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Abstract

The Concon Mafic Dike Swarm (CMDS) consists of basaltic to andesitic dikes emplaced into deformed Late Paleozoic
granitoids during the development of the Jurassic arc of central Chile. The dikes are divided into an early group of thick dikes (5—
12 m) and a late group of thin dikes (0.5—3 m). Two new amphibole “°’Ar/*’Ar dates obtained from undeformed and deformed
dikes, constrain the age of emplacement and deformation of the CMDS between 163 and 157 Ma. Based on radiometric ages, field
observations, AMS studies and petrographic data, we conclude that the emplacement of the CMDS was syntectonic with the
Jurassic arc extension and associated with sinistral displacements along the NW-trending structures that host the CMDS. The
common occurrence of already deformed and rotated xenoliths in the dikes indicates that deformation in the granitoids started
previously.

The early thick dikes and country rocks appear to have been remagnetized during the exhumation of deep-seated coastal rocks
in the Early Cretaceous (around 100 Ma). The remanent magnetization in late thin dikes is mainly retained by small amounts of
low-Ti magnetite at high temperature and pyrrhotite at low temperature. The magnetization in these dikes appears to be primary in
origin. Paleomagnetic results from the thin dikes also indicate that the whole area was tilted ~23° to the NNW during cooling of
the CMDS.

The NNW-SSE extension vectors deduced from the paleomagnetic data and internal fabric of dikes are different with respect to
extension direction deduced for the Middle—Late Jurassic of northern Chile, pointing to major heterogeneities along the margin of
the overriding plate during the Mesozoic or differences in the mechanisms driving extension during such period.
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1. Introduction lower crust) to the upper crust (e.g. Ernst et al., 2001).
Dikes are magma-filled fractures originated or activated

Dike swarms are probably the main conduits for in association with extensional stresses. These structures
transport of magma from deep sources (upper mantle or can be found in various tectonic environments, such as
passive volcanic margins (e.g. Callot and Geoffroy, 2004)
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magma sources (e.g. Scarrow et al., 1998) and, because
flow directions can be measured, the location of the magma
reservoirs (e.g. Callot and Geoffroy, 2004). Paleostress
trajectories can be inferred because these structures record
the strain that occurs during their intrusion into the upper
crust (Glazner et al., 1999; Mége and Korme, 2004). The
strain can be recorded as relative displacements of struc-
tural markers or as occurrence of tensile fractures generated
by the magmatic pressure (Delaney et al., 1986).

The classical interpretation of dike emplacement is
that they form perpendicular to the minimum principal
stress direction (e.g. Anderson, 1951). However, the in-
ternal structure of tabular magmatic bodies shows that,
in some cases, fabrics develop in response to complex
patterns of dilation associated with both internal (mag-
matic) and external (tectonic) stresses, and so they can
form in directions not perpendicular to the minimum
principal stress direction, especially when there are pre-
existing fractures. For example, oblique fabrics can be
developed in dikes emplaced along shear structures, in-
dicating an oblique pattern of aperture (e.g. Hutton, 1992;
Glazner et al., 1999; Correa-Gomes et al., 2001).

Over the last fifteen years, there has been an increase
in our knowledge of the internal architecture of tabular
magmatic bodies such as dikes, mainly because AMS
(Anisotropy of Magnetic Susceptibility) can be used to
decipher the internal arrangement of magmatic rocks,
even those with very low anisotropy (<3%). The pre-
ferred orientation of magnetic grains defines an ellipsoid
with three main axis (K;>K,>K3), where K; and K3
represent the magnetic lineation and the pole of mag-
netic foliation, respectively. Sources for AMS come
mainly from ferromagnetic grains and to a lesser degree
from paramagnetic ferrosilicates. Several studies have
shown that a good correspondence exists between the
magnetic subfabric measured by AMS and the mag-
matic petrofabric of the rocks (Geoffroy et al., 2002;
Ferr¢ et al., 2003, and references therein). This is true
because in most cases, magnetic grains (e.g. titanomag-
netite) are later phases in the crystallization sequence,
and tend to occupy spaces left by previously crystallized
minerals. In most of these cases, the shape anisotropy
(elongation of individual magnetic grains) is controlled
by the texture of the rock, which is primarily defined by
the alignment of individual mineral grains.

Mesozoic mafic dike swarms in the Coastal Range of
central Chile have been described (e.g., Mufioz Cristi,
1964; Levi, 1973; Irwin et al., 1987; Parada et al., 1991),
but the geological processes associated with their origin
and evolution are still poorly understood. In central and
north-central Chile, extensional tectonics during the Ju-
rassic—Early Cretaceous have been inferred from geo-

chemical and isotopic data (Vergara et al., 1995; Parada
et al., 1999; Morata and Aguirre, 2003) and from stra-
tigraphic relationships (Vergara et al., 1995), but an
understanding of the underlying tectonic mechanisms re-
mains illusive. Mafic dike swarms in this area provide an
opportunity to increase our understanding of the plate
kinematics and the timing of extension during develop-
ment of the Middle Jurassic magmatic arc. These proces-
ses can be related directly to the mechanisms of magma
transport and emplacement in the upper crust of this part
of the central Andes.

In this paper we provide field, petrographic, AMS fabric
and geochronological evidence for the emplacement of the
Middle Jurassic Concén Mafic Dike Swarm (CMDS), one
of the most important exposures of Mesozoic dike swarms
in the Coastal Range of central Chile.

To better define the 3-D internal architecture of the
fabric of the dikes and country rocks, we collected sam-
ples for AMS analysis along the entire width of the
intrusions, and measured structural data in the field. The
first objective of the AMS sampling was to obtain
magma flow directions, but after the first field observa-
tions and AMS results, we reorganized the sampling
procedure to focus on the deformational mechanisms.
Field data were supplemented with geothermometric cal-
culations in hornblende—plagioclase pairs and geochro-
nology to broadly constrain the timing and nature of
the fabric’s development and to connect the fabric with
possible emplacement mechanisms. Because effects of
magmatic and tectonic stress could be present at high
temperature during fabric acquisition, “°Ar/*° Ar geochro-
nology in hornblende appears to be the most feasible
method to get an age closer to the real crystallization age.
New paleomagnetic results of the same rocks were
obtained, with the aim of better understanding the tectonic
processes associated with Mesozoic extensional tectonics
in the area. The emplacement of the CMDS is discussed in
terms of the tectonic evolution of the Mesozoic arc
magmatism of central Chile.

2. Geological setting

The Coastal Range of central Chile at ~33° S is
composed of three plutonic belts and Mesozoic volcanic
and sedimentary rocks that decrease in age to the east
(Vergara et al., 1995; Parada et al., 1999; Fig. 1a). Late
Paleozoic granitoids form the western belt; Mid-Jurassic
intrusions occupy the central belt and Early Cretaceous
plutonic rocks occupy the eastern belt. The Mesozoic
volcanic and sedimentary formations were deposited in
subsiding basins during the Early Jurassic—Early Creta-
ceous extensional regime (Vergara et al., 1995; Aguirre
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Fig. 1. (a) Simplified magmatic units in the Coastal Range of central Chile (modified from Parada et al., 1999) (b) Geological map of the Coastal
Range near 33°, modified from Godoy and Loske (1988). Previous U-Pb ages are shown in squares. The exception is an age of 299+31 Ma from
Rb-Sr isochron in granitoids from Refiaca. Inset figure at right (c) is a geological sketch of the study area, with location of sampling stations. White

lines represent main dike exposures and black lines are main lineaments.

et al., 1999). A whole-rock Rb—Sr errorchron of 299+
31 Ma has been obtained (Hervé et al., 1988) for Late
Paleozoic granitoids hosting the CMDS. This age does
not differ from Rb—Sr and U-Pb ages of 290-309 Ma
obtained elsewhere along the Late Paleozoic western belt
between 33°10" and 33°40” S (Hervé et al., 1988; Godoy
and Loske, 1988; Gana and Tosdal, 1996; see Table 1).
The spatially restricted Late Triassic intrusive rocks close
to the Late Paleozoic granitoids at Cartagena yielded a
plutonic age of 214+1 Ma (U-Pb zircon, Gana and

Tosdal, 1996). A similar age K—Ar age of 213+10 Ma
was obtained by Cordani et al. (1976) for the same rocks
(Table 1). The age of the Middle Jurassic granitoids of the
central belt, which represent the plutonism suspected to be
coeval with the CMDS, is well constrained by zircon and
titanite U—Pb ages of 160—163 Ma (Godoy and Loske,
1988) from foliated diorites at Laguna Verde (33°10" S,
Fig. 1b). Part of these rocks were intruded along NW—SE
structures, as suggested by Godoy and Loske (1988),
based on field and geochronological data. Slightly
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Table 1

