig. 5. Paramètre de forme T en fonction du degré d’anisotropie
corrigé P´ [26,27] des sills (sites 37, 53) et des filons (sites 33, 44) et
leur moyenne statistique (grands symboles). 37-1 (b), 37-2 (c) et 33-1
(e), 33-2 (f) ont enregistré des fabriques superposées, alors que 54 (a)
et 44 (d) n’en ont pas enregistré (cf. Fig. 4 et Tableau 1).
From thermodynamics, it is reasonable to assume that
for a same magma composition, different magnetic
mineral assemblages, carrying different fabrics, result
from different events or temperature ranges during
cooling. Thus, we used thermomagnetic curves (sam-
ples from both fabrics) to examine which of these two
superimposed fabrics is more likely related to magma
flow. The results from samples 33-16 (fabric 33-1) and
33-2 (fabric 33-2) are presented in Fig. 6b. They show a
single magnetic carrier, likely magnetite, evidenced by
a Curie temperature at �580 8C in fabric 33-1, and two
main carriers, maghemite and magnetite in fabric 33-2
evidenced by a susceptibility drop (possibly due to
a phase transformation) at �450 8C and a Curie
temperature at�580 8C, respectively. Such a difference
in the mineralogical assemblage suggests that only one
of these two fabrics is reliable to magma flow. Even
though both magnetic assemblages can be magmatic in
origin, maghemite can also be of secondary origin and
result from recrystallization of primary phases [43]. For
this reason, we interpret fabric 33-1 as primary,
resulting from magma flow (Fig. 4e). We propose that
fabric 33-2 is secondary (or primary but unrelated to
magma flow) and superimposes on fabric 33-1. Because
maghemite can crystallize in reduced environment, it is
likely that subvertical ‘‘per ascensum’’ fluid circula-
tions [1] parallel to K1 (Fig. 4f) have induced partial
and/or total recrystallization. Such a hypothesis is also
supported by direct field evidences of hydrothermalism.
Fabric 44 compares with fabric 33-2 (Fig. 4d,f) though
the outcrops are separated by more than 150 km
(Fig. 1). In addition, site 44 is located at about 50 m
from the northern contact of a particularly thick dyke.
This distance makes it difficult to offer any interpreta-
tion of the fabric as a result of magma flow. The
exceptional thickness of this dyke can be explained by
the proximity (less than 200 m) of a neighbouring sill to
which the dyke is probably connected.

Based on previous discussion, we attribute a primary
origin to the fabrics in sills which are identified by the
sub-number ‘‘-1’’ in Fi (Table 1), though the fabrics
which are identified by the sub-number ‘‘-2’’ and which
show a permutation between subhorizontal K1 and K2

may also be primary. All the other fabrics in sills are
likely secondary. In dykes, primary fabrics reliable to
magma flow concern fabrics 2-1, 33-1 and 40A-1. If
some of the other fabrics possibly relate to magma flow,
most of the ones which are superimposed likely result
from late stage crystallization of the magma or
secondary events (fluid circulations, tectonic deforma-
tion). Silva et al. [43] describe exsolution processes
enhanced by slow cooling rates. These processes occur
in magnetic minerals above and below solidus
temperatures of doleritic magmas and affect the
magnetic fabrics. They may also be active in our
samples, especially because we have sampled thick
intrusions and, most often situated several metres from
the contacts.

Superimposed fabrics in sills show, from one fabric
to another, permutations K1-K2 (e.g. site 2 or 17,
Table 1) and K1-K3 (e.g. site 37, Fig. 4b,c). In dykes, the
three permutations K1-K2 (e.g. site 33, Fig. 4e,f), K1-K3

(e.g. site 40A, fabrics 40A-1/40A-3) and K2-K3 (e.g.
site 40A, fabrics 40A-1/40A-2) occur. If some of
these permutations are explainable when the intensities
of the concerned axes of the ellipsoid are approximately
equal (and/or when P’ is weak), they become more
difficult to understand when the intensities are different
in ellipsoids significantly anisotropic. In the latter case,
we suspect that secondary processes (recrystallization
associated or not with fluid circulations or tectonic
deformation) can have been significant.

Among secondary processes involving fluids, it is
difficult to discriminate between fluids associated to
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Fig. 6. Thermomagnetic curves showing two kinds of behaviours for: (a) sill 37: 1- sample 37-12 (fabric 37-1) shows a single Curie temperature at
�570 8C, with an increase of magnetic susceptibility during cooling suggesting a possible transformation of the magnetic mineralogy; 2- sample 37-
4 (fabric 37-2) shows two Curie temperatures, one at �200 8C, probably related to impure phases and the second at �520 8C likely of maghemite
type. Arrows indicate the chronology of the experiment; (b) dyke 33: 1- sample 33-16 (fabric 33-1) shows a Curie temperature at�580 8C, probably
of magnetite type; 2- sample 33-2 (fabric 33-2) shows two Curie temperatures at�450 8C and�580 8C, probably of maghemite and magnetite type,
respectively.

Fig. 6. Courbes thermomagnétiques montrant deux types de comportement pour : (a) le sill 37 : 1- l’échantillon 37-12 (fabrique 37-1) montre une
température de Curie de�570 8C, avec augmentation de la susceptibilité magnétique au cours du refroidissement, traduisant une possible transformation
de la minéralogie magnétique ; 2- l’échantillon 37-4 (fabrique 37-2) montre deux températures de Curie, une à�200 8C, correspondant probablement à
des phases impures et la seconde à�520 8C vraisemblablement de la maghémite. Les flèches indiquent la chronologie de l’expérience ; (b) le filon 33 : 1-
l’échantillon 33-16 (fabrique 33-1) montre une température de Curie à�580 8C, probablement de type magnétite ; 2- l’échantillon 33-2 (fabrique 33-2)
montre deux températures de Curie à �450 8C et �580 8C, probablement de type maghémite et magnétite respectivement.
magmatic events or later circulations. For example,
maghemite has been related to meteoric fluid circula-
tions associated with climatic changes [32]. However,
maghemite has also been associated to changes in local
stress fields [1]. Superimposed fabrics are common in
many dyke swarms where interpretation of fabrics is
still a matter of debate [1,13,38,43]. Further systematic
sampling and analyses should help to interpret these
fabrics especially in the Cuaró intrusions where they
seem common. Detailed characterizations of the
magnetic mineralogy, analysis of the relationships
between petrological and magnetic fabrics, anisotropy
of anhysteretic remanent magnetization and hysteresis
loops taking into account the effects of the grain-size,
are required to further interpret the origins of the
superimposed fabrics that we have evidenced here in the
Cuaró intrusions.
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