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2Dipartimento di Scienze della Terra, Università di Torino, Via Valperga Caluso 35, 10125 Torino, Italy
3Departamento Paleozoologia Invertebrados, Museo de La Plata, 1900 La Plata, Argentina
4Istituto di Geoscienze e Georisorse, CNR, Area della Ricerca di Pisa, via G. Moruzzi 1, 56124 Pisa, Italy
5Dipartimento di Scienze Mineralogiche e Petrologiche, Università di Torino, Via Valperga Caluso 35, 10125 Torino, Italy
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S U M M A R Y
The upper Jurassic El Quemado Complex was sampled at 36 sites from five localities in the
cordilleran foothills of southern Patagonia between Lago Argentino and Lago Posadas–Sierra
Colorada, and the middle Jurassic Marifil Formation at 12 sites in the Somuncurá Massif
near Camarones. The main lithology was ignimbrite, with minor tuff and lava. Petrographical
and SEM observation show that the El Quemado rocks suffered an intense, high-temperature
alteration which resulted in transformation of most primary Ti-magnetite in pseudobrookite,
rutile and minor Ti-haematite and Fe hydrated oxides. A similar, less pronounced alteration
occurred in the Marifil rocks. 40Ar/39Ar dating of El Quemado was possible for one sample from
Sierra Colorada and yielded an age of 156.5 ± 1.9 Ma. Magnetic mineralogy measurements
(isothermal remanence, hysteresis loop, Curie balance) show that the remanent magnetization
is dominated by PSD low-Ti magnetite, often associated to a minor high-coercive mineral
(haematite). Secondary magnetization components are usually absent or weak at El Quemado
sites, strong at Marifil. They were completely erased by thermal and AF demagnetization and
a characteristic remanence (ChRM) stable up to temperatures higher than 550◦C or peak-field
values of 100 mT was successfully isolated.

The virtual geomagnetic pole (VGP) from the Marifil Formation (83◦S, 138◦E) is in agree-
ment with the literature data for Jurassic rocks from stable South America. The El Quemado
VGPs fall in two groups. The localities to the north of latitude 48◦S (Lago Posadas, Sierra
Colorada) yield a VGP (81◦S, 172◦E) close to that of Marifil, whereas those south of latitude
49◦S (Lago San Martı́n, Lago Argentino) show a highly elongated VGP distribution consistent
with counter-clockwise block-rotation about vertical axes. These rotations were likely caused
by thrust sheets which were rotating counter-clockwise at the same time they were advancing
towards the foreland. The amount of rotation varies according to the location of the sampling
sites in the thrust and fold belt.
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1 I N T RO D U C T I O N

Palaeomagnetic studies on the Jurassic rocks of Argentina began
in the early 1970s (Valencio & Vilas 1970; Creer et al. 1972;
Vilas 1974) and were mainly intended to contribute to the South
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America apparent polar wander (APW) path. It was then interpreted
(Valencio et al. 1983; Oviedo & Vilas 1984) that APW had been
small during the middle to late Mesozoic and the stable South
America poles had remained in almost the same position close to
the present geographic pole. This conclusion has been questioned
by Iglesia Llanos (1997) and Vizán (1998), who on the grounds
of both new and reassessed literature data propounded a small
loop in the APW path between 200 and 175 Ma. Interpretation
of the Jurassic part of the South America APW path is hampered
by the fact that many palaeomagnetic data derive from magmatic
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rocks, whose age and tectonic setting are often poorly constrained.
Moreover, possible intracontinental movements (Geuna et al. 2000)
may introduce further uncertainties. Several recent papers (Vizán
1998; Geuna et al. 2000; Iglesia Llanos & Riccardi 2000) have
investigated the Jurassic sedimentary sequences in northern and
central Patagonia, whereas very few data are available for Jurassic
rocks of southern Patagonia (Burns et al. 1980; Grunow et al. 1993;
Roperch et al. 1997). More palaeomagnetic data from this region
would be useful to a more detailed definition of the South America
APW path and a better understanding of the geodynamic evolution
of southernmost Andes.