Compilation of the main radiometric ages obtained in Paleozoic and Mesozoic plutonic and metamorphic rocks of the area, between 33° and 33°45’ S
Method Material Locality Age (Ma) and error (20) Author

Late Paleozoic granitoids

Rb-Sr isochron Whole rock Santo Domingo 308+15 Hervé et al. (1988)
Rb-Sr isochron Whole rock Algarrobo 292+2 Hervé et al. (1988)
U-Pb Zircon Quintay 290 Godoy and Loske (1988)
U-Pb Zircon Quintay 309 Godoy and Loske (1988)
Rb—Sr errorchron Whole rock Refaca 299+31 Hervé et al. (1988)
Fission track Apatite Algarrobo 98+10 Gana and Zentilli (2000)
Gneissic diorites and granitic gneisses

U-Pb Zircon Cartagena 214+1 Gana and Tosdal (1996)
K-Ar Amphibole Cartagena 213+10 Cordani et al. (1976)
K-Ar Amphibole Cartagena 167+8 Cordani et al. (1976)
K-Ar Plagioclase Cartagena 157+1 Cordani et al. (1976)
K-Ar Biotite Cartagena 159+15 Hervé et al. (1988)
Rb-Sr Whole rock Las Cruces 162+48 Hervé et al. (1988)
Fission track Apatite Cartagena 106+8.6 Gana and Zentilli (2000)
Fission track Apatite Cartagena 106+7.4 Gana and Zentilli (2000)
Laguna Verde diorites and amphibolites

U-Pb Zircon Laguna Verde 160-163 Godoy and Loske (1988)
Ar—Ar Amphibole Laguna Verde 165+2.6 Irwin et al. (1987)
Rb—Sr errorchron Bt, feld, apatite, wr Laguna Verde 156.3£1.2 Godoy and Loske (1988)
Jurassic granitoids

U-Pb Titanite S of Valparaiso 157 Gana and Tosdal (1996)
U-Pb Zircon S of Valparaiso >154+4 Gana and Tosdal (1996)
U-Pb Zircon S of Valparaiso 158+1 Gana and Tosdal (1996)
U-Pb Titanite Cantera Las Placillas 155.5 Gana and Tosdal (1996)
Rb—Sr errorchron Whole rock Cuesta Zapata 173428 Hervé et al. (1988)
Mafic dikes

Ar—Ar Amphibole Laguna Verde 169.6£3.6 Irwin et al.(1987)

K-Ar Amphibole Cartagena 133.1+7.2 Irwin et al. (1987)
Ar—Ar Amphibole El Tabo 172.4+2.4 Irwin et al. (1987)

K-Ar Biotite El Tabo 183.4+6 Irwin et al. (1987)

K-Ar Plagioclase El Tabo 179.4+4.8 Irwin et al. (1987)

younger U—Pb ages were reported by Gana and Tosdal
(1996) in granitoids located directly to the east of Laguna
Verde (Sauce Unit, Table 1). The age of the Early
Cretaceous eastern plutonic belt of the Coastal Range, is
constrained by a zircon U-Pb age in the interval 94.2—
97.3 Ma, and several “°Ar—*°Ar ages between 94.9+1.8
and 93.2+ 1.1 Ma obtained for amphibole, biotite and
plagioclase of the Caleu pluton (33° S, Parada et al.,
2005). Biotite K—Ar ages in other Early Cretaceous
plutons of the area range from 118 to 91 Ma (Corvalan and
Munizaga, 1972; Gana et al., 1996).

The Mesozoic evolution (Jurassic—Early Cretaceous)
of the Andean arc was characterized by the development
of an extensional arc setting (Mpodozis and Ramos, 1989;
Vergara et al., 1995; Parada et al., 1999) wherein marine
sediments were deposited and mantle-derived magmas

with progressively depleted isotopic signature were em-
placed (Vergara et al., 1995; Parada et al., 1999; Morata
et al., 2001). This tectonic scenario differs from the Pa-
leozoic and Tertiary to recent Andean evolution which is
characterized by compressive deformation and crustal
thickening (Isacks, 1988; Parada et al., 1999). During the
Mesozoic extensional period, abundant mafic dike swarms
were emplaced, mostly intruding Paleozoic and Jurassic
intrusions (Irwin et al., 1987, 1988), which appears to have
been an important mechanism for magma transport.

3. Middle Jurassic deformation
In the Coastal Range between 33° and 33°45' S

(Fig. 1b), we have recognized a pervasive subvertical
gneissic fabric in Late Paleozoic granitoids, mainly as L—
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Fig. 2. Thickness (in meters) of dikes vs. number of measured dikes. A break in thickness between thick and thin dikes is observed between

approximately 3 and 6 m.

S tectonites. In addition to this deformation, which pro-
bably occurred at high temperature during Late Paleozoic
times, garnet-bearing gneissic granitoids at Cartagena,
with a mylonitic fabric have been described (Gana et al.,
1996), with normal dip-slip kinematics associated with a
southdipping E—-W foliation. Geochronological data sug-
gest that this fabric originated during the Middle Jurassic
(Hervé et al., 1988). These rocks are also intruded by
Middle Jurassic dikes.

Structural and geochronological data in Middle Ju-
rassic diorites in the Laguna Verde area indicate that these
intrusions were syntectonically emplaced along NW
structures (Irwin et al., 1987; Godoy and Loske, 1988).
These rocks are characterized by a pervasive NW—WNW
foliation (280—-317°/71-87° S) and locally N-S (4-21°/
42-72° S) with steeply dipping SSW to SSE-plunging
stretching lineations, both defined by alignment of
medium-grained feldspars and mafic minerals. Some of

Fig. 3. Field features of dikes: a) thick dike (10 m thickness) tilted to the NNW at Roca Oceanica (see Fig. lc for location). View to the east b) sinistral
fabrics in vertical view of a thin dike (1.7 m thick), arrow indicates presence of sigmoidal granitoid xenolith, view from NW.
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these foliated rocks show evidence of sub-vertical normal
shearing. Geochronological data, coupled with geological
and petrographical observations, suggest that the defor-
mation occurred soon after emplacement.

4. Analythical methods

Microprobe analysis of mafic silicates (amphibole
and biotite) and plagioclase were performed at the De-
partamento de Geologia, Universidad de Chile, using a
CAMECA SU-30. Additional analyses on sulphide and
oxide phases were performed at ZELMI Laboratory,
TU-Berlin, using a CAMEBAX microbeam, with PAP
correction.

YOAr7Ar dating was carried out on separate amphi-
bole (hornblende) grains from thick and thin mafic dikes.
Approximately 1 kg of sample was crushed to obtain
grain sizes of 100 to 250 um. Amphibole separation was
performed using an isodynamic magnetic separator and
heavy liquids, followed by hand picking under a binocular
microscope. The samples were irradiated in the nuclear

a

reactor of the Comision Chilena de Energia Nuclear (La
Reina, Santiago de Chile). The irradiation factor for each
sample was J=0.0011009+8.500000¢ ® (sample CC-
03-01) and J=1.03¢ >+7.900000e ¢ (sample CC-03-
13). Gas extraction was performed using a step heating
procedure with a CO, laser beam on hornblende grain
populations (<15 grains) in the Laboratorio de Geocro-
nologia of Servicio Nacional de Geologia y Mineria
(SERNAGEOMIN). Detailed analytical procedures are
given in Arancibia et al. (2006). The criteria used to define
a plateau age is that it should contain more than 50%
released *°Ar, that there should be at least three successive
steps in the plateau, and that the integrated age of the
plateau should agree with each apparent age of the plateau
within a 2o error.

Sampling for AMS and paleomagnetic studies was
carried out using an oil-powered drill at 15 sites. Samples
were oriented using solar and magnetic compasses.
Depending on dike thickness, 4 to 15 cores were sam-
pled for each site. The Anisotropy of Magnetic Sus-
ceptibility (AMS) of the samples was measured and

Fig. 4. a) Microscopic photograph under plane polarized light of a thick dike. Texture is characterized by several plagioclase phenocrysts (pl) with
albitic rims (ab) surrounded by a bended and fine-grained groundmass (gm) composed mainly of amphibole, magnetite plagioclase, titanite and minor
quartz (sample CC-03-06, plane polarized light) b) submagmatic filling (smf) of high-temperature minerals in plagioclase cracks (sample CC-03-06,
plane polarized light) ¢) high-temperature solid-state foliation on a sinistral shear zone in tonalitic country rock near dike site RNOS (crossed polars).
d) Secondary electron image in sample CC-03-56 from site 03RN13. Symbols are for amphibole (amph), magnetite (mt) and pyrrhotite (po).
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Table 2

Detailed *°Ar/*?Ar results on amphibole from the CMDS, Coastal Range, central Chile

Step Atmospheric contamination * Ar(%) YOAr A Ar YOALAr Ca/K 0% AL/ Ar Age
Amphibole sample CC-03-01

3-A 0 1.5 313.0448 792.2938 4.6938 56.8357 109.75+17.72
10-B 3.4 17.4 1131.7589 113.9389 20.1518 86.6393 164.74+1.60
13-C 23 48.9 4146.3060 88.3596 25.8551 85.4158 162.51+1.11
15-D 21.7 19 4148.1321 90.1398 27.4964 86.4207 164.34+1.29
20-E 25.8 11.4 4829.0370 89.1210 28.1028 86.3378 164.19+1.96
30-F 6.8 1.8 1433.0909 67.3675 18.6868 55.1434 106.57+6.64
Integrated Age= 162+3
(®) Plateau Age= 96.7 164+3
Amphibole sample CC-03-13

3A 0.1 1.2 393.1015 215.1543 3.9012 56.5618 102.26+4.00
8B 1.1 6 1014.5854 140.7716 8.8848 101.5207 179.61+1.22
10C 8.7 13 3851.2137 97.4708 12.8312 91.51633 162.68+0.87
12D 18.6 29.1 6220.7283 92.7826 16.1312 90.1425 160.35+0.98
13E 11.4 15.9 4393.6934 95.0926 14.4218 90.3379 160.68+0.53
14F 14.6 7.7 5776.8367 92.7474 13.6807 89.5712 159.38+0.94
18G 13.6 19.8 4266.4746 95.6148 17.6907 90.9309 161.70+0.62
24H 8.1 6 3250.6197 97.5461 14.0656 90.3877 160.77+1.60
301 11 1.3 4216.6667 99.0215 15.3655 93.7368 166.46+3.93
Integrated Age 161£2
(®) Plateau Age= 92.8 16143

thermomagnetic experiments were conducted at the
Laboratorio de Paleomagnetismo, Departamento de
Geologia, Universidad de Chile, using KLY-3S Kappa-
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bridge equipment (AGICO Ltd.), working under a weak
alternative magnetic field, with a resolution as high as
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Fig. 5. a) Ar—Ar age spectra (plateau age) for sample CC-03-13 (thick dike) b) Inverse isochron for the same sample. c) Ar—Ar age spectra (plateau
age) for sample CC-03-01 (thin dike) and d) inverse isochron for the sample.



C. Creixell et al.

Table 3
Location of AMS/paleomagnetic sampling sites and key field features from the CMDS and its country rocks, Coastal Range, central Chile
Rock type Strike/dip granite foliation Thickness Latitude Longitude

03RNO1 Foliated granitoid 324/86°SW —32°55.489' —71°32.650"
03RNO02 Thick dike 297°/85SW 7 m thick —32°56.288’ —71°33.029’
03RNO3 Thick dike 307°/80°SW 9 m thick —32°56.260" —71°33.100"
03RN04 Foliated granitoid 1°/90° —32°56.260’ —71°33.100’
03RNO5 Thick dike 329°/90° 2-3.5 m thick —32°55.756' —71°32.889’
03RNO06 Foliated granitoid 342°/90° —32°55.756’ —71°32.889’
03RNO7 Thick dike 330°/90° 4.3 m thick —32°57.605' —71°32.785'
03RNO08 Foliated granitoid 340°/84°SW —32°57.605’ —71°32.785’
03RN09 Thick dike 328°/90° 3 m thick —32°57.605' —71°32.785'
03RN10 Thin dike 300°/78°SW 1.2 m thick —32°57.389’ —71°32.779’
03RN11 Foliated granitoid 332°/76°SW —32°57.389' —71°32.779'
03RN12 Thin dike 300°/78°SW 0.9 m thick —32°57.389’ —71°32.779’
03RN13 Thin dike 303°/85°SW 0.7 m thick —32°58.299' —71°32.630'
03RN14 Thick dike 300°/75°SW 12 m thick —32°58.299’ —71°32.630’
03RN15 Granitoid —32°58.299' —71°32.630'

remanent magnetization) were taken at the University of
Rennes.

Remanent magnetization was measured with a Mol-
spin or Agico JRSA spinner magnetometer. Magnetic
susceptibility was measured with a Bartington suscepti-
bilimeter. These measurements were performed on at least
one specimen from each core at all sites. All of these
measurements were performed at the Laboratorio de
Paleomagnetismo, Departamento de Geologia, Universi-
dad de Chile.

5. The Concon mafic dike swarm and its host
granitoids

5.1. Structural data and petrofabrics of the CMDS

The Concon Mafic Dike Swarm (CMDS) consists of
basaltic to andesitic dikes that are exposed over a distance
of 10 km along the coast between the localities of Concén
and Refaca (Fig. 1c). This swarm is composed of more
than 60 individual intrusions. The intrusions are separated
into two groups of dikes based on their field and
petrographic features: thick dikes and thin dikes (Fig. 2).

Thick dikes are tabular bodies 5.5 to 12 m thick (Figs. 2
and 3a), oriented 284—328°/53—90° SW and characterized
by a porphyritic texture with large plagioclase pheno-
crysts. They are weakly to moderately foliated in the field.
The foliation, observed in plan view, is defined mainly by
the orientation of feldspar crystals, and is usually 11 to 35°
clockwise oblique of dike trend. All thick dikes show
penetrative foliation at their margins, parallel to the dike
trend. Xenoliths of foliated granitoids are common and
some of them show a sigmoidal (sinistral) shape with an
internal foliation parallel to those observed in the host
dikes. Dikes branching from the main body are locally

observed pointing to the NW and could indicate magma
flow from SE to NW. Thick dikes contain normally zoned,
large plagioclase porphyroclasts (cores: Ansg 44, Tims:
Any,_1g), in a dynamically recrystallized groundmass
composed of a fine-grained oriented intergrowth of Mg-
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Table 4
AMS data of dikes and granitoid country rocks