This paper reports on a palaeomagnetic study made by a joint
team from the Buenos Aires, La Plata and Torino universities and
focussed on the upper Jurassic-lower Cretaceous El Quemado vol-
canic complex. A total of 36 sites was sampled at five localities
in the Cordillera Patagonica foothills between Lago Argentino and
Lago Posadas–Sierra Colorada. The study was supplemented by
sampling twelve sites in the middle Jurassic Marifil Formation in
extra-Andean Patagonia near Camarones.

2 G E O L O G I C A L S E T T I N G
A N D S A M P L I N G

Patagonia can be divided into two main tectonic regions: Andean
Cordillera and extra-Andean. The Patagonian Andean Cordillera is
along the Argentine-Chilean boundary on the western active margin
of the South America plate and its evolution is related to subduction
of the Nazca and Antarctic plates. The extra-Andean Patagonia is
part of a passive continental margin, where two structurally stable
areas have been recognized, the Somuncurá Massif to the north and
the Deseado Massif to the south. The San Jorge Basin is located
between these two massifs and the Magallanes basin to the south-
southeast of the Deseado Massif.

Jurassic volcanic rocks are widespread in the whole region.
In extra-Andean Patagonia they are represented by the Marifil
(MF) and Lonco Trapial (LT) Formations, respectively in the east-
southeast and west-southwest of the Somuncurá Massif, and the
Chon Aike Formation (CA) in the Deseado Massif (Fig. 1). In the
Patagonian Cordillera they form the El Quemado Complex (EQ)
and its Chilean equivalent, the Ibañez Formation. General compo-
sition changes from mesosilicic-acidic in the cordillera to mainly
rhyolitic in the extra-Andean regions. Recent 40Ar/39Ar and U/Pb
investigations (Alric et al. 1996; Féraud et al. 1999; Pankhurst et al.
2000) show that the magmatic activity spanned about 40 Myr. It
began in the northern part of the area in early Jurassic times and
migrated south-westwards up to the late Jurassic–early Cretaceous.
Pankhurst et al. (2000) identified three peaks in volcanic activity and
proposed their correspondence with the three main volcanic units
of Patagonia: 188–178 Ma (Marifil Formation), 172–162 Ma (Chon
Aike Formation), 157–153 Ma (El Quemado Complex). This mi-
gration has been related to propagation of extensional features due
to the break-up of Gondwana and change in the geometry of the sub-
duction zone to the west, along the Pacific margin of the continent
(Alric et al. 1996; Féraud et al. 1999; Pankhurst et al. 2000).

2.1 El Quemado Complex

In the Patagonian Cordillera, volcanic rocks crop out over a large
area as a narrow, almost continuous belt along the Patagonian-
Fueguian Andes, whereas to the east they are restricted to the sub-
surface of the Austral Basin. The El Quemado Complex mostly
consists of rhyolitic and dacitic ignimbrites with minor lava flows

and volcaniclastic rocks, which in some areas lie on a basal breccia
or conglomerate. Andesite composition increases north of latitude
47◦S and south of 49◦S (Ramos et al. 1982; Gust et al. 1985). These
rocks were formed in a volcanic arc that marked the initiation of
subduction of the Proto-Pacific plate in the argentinian Patagonia
(Bertrand et al. 1999; Féraud et al. 1999; Panza & Haller 2002;
Ramos 2002). During this time, an extensional state of stress pre-
vailed, so that the volcanic rocks of El Quemado appear in local
depocentres associated with thick, coarse-grained sedimentites be-
tween normal faults. The El Quemado Complex usually overlies
Palaeozoic sedimentary and metamorphic rocks and at Lago Ar-
gentino the upper levels are interbedded with marine rocks of the
Zapata Formation, which have yielded a late Jurassic–early Cre-
taceous invertebrate fauna (Riccardi et al. 1992). Dating by U/Pb
(on zircons) and 40Ar/39Ar (on K-feldespars grains) have given ages
comprised between 153 and 155 Ma and 144 and 170 Ma, respec-
tively (Féraud et al. 1999; Pankhurst et al. 2000). Most published
K/Ar and Rb/Sr ages fall within the range of the 40Ar/39Ar ages
(Nullo et al. 1978; Ramos 1979, 1981; Ramos et al. 1982; Pankhurst
et al. 1993; Suárez & De la Cruz 1997; Suárez et al. 1997), spanning
the Bathonian–Berriasian (Ogg 1995; Gradstein et al. 1995). Some
anomalous younger ages may be due to resetting either by tectonic
deformation (Halpern 1973) or during the successive emplacement
stages of the Patagonian batholith (Pankhurst et al. 1993).