Km P’ T K4 K, Ks L F

6

(10=7 S dec inc dec inc dec inc
Thick dikes
03RN0207A 904 1.039 0.014 146.6 39.3 114.5 —46 42.5 16.6 1.019 1.019
03RN0206B 1250 1.032 0.726 158.8 39.8 94.6 -27.6 28.6 37.8 1.004 1.025
03RN0205A 14600 1.072 0.644 345.1 -1.9 261.2 72.4 74.5 17.5 1.012 1.055
03RNO0201A 1100 1.043 0.662 300.2 20.6 152.6 66 34.7 11.8 1.007 1.033
03RN0202A 1980 1.06 0.444 137.3 422 119.8 —46.4 39.2 8.8 1.016 1.041
03RNO203A 7170 1.265 0.302 144.8 24.7 127.4 —64.2 51.6 6.8 1.084 1.163
03RN0204A 2420 1.102 0.299 139.8 52.2 116.3 -35.4 34.6 11.5 1.034 1.064
03RNO301A 885 1.175 0.436 126.1 7.2 307.4 82.8 216.1 0.2 1.045 1.119
03RN0302A 9490 1.34 0.109 149.2 10.9 336.8 79 239.4 1.4 1.139 1.176
03RNO303A 12100 1.284 0.054 150.4 10 150.3 -80 60.4 0 1.125 1.141
03RN0304A 15200 1.402 0.049 147.4 10.6 142.1 -79.4 57.2 1 1.174 1.194
03RNO305A 12800 1.373 0.015 155.2 11.2 148.7 —78.7 65 1.3 1.169 1.175
03RNO0306A 12100 1.346 -0.013 150.5 7.9 119 —80.7 59.8 4.8 1.162 1.158
03RNO313A 15600 1.378 0.108 139.6 2.1 336.9 87.8 229.6 0.7 1.153 1.194
03RNO0307A 17300 1.394 0.158 162.2 7.1 149.2 —82.7 72 1.6 1.149 1.211
03RNO308A 16100 1.312 0.117 166.6 8.2 160.6 —81.8 76.5 0.9 1.127 1.163
03RN0309A 15100 1.274 0.189 157.9 2.3 152.4 -87.7 67.9 0.2 1.103 1.154
03RNO310A 14400 1.253 0.217 152.6 14 150.1 —88.6 62.6 0.1 1.092 1.146
03RNO311A 8060 1.215 0.37 333.1 5.5 325 —84.5 243.1 0.8 1.062 1.139
03RNO312A 1020 1.1 0.85 324 18.3 144.7 71.7 54.1 0.2 1.006 1.083
03RNO314A 896 1.168 0.694 313.2 6.9 195.7 75.3 44.8 12.9 1.022 1.13
03RNO501A 994 1.077 0.597 342 —38.2 350.8 51.4 75.4 —43 1.014 1.058
03RN0501B 777 1.05 0.742 351.8 -15.9 25.6 71.1 84.7 =10 1.006 1.04
03RNO0502A 822 1.038 0.485 3524 -124 54.1 65.2 87.2 =21.1 1.009 1.027
03RN0502B 807 1.034 0.58 345.7 -16 42.6 62.3 82.4 =22 1.007 1.025
03RNO0503B 809 1.041 0.754 345.8 -17.6 36.5 63.5 82.2 —-19.2 1.005 1.033
03RN0504A 805 1.034 0.192 343.8 —47 53 40.9 85.7 -10.9 1.014 1.02
03RN0506B 1110 1.051 —0.124 154.4 40 188.8 —44.5 80.2 -17.9 1.028 1.022
03RNO0705A 1790 1.029 =0.11 101.5 18.7 52.5 -62.7 4.8 19.1 1.016 1.013
03RN0702A 2230 1.023 —0.541 157.6 67.1 42.6 10.1 308.8 20.3 1.017 1.005
03RN0702B 1850 1.023 0.013 344.5 -51.8 5.4 36.3 87.8 -10.2 1.011 1.012
03RNO0703B 1500 1.016 0.222 27.3 —58 301.9 2.9 33.7 31.9 1.006 1.01
03RNO0704A 2310 1.054 0.461 150.5 69.1 59.7 0.3 329.6 20.9 1.014 1.038
03RN0704B 2370 1.049 0.615 173.1 68.6 64.4 7.2 331.8 20.1 1.009 1.037
03RN0904A 50800 1.213 0.364 354 21.9 151.2 66.4 80.6 -8.2 1.062 1.137
03RN0904B 51000 1.211 0.348 353.5 22.6 150.6 65.7 79.9 -8.5 1.063 1.135
03RN0903A 47600 1.166 0.502 353.9 33.1 152.5 55 77.3 -10.1 1.037 1.117
03RN0903B 48200 1.167 0.497 356.5 34.7 155.4 534 79.4 -10.2 1.038 1.118
03RN0905A 64700 1.18 0.428 348 17.1 151.3 72.2 76.5 -4.8 1.047 1.122
03RN0905B 66400 1.186 0.455 349.8 17.4 150.5 71.6 78 -5.7 1.046 1.127
03RN0906A 55200 1.214 0.26 360 22.7 164.8 66.6 87.6 =55 1.074 1.129
03RN0906B 62100 1.225 0.263 1.2 23.7 167.1 65.7 88.9 -53 1.077 1.135
03RN0902A 58100 1.253 0.331 353.1 21.7 158.4 67.6 81 -5.2 1.077 1.159
03RN0902B 58000 1.258 0.337 353.8 21.3 156.4 67.8 81.4 -6 1.078 1.163
03RN0901A 55100 1.243 0.334 355.3 23.6 155.1 65 81.9 =7.7 1.074 1.153
03RN1401A 1460 1.079 0.874 355.5 22.4 190.3 66.9 87.7 53 1.004 1.066
03RN1401B 1400 1.083 0.742 346.2 25 164 65 75.8 -0.8 1.009 1.066
03RN1402A 1340 1.074 0.695 342 52.2 180.8 36.3 84 9.1 1.01 1.058
03RN1402B 1440 1.082 0.623 351.7 19 183.8 70.6 33 3.8 1.014 1.062
03RN1403A 7950 1.058 0.52 18.4 8.1 158.5 79.5 107.4 —6.6 1.013 1.042
03RN1403B 7880 1.056 0.665 21.3 34.5 187.7 54.8 106.8 —-6.4 1.009 1.043
03RN1404B 7620 1.053 0.635 20.5 25.6 171.5 61.3 104.6 —12.1 1.009 1.04
03RN1405A 9570 1.071 0.258 23.7 37 170.6 48 100.4 -17 1.026 1.044
03RN1405B 10000 1.077 0.1 24 32.9 168.6 51.6 102.1 -17.6 1.034 1.042
03RN1406A 8860 1.054 0.854 302.2 —84.7 359.9 2.8 89.7 —4.4 1.003 1.045

(continued on next page)
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Table 4 (continued )

Km P’ T K, K, K5 L F
6

(10-7 SI) dec inc dec inc dec inc
03RN1407A 8030 1.053 0.377 43 28.1 162.8 60.1 89.3 -9.3 1.016 1.035
03RN1407B 7960 1.05 0.409 8.4 11.7 160.8 76.8 97.2 =59 1.014 1.034
03RN1408A 9370 1.053 0.609 354.4 -1.8 69.6 82.8 84.6 -7 1.01 1.04
03RN1408B 12200 1.065 0.538 2.3 -8.2 51.8 77.5 93.6 -94 1.014 1.047
03RN1409A 11500 1.069 0.72 334.9 -50.6 2.2 36.2 82 -13.6 1.009 1.054
03RN1409B 10600 1.065 0.622 143.8 61.9 169.7 —25.6 74.5 -10.7 1.011 1.049
03RN1410A 635 1.011 0.114 41.6 -51.8 338.3 19.5 80.8 314 1.005 1.006
Thin dikes
03RNI1001A 703 1.064 0.827 353.7 27.3 310.3 -54.6 252.4 20.7 1.005 1.053
03RN1001B 728 1.067 0.874 351.3 22.4 304.4 —58.9 252.5 20.4 1.004 1.055
03RN1002A 592 1.031 0.537 144.7 45.7 148.3 —44.2 56.6 —-1.8 1.007 1.023
03RN1003A 730 1.059 0.769 344.9 28.7 150.8 60.6 71.6 -6 1.006 1.047
03RN1003B 756 1.062 0.841 348.6 27.5 151.6 61.4 74.9 =7.1 1.004 1.051
03RN1004A 840 1.104 0.798 342.5 26.7 324.8 -62.2 248.8 7.3 1.009 1.084
03RN1004B 1060 1.189 0.671 344.8 38.1 3339 -51.4 250.6 5.3 1.027 1.144
03RNI1201A 831 1.1 0.719 330.5 20.4 303.4 —67.4 237 9.5 1.012 1.079
03RN1202A 891 1.165 0.757 335.7 56.5 328.7 -333 240.8 3.2 1.017 1.131
03RN1203A 1200 1.271 0.614 334.5 46.5 159.9 433 67.4 2.7 1.045 1.2
03RN1203B 1160 1.268 0.633 336.4 49.9 156.5 40.1 66.5 0 1.042 1.199
03RNI1301A 749 1.012 0.175 3.5 —64.8 325.4 20.3 60.8 14.2 1.005 1.007
03RN1301B 720 1.012 0.327 2.4 —-63.9 330.7 22.7 66 12.3 1.004 1.008
03RN1302A 723 1.013 0.431 343.9 -53.2 3229 349 60.1 10.1 1.004 1.009
03RN1303A 748 1.013 0.414 356 -56.8 328.2 30.1 65.7 12.8 1.004 1.009
03RN1303B 740 1.013 0.351 356.3 -54.9 336.5 33.5 72.8 9.4 1.004 1.009
03RN1304A 726 1.008 0.052 14.6 —62.6 331.8 20.9 68.5 17 1.004 1.004
03RN1304B 730 1.009 0.066 16.9 -61.2 326.4 19.3 64 20.6 1.004 1.005
Granitoids
03RNOI101A 14600 1.456 0.85 327.6 0.5 236 70.6 57.7 19.4 1.026 1.366
03RNO101B 11500 1.45 0.651 158.6 18.5 123.3 -67.7 64.5 12 1.063 1.332
03RNO102A 5150 1.25 0.003 163.8 37.6 141.9 -50.3 65.3 10.9 1.118 1.119
03RN0102B 5200 1.253 0.191 164.3 35.8 129.6 —48.7 61 17.7 1.095 1.143
03RN0103B 10500 1.439 0.73 163 33.5 134 -52.9 63.5 14.1 1.046 1.337
03RNO104A 12900 1.315 0.44 168.9 543 137.1 -31.4 56.6 15.2 1.077 1.211
03RNO0104B 14200 1.28 0.281 166.6 52.6 137.2 —33.7 57 14.3 1.092 1.169
03RN0401A 18000 1.157 0.295 196 20 174.9 —68.7 103.4 7.1 1.052 1.098
03RN0401B 18200 1.16 0316 9.2 -0.1 91.6 89.5 99.2 -0.5 1.051 1.101
03RN0402A 6550 1.158 0.215 349.8 -13.5 19.7 74.6 81.6 -7.4 1.059 1.093
03RN0402B 3510 1.148 0.29 346 -8.7 23.3 79.1 77 -6.5 1.049 1.092
03RN0403A 13600 1.076 0.052 187.3 53.8 169.1 —34.8 85.2 8.7 1.035 1.039
03RN0403B 12000 1.098 0.185 202.4 69.2 178.4 -19.2 91.2 7.8 1.038 1.056
03RN0404A 3310 1.097 0.463 358.4 -27.7 21 60.3 93.5 -9.7 1.024 1.068
03RNO0405A 7400 1.211 0.386 356.5 15.2 205.2 72.8 88.6 7.9 1.066 1.128
03RN0405B 7350 1.216 0.015 179.1 27.2 170.8 -62.5 87.3 34 1.101 1.104
03RN0602B 39600 1.169 -0.171 130.3 47.2 106.8 —40.3 27.1 11.9 1.095 1.067
03RN0603A 32300 1.15 0.013 134.4 30.4 117.3 —58.5 39.9 7.6 1.072 1.074
03RN0604A 19500 1.069 —0.521 157.6 44.8 113.4 —35.8 41.8 23.7 1.05 1.015
03RNO605A 12700 1.196 0.306 137.7 38.8 353.1 454 2433 18.5 1.063 1.122
03RNO0606A 13200 1.143 -0.193 143.9 17 31.1 51.8 245.4 33.1 1.082 1.055
03RN0607A 5030 1.124 0.109 150.7 36.7 349 51.9 247.4 9 1.053 1.067
03RN0607B 12100 1.153 -0.713 139.3 16 25.7 54.3 239.2 30.9 1.119 1.019
03RNO608A 16000 1.115 —0.308 133.7 14.1 106.2 -74.1 42 7 1.073 1.038
03RN0609A 22300 1.178 0.063 151.1 40.3 129.1 —47.6 51.5 11.1 1.08 1.091
03RNO610A 19100 1.143 -0.193 149.1 37.7 339.2 51.9 242.9 5 1.073 1.086
03RNO611A 32700 1.724 0.474 352.9 1.9 274.6 -80.9 262.6 8.9 1.148 1.472
03RNOSO1A 1400 1.126 0.459 338.2 64.8 181.3 234 87.4 8.8 1.032 1.087
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Table 4 (continued )

Km P’ T K, K> K5 L F
6
(10-7SI) dec inc dec inc dec inc

03RNO0802A 577 1.044 0.076 190.1 70.9 170.6 -18.1 82.6 6 1.02 1.023
03RN0802B 694 1.089 -0.329 214.2 75.1 143.9 -5.1 55.1 14 1.057 1.028
03RNO803A 364 1.149 0.304 3494 -11.4 346.5 78.6 79.3 0.6 1.049 1.093
03RNOS04A 10900 1.336 0.412 3435 3.1 238.2 78.5 74.1 11 1.086 1.22
03RN0804B 4930 1.147 0.278 353.7 -25.5 3.7 64.1 85.6 -3.9 1.05 1.09
03RNOS05SA 10100 1.264 0.17 338.5 5.9 226.7 74.4 70 14.4 1.102 1.146
03RN0805B 7240 1.23 -0.049 349.2 -1 263 75.5 78.9 14.5 1.115 1.103
03RNOSO6A 10500 1.144 0.751 356.6 —14.2 319.1 72.3 84 10.3 1.015 1.114
03RN0806B 13400 1.221 0.545 353.1 -16.5 3352 72.7 81.6 5 1.044 1.158
03RNOS0O7A 11500 1.261 -0.069 3474 2.7 246.9 752 78.1 14.5 1.132 1.114
03RN1101A 1030 1.06 0.819 121 55.4 336.4 29.4 236.7 16.7 1.005 1.05
03RN1102A 830 1.039 0.287 133.1 48.3 130.6 —41.7 41.7 1.2 1.014 1.025
03RN1103A 778 1.043 0.764 316.4 1.7 233.1 —76.1 226 13.8 1.005 1.035
03RN1104A 1130 1.069 0.693 156.4 36 154.6 -54 65.8 0.9 1.01 1.053
03RN1105A 1170 1.037 0.579 338.1 214 2752 -494 233.5 32.7 1.007 1.028
03RN1106A 1100 1.039 0.185 146.7 18.6 342.8 70.7 238.4 5 1.016 1.023
03RN1107A 847 1.023 0.173 323.6 -39.3 337.2 49.9 59.1 -6.7 1.009 1.013
03RN1501B 8720 1.191 0.417 167 31.7 155.7 -57.8 73.8 5.1 1.051 1.128
03RN1502A 5940 1.104 0.835 166.8 68.1 154.9 -21.5 66.5 4.1 1.007 1.085
03RN1502B 8860 1.138 0.536 344 .4 10.6 177.3 79.1 74.8 2.4 1.029 1.1
03RN1504A 840 1.093 0.65 162.8 72.3 153.6 -17.5 64.5 2.6 1.015 1.071

Samples of dikes are listed from SW to NE margin.

hornblende, Na-plagioclase, and minor quartz and
magnetite rimmed by titanite. These grains are commonly
bent around large plagioclase porphyroclasts (Fig. 4a). We
estimated high recrystallization temperature, between 620
and 690 °C from geothermometric calculations, using the
compositions of amphiboles and coexisting plagioclase
rims (Holland and Blundy, 1994). The presence of
plagioclase porphyroclasts with fractures filled with
minerals similar to those observed in the groundmass
suggests submagmatic flow during deformation (Fig. 4b,
Paterson et al., 1989; Bouchez et al., 1992).

Thin dikes are 0.5 to 3 m thick (Figs. 2 and 3b) and
oriented 274-320°/50-90°SW. Some of them are
observed cutting thick dikes. These dikes also have a
well developed foliation oriented in a direction
clockwise to the dike margins. Penetrative foliation is
also present at the margins, but parallel to the dike trend.
Minor xenoliths of granitoids are also present; some of
them show a sigmoidal shape in vertical view,
suggesting subvertical shearing during dike emplace-
ment (Fig. 3b). The microfabrics of thin dikes are
created by an equigranular arrangement of fine-grained
plagioclase (Ansg 45), Mg-hornblende, titanite and
magnetite. Foliation is clearly observed in thin sections
but does not shows effects of solid-state deformation,
such as generation of submagmatic microcracks or
ondulose extinction. This is consistent with the
magmatic temperatures of about 700 °C obtained from

geothermometric calculations in hornblende—plagio-
clase pairs (Holland and Blundy, 1994).

5.2. Structural data and petrofabrics of granitoid
country rocks

In the study area, granitoid country rocks are
polydeformed. The main tectonic fabric is characterized
by a solid state foliation (315-360°/72—90° S, Fig. 1)
and a southward-plunging stretching lineation (167—
175°/42—50°), both defined by the orientation of mafic
minerals, feldspar phenocrysts and mafic enclaves
where present. Feldspars and mafic minerals are ductily
deformed. Amphibole phenocrysts vary in composition
between ferro-edenite, ferro-pargasite and hastingsite
(locally ferro-tschermakite). These minerals are charac-
terized by a slight decrease in Ti content from core to
rim, where the cores probably represent magmatic com-
positions, and the borders are characterized by small
dynamically recrystallized grains associated with small
rutile grains. Plagioclase in most cases corresponds to
andesine (Anz,_30). Estimations of equilibrium temper-
ature for this fabric, using the geothermometer of
Holland and Blundy (1994) in hornblende—plagioclase
pairs indicate that this deformation occurred at high
temperatures between 610 and 665 °C (assuming a
pressure of 3.5 kbar; Arce, 2002). These calculations,
coupled with the microscopic observations, suggest that
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the granitoids were deformed at high temperature (am-
phibolite facies, following models of Simpson, 1985).