The tectonic features along the Patagonian Andes between Lago
Argentino (50◦S) and Lago Posadas–Pueyrredón (47◦S) have been
described by various authors (Nullo et al. 1978; Ramos 1981, 1982,
1989; Massabie 1990; Kraemer 1993; Giacosa et al. 1999; Kraemer
et al. 2002). Basically, the region is characterized by north-south
trending structural features of the Patagonian thrust and fold belt,
which formed from late Cretaceous with two special pulses of defor-
mation in the Eocene and Miocene (Ramos 1989; Kraemer 1994).
The orogenic belt has been subdivided by Kraemer (1994) and
Kraemer et al. (2002) in a western andean flank (towards the
Pacific), an inner (magmatic arc or Patagonian Batholith and in-
ner fold and thrust belt) and an eastern andean region (outer fold
and thrust belt). In the inner andean region, deformation is maxi-
mum and affects mainly the basement of the basin (Palaeozoic and
the Jurassic volcanics). In the outer fold and thrust belt on the other
hand, there is a diminishing deformation towards the east and a
north-south change in the structural style where deformation has an
effect mainly in the basement (thick-skinned) north of 49◦S, and
in the sedimentary Cretaceous-Tertiary cover (thin-skinned) to the
south of that latitude. The morphological and structural features of
the Patagonian fold and thrust belt between 47◦ and 52◦S vary con-
siderably from north to south. One of the most noticeable aspects is
that the inner part of the orogenic belt decreases in width from 150
km at 47◦S to less than 50 km at 52◦S; conversely, the outer part
reaches its maximum width at the latitude of Lago Argentino (50◦S).
Such structural changes appear to be associated to transverse linea-
ments, which would have been active during the Jurassic–Cretaceous
(Arbe 1988; Kraemer 1994; Kraemer et al. 2002) or older orogenies
(Nullo et al. 1978; Ramos 1979, 1983). These lineaments coincide
with that of the main lakes of the region: Pueyrredón, Belgrano, San
Martı́n, Viedma and Argentino.

The cause of the changes in the structural style of segments are
interpreted as their different response to Andean shortening, which
in turn depends on the amount of stretching that segments underwent
during the initial Jurassic rifting stage (Kraemer 1994). On the other
hand, Ramos (1989) remarks the contemporaneity of events between
the formation of structural features at these latitudes and the collision
of segments of the Chile Ridge with the Patagonian Cordillera during

C° 2003 RAS, GJI, 154, 599–617

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/154/3/599/708649 by guest on 21 Septem

ber 2022



Palaeomagnetic study of the El Quemado complex 601

Figure 1. Sketch map of of the Jurassic volcanic province of Patagonia. LT = Lonco Trapial Group (centre of Chubut); MF = Marifil Formation (Rı́o Negro
and Chubut); CA = Chon Aike Formation (central-east Santa Cruz); EQ = El Quemado Complex (west of Santa Cruz). The palaeomagnetic sampling was
carried out in EQ (a and b) and MF (c). SM = Somuncurá Massif; DM = Deseado Massif; SJB = San Jorge Basin; MB = Magallanes Basin.
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periods of fast convergence. Compressive shortening in the fold and
thrust belt has been estimated as 30 km at Lago Argentino, 22 km at
Lago San Martı́n and 45 km at Lagos Posadas–Pueyrredón (Ramos
1988; Kraemer 1993).