Discrete shear bands (<20 cm thick) are another
common deformational feature observed in the grani-
toids in the vicinities of some thick dikes. These struc-
tures are characterized by a foliation oriented 18°—0°/
~90° and C shear planes oriented 320°—342°. The micro
fabrics consist of an arrangement of ductily deformed
quartz, feldspars, amphibole and biotite (Fig. 4c). Quartz
ribbons display sinistral kinematic indicators, consistent
with the arrangement of S and C planes. Some of the
sinistral shear bands are intruded and displaced by thin
dikes. Dextral shear bands (23°-30°/90°) are locally
observed, displacing thin dikes. Scarce lineations in
these dextral bands are subhorizontal.

5.3. Geochronology

Separated amphibole (hornblende) grains from the
groundmass of the samples (thick dike sample CC-03-
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Fig. 7. Variation of magnetic susceptibility versus temperature in
representative specimens of granitoids (a, b, ¢, d) and thick dikes (e, f).
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Fig. 8. Acquisition of isothermal remanent magnetization (IRM)
showing rapid increase of magnetization typical of magnetite in
samples RN1004B and RN1301A.

13; thin dike sample CC-03-01) were dated by
“OAr/*?Ar dating. Analytical results are given in Table
2. For thick dikes (sample CC-03-13) a plateau age of
161+3 Ma (92.8% of *°Ar released, Fig. 5a) was ob-
tained on hornblende from the deformed groundmass.
However, an inverse isochron indicates a component of
excess “’Ar in this sample. The corrected age for the
sample is 157+4 Ma (Fig. 5b). For a thin dike (sample
CC-03-01), a plateau age of 164+3 Ma (96.7% of *°Ar
released) on magmatic hornblende was obtained
(Fig. 5c). The isochron age for this sample (163+
3.2 Ma) on which *°Ar/*®Ar intercepts near the at-
mospheric ratio (Fig. 5d), is similar to the plateau age.

According to the textural relationships of hornblende
grains in both kinds of samples, and given the closure
temperature for the *°Ar/>? Ar in amphibole (450°—525 °
C), we interpret the age obtained in the thick dike
(sample CC-03-13) as the minimum age for a defor-
mation event (well developed in the groundmass of the
sample) that occurred close to time of dike emplacement.
In the thin dike (sample CC-03-01), the age obtained
represents cooling after emplacement and development
of the magmatic fabric of the rock. Although the age of
the thin dike is slightly older than that of the thick dike,
both ages are within the same uncertainty limits and are
consistent with field evidence that both dikes were
emplaced during a common geological event.

6. AMS fabrics

Sampling was carried out at 15 sites (six from
granitoid country rocks, six from thick dikes and three
from thin dikes, Table 3). Four to 15 cores were sampled
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Fig. 9. Geological sketch of the arrangement of magnetic foliation and lineation in a thick mafic dike site (03RN03) and granitoid country rock (site
03RNO04), showing the presence of an asymmetrical fabric.
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Fig. 10. AMS plots for thick dikes, thin dikes and granitoid country rocks.
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Fig. 11. Tensorial mean AMS vectors K;, K, and K for dikes and country rocks. Key field structures are also plotted. Pole of thin and thick dikes

mean orientation are plotted as an example of the restoration of rotations.

for each site. Sampling of the dikes was performed along
strike of the intrusions where we suppose we can observe
major variations on the fabric of the dikes. Flow
directions in dikes derived from AMS data are better
defined near the chilled margins where elongate and
planar particles become imbricated (Knight and Walker,
1988; Tauxe et al., 1998). For this reason, the sampling
for AMS analyses should be performed as close as
possible to the dike margins. However, in the present
study, the AMS fabric is a result of tectonic deformation
combined with magma flow. Moreover, in aphanitic
dikes it is not easy to accurately observe effects of de-
formation or magmatic flow.

6.1. Magnetic properties and magnetic mineralogy

Thick dikes and granitoids show ferromagnetic be-
haviour, with K,,>500¢10~® SI (Fig. 6a, see Table 4).
Some show strong ferromagnetic behaviour, with K, up
to 47000e10° SI (dike site RN09) and up to
32000e10 ¢ SI (some samples of granitoid site RN06).
In some thick dikes, we observed K, varying from low
susceptibility at the margins (generally between 635 and
890e10™° SI) to higher values in the centres (generally
higher than 1000e10 °SI). Thermomagnetic experi-
ments show Curie points between 570 and 580 °C for
selected samples of granitoids and thick dikes (Fig. 7a

and b respectively). This implies the presence of low-Ti
magnetite as the main ferromagnetic phase.

Thin dikes always show weak ferromagnetic behav-
iour (Fig. 6a; mean K, of all three sites=813¢10™ °SI).
Thermomagnetic curves in thin dikes do not show a well
defined pattern in the variation of K, mainly because of
their low susceptibility. However, IRM (isothermal rem-
anent magnetization) experiments in two specimens of

Table 5

Paleomagnetic results of Middle Jurassic dikes

Site Unblocking n D° r ogs Kk
T°C

Component A+B

RNI12£10 260-360 4 3414 -168 69 180

RNI13 260-360 3 3494 -32.1 73 289

RNO5 260-360 3 3377 -333 98 159

RN14 500-610 4 1731 30.1 47 378

RNO0O7-C1 500-580 5 3340 -339 97 63

Mean 5 3432 -294 94 67

Component C

RNO02 210-460 7 3461 -579 6.7 83

RNO3 210-490 13 3550 -573 3.7 125

RNOS 210-530 4 3510 -56.0 45 422

RNO07-C3 210-500 6 3408 -53.0 62 118

RN14 210-500 7 3544 -534 36 279

Mean 5 3494 -556 39 391
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thin dikes (site RN10 and RN13) indicate rapid site RN13 (Fig. 4d). The main sulphide phase in the

saturation of magnetization residuals with the applied samples appears to be pyrite, but small amounts of

field (Fig. 8). This saturation curve suggests the presence pyrrhotite were also detected, mainly as rounded

of magnetite. Detailed microprobe analyses indicate the inclusions within unaltered calcic amphibole (Fig. 4d).

presence of rare grains of low-Ti magnetite in samples of This observation suggests that pyrrhotite is a primary
a b c
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Fig. 12. a, b and c) Representative curves of demagnetization in orthogonal projection for samples of thick dikes. d) orthogonal projection of
demagnetization diagram of a sample of a thin dike within a site of thick dikes (RN0S5) and e) equal-area projection of paleomagnetic directions from
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RN14, intruded by thin dikes, showing the presence of a component of magnetization of reverse polarity at high temperature (>500 °C).
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phase in the samples. The amount of magnetic phases,
such as magnetite and pyrrhotite, in thin dikes is low, in
agreement with the low magnetic susceptibility of the
samples (Fig. 6a) and the behaviour of the hysteresis
loop, showing clear signs of paramagnetic phases in the
experiments (not shown).

6.2. Scalar and directional data

Granitoids and dikes are dominated by oblate
ellipsoids and a variable degree of anisotropy (P’), but
are generally lower than 8% (Fig. 6b). Triaxial ellipsoids
noted in some granitoids (site 06) are correlated with
poorly-developed foliation observed in the field for these
sites. High P’ (>20%) is observed in more deformed
samples, such as mylonitized thick dikes (site RNO03),
strongly foliated thin dikes (RN12), and granitoids
(RNO1 and locally in RN06). The thick dike at site RN03
shows strongly oblate (7' between 0.69 and 0.85)
ellipsoids with lower K, and %P at sheared margins
and weakly oblate to prolate ellipsoids in central parts
(Table 4). These more oblate ellipsoids at margins appear
to be contradictory with a higher shear strain, where
prolate ellipsoids are expected. An explanation for this is
a mineralogical control of the fabric. The sheared
margins having lower phenocryst concentration (more
aphanitic) and consequently lower K, probably do not
record a stronger fabric than the crystal-rich dike centers,
that have facility to register minor increments in defor-

Components A+B

mation and in this case show more intense AMS fabric
parameters (%P and prolate ellipsoids).

The most noticeable feature of the AMS data in the
dikes is the presence of oblique fabrics at all sites
(Fig. 9). This feature is particulary well observed in
thick dikes, where magnetic foliation at the margins
tends to be parallel to the dike trend, but is oriented 10 to
40° clockwise of the trend in the central parts, thus
producing a sigmoidal pattern of foliations. Thick dikes
with a high percentage of anisotropy (RN03 and RN09)
are characterized by vertical foliation planes and line-
ations that plunge gently to the south (Figs. 9 and 10).
Thick dikes with a lower percentage of anisotropy show
more variable plunges of magnetic lineation to the south
(Fig. 10). In thin dikes, the plane of magnetic foliation is
nearly vertical and lineations plunge steeply to the north.
Another outstanding feature is the similarity observed
between magnetic foliations in dikes and associated
country rocks. This is clearly observed in tensorial site-
mean magnetic vectors (Fig. 11). For granitoid country
rocks, oblate ellipsoids are dominant and AMS
directional data correlates well with structural elements
measured in the field (foliation and lineation).