Along with the N-NW trending folds and thrusts, basement and
cover are affected by minor faults with vertical and lateral dis-
placements, formed probably during the last stages of the deforma-
tion (Kraemer 1998). In the frontal monocline of the orogenic belt,
geological evidences indicate left lateral displacements (Massabie
1990).

2.2 Marifil Formation

In extra-Andean Patagonia in the southeast of the Somuncurá Mas-
sif, the Jurassic volcanic rocks form the Marifil Formation, which
mainly consists of flat lying, rhyolitic ignimbrite sheets with associ-
ated volcaniclastic deposits and lava flows. This formation has a total
thickness up to 600–900 m. It unconformably overlies Precambrian
and Palaeozoic rocks and is in turn overlain by Cretaceous continen-
tal sediments and Cenozoic marine and continental deposits. Rb/Sr
and 40Ar/39Ar dating yields ages between 168.1 ± 2.1 and 187.4 ±
0.6 (Alric et al. 1996; Féraud et al. 1999; Rapela & Pankhurst 1993)
which indicate that the Marifil Formation corresponds to the onset
of Jurassic volcanism in Patagonia.

Most of the Marifil Formation is exposed to the east-northeast
of the Gastre Fault zone, a major transcontinental shear zone trend-
ing NW–SE from the Andean Cordillera to Central Patagonia. The
southeastern continuation of this fault zone is thought to cross the
Atlantic coast immediately to the south of Bahı́a Camarones, based
on the occurrence of vertical faults with a general strike N125◦–
130◦ and extension fractures and dykes striking N165◦ occurring in
the Marifil rocks of this region (Rapela & Pankhurst 1992). Accord-
ing to these authors, a dextral displacement of about 500 km would
have occurred along the Gastre Fault zone, during early to middle
Jurassic times.

2.3 Sampling

Five localities were sampled in the El Quemado Complex (Fig. 2a
and b) and one in the Marifil Formation (Fig. 2c). The sampling
areas for El Quemado are located within the inner (Lago Argentino,
Lago San Martı́n) and outer (Lago Posadas–Sierra Colorada) parts
of the Patagonian fold and thrust belt. Each locality comprised six to
twelve sampling sites arranged in pairs separated a few kilometres
from each other. The two sites of each pair were cored in two distinct
levels some tens of metres apart. The cores were oriented with both
magnetic and solar compass, and magnetic declination was found to
vary between 14◦E (Lago Argentino) and 6◦E (Bahı́a Camarones).
At least one thin section was made for each site for petrographical
and microprobe analyses. Some samples were also collected for
40Ar/39Ar dating.

Lago Argentino (Estancia La Unión)

The sampling was carried out in the El Quemado type locality, at
the northwestern margin of Lago Argentino (Fig. 2a, U1-3), in the
vicinity of Estancia La Unión. The Jurassic volcanics are the oldest
rocks in the region and are unconformably overlied by Cretaceous
marine sedimentites (Feruglio 1944, 1949; Furque 1973; Kraemer &
Riccardi 1997). The whole series is folded in a broad, north-south
striking anticline whose axis roughly coincides with the western
slope of Cerro Hobler (Feruglio 1944). The regional dip is about
40◦E with some minor second order folds. The sampling sites were
located astride this anticline.

Lago San Martı́n South (Estancia La Maipú)

The sampled area is located on the southern coast of Lago San
Martı́n in the southern and northeastern neighbourhood of Estancia
La Maipú (Fig. 2a, M1-3). The geology here has been studied by
Nullo (1978) and Nullo et al. (1978). Around Estancia La Maipú the
rocks from El Quemado are widespread but the usually associated
older and younger geological units are absent, so that the structural
attitude of the volcanics is not straightforward. The structural outline
of the area (Nullo et al. 1978) is a N-NE trending monoclinal which
dips ≈30◦ E–SE.

Lago San Martı́n North (Estancia Penı́nsula Chacabuco)

The sampled locality is situated north of Lago San Martı́n, im-
mediately southwest of Bahı́a de la Lancha, along the road to the
Estancia Penı́nsula Chacabuco (Fig. 2a, CH1-3). The volcanic rocks
of El Quemado unconformably overlie folded Palaeozoic turbidites
(Bonarelli & Nágera 1921; Riccardi 1971). Regionally they form a
broad anticline that covers a nucleus of Palaeozoic rocks quite well
exposed on the western and eastern shores of Penı́nsula Chacabuco
and the eastern margin of Bahı́a de la Lancha. The regional dip of
the volcanic rocks is 6◦ to 25◦ E-SE east of Bahı́a de la Lancha and
about 10◦S to the south of Penı́nsula Chacabuco.

Lago Posadas (Estancia El Furioso)–Sierra Colorada
(Paso Roballos)

Two areas were sampled in this region, one along the road which
follows the northern shore of Lago Posadas (Fig. 2b, F1-6) and
another in Sierra Colorada (Fig. 2b, R1-3), along the road from
the town of Lago Posadas to Paso Roballos. The rocks of the El
Quemado Complex are the oldest in this area and are unconformably
overlain by some relicts of upper Jurassic sediments (Riggi 1957;
Giacosa et al. 1999). The Sierra Colorada is affected by two major
thrusts running north-south, i.e. the El Salitral and Sierra Colorada
faults, as well as by minor faults oriented NW–SE/NE–SW. The first
of the major faults constitutes the oriental boundary of the Sierra
and marks the easternmost advance of the deformation north of the
Pueyrredón lineament (Giacosa et al. 1999). At the sampling sites
close to Lago Posadas the volcanic rocks dip gently towards the
west, whereas at Sierra Colorada the attitude varies from site to site,
reflecting local block tectonics.

2.3.1 Bahı́a Camarones

The Marifil rocks crop out along the coasts of Bahı́a Camarones
(Fig. 2c). Immediately to the west, they are bounded by a NE–SW
striking lineament and then covered by Neogene deposits (Camacho
1979; Lema et al. 2001). They mainly consist of strongly welded
ignimbrites and rhyolitic to trachyandesitic lava flows. The sampling
sites are located to the south and north of the town of Camarones,
along the road to Cabo dos Bahı́as and Cabo Raso respectively.
According to Lema et al. (2001) structural lineaments are rare and
not clearly visible.

3 P E T RO G R A P H Y A N D
G E O C H RO N O L O G Y

The petrography and geochemistry of the El Quemado and Mari-
fil rocks have been thoroughly investigated in the literature (Gust
et al. 1985; Sruoga 1989; Rapela & Pankhurst 1993; Pankhurst et al.
1998). The present paper only refers to the rocks sampled for the
palaeomagnetic study and reports a brief description of the main pet-
rographic and minerochemical features to characterize the magnetic
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Figure 2. Geological sketch maps and sampling sites. El Quemado Complex: (a) localities San Martı́n North (sites CH = Estancia Penı́nsula Chacabuco),
San Martı́n South (M = Estancia La Maipú) and Lago Argentino (U = Estancia La Unión); (b) localities Sierra Colorada (F = Estancia El Furioso) and
Lago Posadas (R = Sierra Colorada). Marifil Formation: (c) locality Camarones. Geological symbols: A: Palaeozoic basement; B: Jurassic volcanics; C: upper
Jurassic-Cretaceous sediments; D: Cenozoic to Recent deposits.

minerals and analyse the effects of hydrothermal activity. Welded
to densely welded ignimbrites are by far the predominat lithology.
They have a phenodacitic to phenorhyolitic composition with a por-
phyricity index from 10 to 30 per cent. They show high content of
glass shards, medium-sized crystals and lithic fragments, mainly
cognate and minor xenoliths. Most of the groundmass sufferred
various degree of devitrification and slight alteration. Pumiceous
clasts and lithic fragments are common in the basal units. The main
volcanic phases are quartz, plagioclase (An48−42Ab52−56Or1−2),
sanidine (Or68−64Ab26−30An2), biotite and completely altered am-
phibole. Secondary alteration is widespread, particularly in the El
Quemado rocks. The feldspars are generally altered to albite and
psudemorphs of calcite and kaolinite. Original maphic phases are
strongly affected by chloritization. The accessory minerals mainly
consist of zircon, apatite and Fe–Ti oxides. Evidence from trans-
mitted and reflected light microscopical observations suggests that
Ti-magnetite and ilmenite were the primary oxides, the latter being