7. Paleomagnetic results
A study of the remanent magnetization and thermo-

magnetic behaviour of the rocks was performed on at
least one specimen from each core at all sites. For

Component C
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Fig. 13. Equal area projection of site mean directions for dikes and granitoids. Expected directions for Middle Jurassic and Early Cretaceous
calculated from the APWP of Besse and Courtillot (2002). Open circles represent normal polarity directions and black circles represent reverse

polarity directions.
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calculations of tectonic rotations, we used the reference
poles derived from the Apparent Polar Wander Path
(APWP) of Besse and Courtillot (2002). Details of this
study are given by Arriagada et al. (2003). Mean-site
directions are listed in Table 5.

A magnetization of normal polarity is observed for the
majority of thick dikes and country rocks during thermal
demagnetization in the temperature range 210-530 °C
(Fig. 12a, b, ¢; component C in Table 5). In general, these
paleomagnetic directions are roughly homogeneous
(Fig. 13) and are very similar to those published by
Irwin et al. (1987) for Mesozoic coastal mafic dikes.

Magnetization of normal polarity with a weak incli-
nation (ca. 15 to 20° lower than the inclination expected
for stable South America during the Jurassic) is ob-
served in thin dikes (Fig. 12d, e and h, component B in
Fig. 13 and Table 5). This magnetization is associated
with a very definite unblocking temperature between
320 and 360 °C (Table 5), that represents the Curie
temperature of pyrrhotite, the probable carrier of this
low-temperature magnetization. In the same samples, a
poorly defined magnetization of inverse polarity and
low inclination is observed at a high temperature
between 500 and 610 °C (component A in Table 5,
Fig. 12e). These magnetization temperatures, coupled
with the results of IRM experiments, suggest that the
small amounts of primary low-Ti magnetite recognized
in the samples (Fig. 4d) are the carriers of this mag-
netization. These particular paleomagnetic directions are
also observed in thick dikes and country rock granitoids
that are intruded by thin dikes (e.g. site RN14; Fig. 12f
and g). At these sites of thick dikes and granitoids,
changes in magnetic properties are also observed,
mainly a decrease in magnetic susceptibility. Site
03RN11, intruded by thin dikes (sites 03RN10 and
03RN12) shows similar paleomagnetic directions
around the thin dikes, with a low inclination (45 to
13° N). Thick dike site 03RN14 shows paleomagnetic
directions of inverse polarity at high temperature
(>350 °C, Fig. 12f and g). These features strongly
suggest that magnetization in thin dikes is primary and
that the sites intruded by these rocks reflect changes in
magnetic properties due to the localized effect of the
intrusions.

8. Discussion

8.1. Origin and development of CMDS petrofabrics and
magnetic fabrics

Asymmetrical fabrics, similar to those observed in
the CMDS and characterized by foliation and lineation

oblique to the trend of the dike, have been attributed to
the intrusion along active transcurrent faults or fractures
(e.g. Blumenfeld and Bouchez, 1988; Hutton, 1992;
Correa-Gomes et al., 2001; Féménias et al., 2004).
Therefore, this kind of fabric is developed under the
influence of magmatic and tectonic stresses. Theoretical
models of Correa-Gomes et al. (2001) attributed the
pattern of asymmetrical internal dike fabrics (with
foliations parallel to the dike along the margins and
oblique in centers) as related to external stresses at least
five times higher in magnitude than magma-flow-related
stress. This excess of external stress, acting as a simple
shear component, facilitates the development of wall-
parallel shear planes (Blumenfeld and Bouchez, 1988)
such as those observed in the dikes of the CMDS. This
type of fabric is clearly distinguishable from fabrics
developed under the influence of pure magma flow,
which are characterized by a mirror imbrication of fabric
with respect to the margin of the dikes (e.g. Johnson and
Pollard, 1973; Tauxe et al., 1998; Geoffroy et al., 2002).

We have explored the correlation between magnetic
and shape fabrics. In granitoid country rocks, where
foliation and lineation were measured in the field, these
show a very good correlation with AMS fabrics and the
last one can be considered as representative of the
petrofabric axes. In the case of thick dikes, in spite of a
scarce dataset of field-measured foliations and lineations
(mainly because of the incomplete exposure of dikes),
AMS fabrics show a good correlation with the pattern of
mineral alignment observed in the field. Microscopic
examination of the samples demonstrated that magnetite
grains, the main carrier of the magnetic signal, occurs in
most cases as isolated grains (with a titanite rim), that
are oriented parallel to the fabric of the deformed
groundmass and the magnetic ellipsoid is controlled by
shape anisotropy of magnetite, avoiding the presence of
distributed anisotropy (caused by the interaction or
clustering between magnetic grains that can cause a
departure of the AMS ellipsoid from the shape fabric
ellipsoid). In the case of thin dikes, a correlation be-
tween AMS directional data and field observations has
also been observed. The weak ferromagnetic behaviour
of the samples is probably controlled by the low con-
tents of magnetite present in the samples, but we do not
know at this point what are the magnetic effects on the
AMS signal of sulphides or paramagnetic grains.

For the case of the CMDS, we suggest that magma
emplacement and external (tectonic) stress were approx-
imately contemporaneous because of their high-temper-
ature (~solid state flow) to magmatic state microfabrics
(Fig. 4a, b). These kinds of microfabrics are a common
feature of syntectonic intrusions (e.g. Paterson et al.,
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1989). The emplacement of thick dikes would have been
controlled by and coeval with transcurrent sinistral shear
along NW-trending structures, dipping 90-70° to the
south. The horizontal component of displacement was
dominant in the thick dikes, as denoted by the low plunge
of magnetic lineation (Figs. 10 and 11). Thick dikes with
a steeper southward-plunging lineation were probably
associated with a more important vertical displacement
along NW-trending structures. In the case of thin dikes,
the dominant presence of steeply-plunging lineations
suggests that vertical displacements were dominant (see
also Fig. 3b) and we suggest that there was a minor
change to transpressional conditions, with sub-vertical
stretching.

The main tectonic fabric of the granitoids developed
previous to the intrusion of the CMDS, as shown by the
presence of already foliated granitoid xenoliths within
some thick dikes. The high temperature conditions es-
timated for the fabric suggest that the timing was closer
to the emplacement of the granitoids, during the Late
Paleozoic. On the other hand, the formation of the
discrete sinistral shear zones was coeval with the in-
trusion of the thick dikes, whereas NE-trending dextral
shear zones were active shortly after intrusion of the late
thin dikes, as suggested by the crosscutting relationships
observed in the field. These discrete shear zones were
probably produced as a way to accommodate in part the
space created for the intrusions.

8.2. Origin of magnetizations and their tectonic
significance

Differences in paleomagnetic directions observed in
rocks of a single area can only be explained as the
product of magnetization acquired during different geo-
logical times. In the study area, the differences in paleo-
magnetic directions between thick and thin dikes are
consistent with differences in magnetic properties be-
tween these rocks and indicate that these magnetizations
were acquired in different geological times.

We recognize three different components of magne-
tization in the CMDS. Components A and B are inter-
preted as primary features, present in thin dikes and their
associated host rocks. Component C is present in thick
dikes and some granitoid country rock sites and is con-
sidered to result from remagnetization during a later
tectonic event. Unblocking temperatures for component
A are characteristic of low-Ti magnetite present in the
mafic dikes in small amounts. The second component of
magnetization (B), of lower temperature and normal
polarity, is carried by pyrrhotite that is a primary mineral
included in amphibole (Fig. 4d). The characteristic di-

rections of magnetizations A and B, of low inclination in
high and low temperature can be explained by two
mechanisms: a) broad displacement of the Chilean
forearc towards the south after dike emplacement; b)
regional block tilt towards the north of approximately
19-36° (with a mean of 23.2°, Table 5). The first
hypothesis is not supported by previous paleomagnetic
results in Mesozoic rocks of central Chile (Beck et al.,
1986, 1990). Besides this, to explain this change in
paleomagnetic declination, a north—south latitudinal
transport of several thousand kilometres is needed. Such
displacements would need to be explained by the pres-
ence of north—south structures in the forearc. Lateral
displacements in large forearc structures in the central
Andes are unable to explain such block movements
(Grocott and Taylor, 2002; Arancibia, 2004; Cembrano
etal., 2005). We thus favour the hypothesis of a regional
tilt, which occurred after the CMDS was cooled below
the Curie point of pyrrhotite (ca. 320 °C), during the
Jurassic—Cretaceous. Several studies have demonstrated
that block tilting is a common feature of extensional
terranes (e.g. Karson et al., 1992; Irving et al., 2000).
The changes in inclination were accompanied by minor
vertical axis rotations of less than 15° (Fig. 13).