more common in the ignimbrites from El Quemado. Besides small
phenocrysts, their occurrence as inclusions in the other phenocrysts
points to early crystallization (Carmichael 1967). The size typically
ranges between 10 and 400 µm and the habit varies from equant
or elongate to strongly xenomorphic with a red-yellow alteration
rim. Magnetite and ilmenite were affected by strong deuteric oxida-
tion that resulted in the formation of Ti-phases and Ti–Fe hydrated
phases.

3.1 EDS microanalysis of Fe–Ti oxides

Detailed SEM observations and EDS microanalyses were carried
out on Fe–Ti oxides grains from representative specimens of each
site. Minerochemical analyses were done using a scanning electron
microscope S360 Cambridge equipped with an energy dispersion
spectrometer QX2000 of Link Analytical.

In the El Quemado rocks, primary Ti-magnetite and ilmenite
are replaced by pseudomorphic oxidation products. The degree of
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Figure 3. Backscattered electron images of Fe–Ti oxides. (a) Magnetite completely affected by oxidation (El Quemado, rhyolitic tuff). The bright border is
haematite, the darker portion Fe–Ti hydrated oxides, the brigth homogeneous portion pseudo-brookite or rutile. (b) Completely pseudomorphed crystal from
primary Ti-magnetite (El Quemado, dacite). The fine white lamellae are Ti-haematite. (c) Euhedral grain of Ti-magnetite (brighter) showing exsolved lamellae
of ilmenite (darker) (Marifil Formation, trachi-rhyolite).

oxidation, and thus the oxidation products, varies in the samples
from different sites and is probably related to the different ignimbrite
structures, which in turn depend on the cooling rate (Cas & Wright
1987; Streck & Grunder 1995). In general, the coarse Ti-magnetite
crystals underwent a first stage of oxidation exsolution with devel-
opment of ilmenite lamellae. This oxidation occurred at high oxigen
fugacity and temperature above 600◦C (Haggerty 1976). A second
stage of more intense oxidation resulted in the replacement of the
lamellae of ilmenite and magnetite by deuteric pseudomorphic ox-
idation assemblages. They consist of pseudobrookite, rutile and Fe
hydrated oxides developed along the original {111} planes of the
exsolved ilmenite lamellae (Fig. 3a). Primary ilmenite is completely
transformed in pseudobrookite, rutile and rare areas of Ti-haematite
(Fig. 3b). In some samples from El Quemado, migration of Ti from
the primary oxides is documented by widespread occurrence of ru-
tile filling in cracks and voids. The mineralogical features of the
oxidation products suggest that they formed at temperatures be-
tween 700 and 600◦C (Haggerty & Lindsley 1970). In the Marifil
rocks, most of primary Ti-magnetite shows the tick original exso-
lution lamellae of ilmenite completely oxidized to pseudobrookite
and Ti-haematite. Alteration of Fe–Ti oxides, however, is less pro-
nounced than in El Quemado and a well preserved, low-Ti magnetite
(Ti ≈ 0.08 p.f.u.) is common. In some rocks, subhedral grains of
magnetite with exsolved lamellae of ilmenite suggest that a primary
Ti-magnetite with higher Ti content was also present (Fig. 3c).

3.2 Geochronology

Samples from the El Quemado rocks were collected for 40Ar/39Ar
dating at many palaeomagnetic sites, but proved too altered to be
successfully analysed. The only exception was a dacitic ignimbrite
from Sierra Colorada (site R2), where alteration of plagioclase pro-
gresses in a non uniform way, depending on the zoning pattern of
the mineral (Delvigne 1998). The alteration is in fact restricted to
the more calcium-rich parts of the crystal (the cores), whereas the
more sodium-rich zones (the rims) remain clear and free of any al-
teration. Biotite transformed to chlorite and few altered sanidines
were also present in the sample. Analyses were performed as in-situ
40Ar/39Ar laser spot fusions on polished section (see Appendix).