The block tilting process can best be explained by
extension in a NNW-SSE direction, following the de-
viation in paleomagnetic directions (Fig. 13). If res-
toration of paleomagnetic rotations from the thin dikes is
applied, assuming a mean change in inclination of about
23.2° to the NNW, the main attitude of thin mafic dikes
changes from steeply inclined to the southwest (a dike
pole of 27°/14°) to near-vertical (dike pole is translated
to 221.8°/9.2°; Fig. 10). This restoration implies that the
thin dikes were intruded originally in a near-vertical
orientation and were then tilted to the NNW (Fig. 14).
This restoration also can be applied to the thick dikes,
resulting in a dike pole of (225.8°/4.2°). The fact that
thick dikes have a present mean orientation more in-
clined to the north with respect to the thin dikes may
indicate that these dikes have undergone a larger amount
of tilting. Consequently, this tilting probably occurred
during more than one stage.

Thick dikes and granitoids that show the C com-
ponent of magnetization, exhibit subtle changes, if any,
in paleomagnetic inclination (Fig. 13), suggesting that
these rocks were remagnetized during a later tectonic
event. This hypothesis is in agreement with the homo-
geneity of paleomagnetic directions of normal polarity
in all these rocks (Fig. 13, Table 5) and the higher values
of magnetic susceptibility in thick dikes and granitoids
with respect to the thin dikes. The characteristic di-
rections of thick dikes and granitoids are roughly similar
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to the direction expected for the Early—Mid Cretaceous
at this latitude (expected direction of 2.6°/—52.7°). In
addition, the exclusive observation of normal polarity
magnetization suggests that the rocks were remagne-
tized during the Cretaceous Long Normal Superchron
(118-83 Ma). In fact, the most important post-Jurassic
thermo-tectonic event registered in the Coastal Range of
central Chile is represented by the rapid exhumation of
Paleozoic and Mesozoic units during the Mid-Creta-
ceous, around 100 Ma, as noted by geological and fission
track evidence (Gana and Zentilli, 2000; Arancibia, 2004;
Parada et al., 2005). This tectonic event is related to the
changes from extensional to compressional conditions in
the central Chilean Andean margin.

8.3. Tectonic implications of the CMDS
Taking into account the accumulated thickness of the

dikes conforming the CMDS, the emplacement of this
swarm represents a minimum of 2.5—4% of crustal dilation.

The Middle Jurassic extension, deduced from our
study, can be directly compared with Middle Jurassic
extension observed in northern Chile, in terms of the
kinematics of crustal extension. An important source of
information about the Jurassic tectonic evolution is the
Atacama Fault System (AFS), that was most active
between 190 and 110 Ma (e.g. Scheuber and Andriessen,
1990; Brown et al., 1993; Grocott and Taylor, 2002).
This large broadly N-S trending structural system
extends for about 1000 km along the forearc of the
central Andes, between 21° and 30° S. The study of this
structure and related rocks emplaced along it, indicates
that during the Middle Jurassic, there was extension
orthogonal to the margin related to strain partitioning
caused by oblique, NW-SE, slow convergence between
the Aluk and South American plates (Scheuber and
Andriessen, 1990). This extension is also recorded by
sinistral displacements along the AFS. On the other
hand, at 27° S, Taylor and Randall (2000) studied a group
of mafic dike swarms of Late Triassic, Middle Jurassic
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and Early Cretaceous age that are intruded into asso-
ciated plutonic complexes. The Middle Jurassic dikes
have whole rock *°Ar/*’Ar dates between 155 and
153 Ma (Dallmeyer et al., 1996), and are intruded into
the Las Animas plutonic complex (159-153 Ma,
Dallmeyer et al., 1996). Structural analyses of these
dikes yield a near horizontal net extension direction with
an azimuth of 232°, discarding effects of regional tilting
and giving an extension direction that is consistent with
oblique subduction during the Jurassic. Middle —Late
Jurassic mafic dikes (155—140 Ma) has been reported
south of Antofagasta (23° S) by Scheuber and Gonzalez
(1999). These consist of an early generation of NE-
trending dikes intruded by NW-trending dikes, suggest-
ing that both dike groups intruded during two episodes of
contrasting extensional direction, being both oblique to
the Jurassic arc. These strong changes were probably
controlled by successive seismic decoupling and cou-
pling of the plates along the subduction zone. In contrast,
Yanez et al. (1998) presented a model of compressional
deformation and SE directed crustal viscous flow
associated with oblique convergence for central Chile
(33°-34° S), to explain the development of the Melipilla
Anomaly and associated currently exposed fault zones.
At first sight, the current results about crustal extension
derived from the CMDS appear to be inconsistent with
the models of Yafiez et al. (1998) and with the extension
directions obtained for the Jurassic in northern Chile.
Geological patterns in Mesozoic and older basement
rocks point to a major change in tectonic features in this
area of central Chile with respect to those observed in
northern Chile. These features of central Chile include:
a) absence of large, N—S trending fault systems such as
the AFS; b) dominance of NW-trending structures in this
area, observed in the CMDS and Jurassic plutons; c)
basement of the area, constituted by Late Paleozoic and
Late Triassic granitoids with strong ductile deformation,
including metamorphic rocks of migmatitic grade, that
are in large part absent in the Paleozoic batholith in other
latitudes; d) a major change in the orientation axis of the
Jurassic batholith, from N-S to the north to nearly NW—
SE at 33°. All these geological features suggest that the
tectonic evolution of the margin at 33° S evolved in a
different way with respect to the Mesozoic evolution
described in northern Chile, probably marking a seg-
mentation of the Jurassic margin. The tectonic mechan-
isms associated to the extensional processes can show
local differences controlled by several factors such as the
effect of basement inherited structures. However,
extension direction deduced from NE-trending dikes in
the Antofagasta area (Scheuber and Gonzalez, 1999) are
not fairly different from the extension direction deduced

for the CMDS and we cannot discard that changes in
the interactions between both plates (decoupling and
coupling) also plays an important role in the development
of the successive generations of dikes in the CMDS.

9. Concluding remarks

The CMDS is composed of two groups of mafic
dikes: an early group of thick dikes and a late group of
thin dikes that crosscut the thick dikes. The new
“OAr/*? Ar results on both groups of intrusions demon-
strate that the CMDS was emplaced during the formation
of the Middle Jurassic arc of central Chile. The high
temperature (solid-state) to magmatic fabrics in the mafic
dikes, together with the asymmetrical fabrics indicate
that the emplacement of the CMDS was syntectonic,
associated with sinistral displacement along the host
fractures of the magmas. These results suggest that the
regional stress field was a dominant factor during the
development of the CMDS fabrics. The paleomagnetic
studies of thick dikes and granitoid country rocks show
characteristic directions of normal polarity that are
similar to the paleomagnetic directions expected for the
Early Cretaceous. This suggests that these rocks of high
susceptibility were remagnetized during the Cretaceous
Long Normal Superchron (118—83 Ma), probably
associated with the exhumation of deep-seated Paleozoic
and Mesozoic coastal rocks around 100 Ma. On the other
hand, paleomagnetic directions obtained in thin dikes are
interpreted as primary, and indicate that the whole area
underwent NNW-directed block tilting during the
Mesozoic extension. The NNW sense of tilting deduced
from these paleomagnetic results is coincident with the
direction of extension deduced from the internal fabric of
the dikes, where magnetic lineations are oriented in a
NNW-SSE direction. These features allow us to con-
clude that the evolution of the CMDS during the Jurassic
was associated with an extensional event in NNW-SSE
direction and that dike emplacement was controlled by
NW-trending structures. This kinematic framework for
the Mesozoic extensional tectonics is different from the
results obtained by other investigators of Jurassic fea-
tures of northern Chile, pointing to major heterogeneities
in the overriding plate during this extensional period.
These heterogeneities can be produced by differences in
the crustal structure in the overriding plate or by other
regional controls in the extensional mechanisms.
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