Almost all analyses are from the outer rims of feldspars, mainly
plagioclase with andesinic composition, but two from the ground-
mass. A cumulative probability plot of all analysed points shows a
minor cluster around 120–130 Ma and a major one at 145–160 Ma.
This spreading may reflect both the alteration of the rock and the
tectonic history of the region. No relationships were observed be-

tween K/Ca ratio (0.06 ÷ 8.5) and per cent 40Arrad towards apparent
ages. Inverse isochron diagrams were employed to treat analytical
data, and K/Ca ratios (derived from 39Ar/37Ar ratios) were used to
select points. EDS data on plagioclase display a K/Ca ratio from
0.02 to 0.07; few chronologic analyses have K/Ca < 0.1. They are
characterized by high scatter on ages (92 to 162 Ma), high errors
and low radiogenic 40Ar yields. Few points have K/Ca higher than 1:
they are representative of ground mass and, likely, of relics of sani-
dine, with ages varying from 120 to 160 Ma. Neither this last group
nor the previous one evidences an acceptable isochron. Half of the
analysed points have K/Ca ratios between 0.1 and 1, and a narrow
age interval (136 to 160 Ma); most of them identify an isochron of
156.5 ± 1.9 Ma (1σ ) with a MSWD = 0.9 (Fig. 4). Some contri-
bution of the groundmass is probable for all analysed points, due
also to its better coupling with the IR laser beam, but there are not
evidences that the calculated isochron is a mixing line.

The obtained age of 156.5 ± 1.9 Ma falls within the range of
chronologic data for El Quemado. It is close to the U/Pb age of
154.1 ± 1.5 Ma from the same region of Sierra Colorada (Pankhurst
et al. 2000) and somewhat older than the 40Ar/39Ar ages by Féraud
et al. (1999), 147.1 ± 0.5 and 144.2 ± 0.4 Ma.

4 RO C K M A G N E T I S M

A total of about 330 and 100 specimens were analysed from the
El Quemado Complex and Marifil Formation, respectively. They
were measured in the Buenos Aires, Torino and Utrecht laborato-
ries, using a KLY-2 or KLY-3 kappabridge to measure susceptibility
and a JR-5 spinner or a 2G criogenic magnetometre to measure
remanence. Procedures were basically the same in the three labo-
ratories. In addition, the Curie balance (Mullender et al. 1993) and
MicroMag-2900 were also used in Utrecht to investigate the mag-
netic mineralogy.

4.1 Magnetic mineralogy

Isothermal remanence (IRM) acquisition, back-field measurements
and thermal demagnetization of a multicomponent IRM according
to Lowrie (1990) were first carried out on at least one specimen
per site. The results showed that the magnetic properties vary lit-
tle within the rocks of each volcanic group and are not related to
the various lithologies. MicroMag and Curie balance measurements
were therefore performed on a reduced number of representative
specimens.
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Figure 4. 36Ar/40Ar–39Ar/40Ar inverse isochron diagram. Reported age has been calculated from selected points (solid circles). Error bar = ±1σ .

4.1.1 El Quemado Complex

At most sites more than 95 per cent of the IRM saturation is reached
at a field of 0.2 T (Fig. 5a), and the low-, intermediate- and high-
coercivity IRM components are completely removed below 600◦C
(Fig. 6a). Hysteresis loops typically show complete saturation be-
tween 0.2 and 0.7 T and depict a pot-belly geometry (Fig. 7a) indica-
tive of Ti-magnetite. The ratio of saturation remanence to saturation
magnetization (M r/M s) ranges between 0.20 and 0.28 and that of
coercivity of remanence to coercive force (H cr/H c) between 2.0
and 3.0, showing very consistent Hcr values of 48 ± 5 mT. These
samples fall (Fig. 8) in the pseudo single-domain (PSD) field of the
Day plot (Day et al. 1977). Some specimens require a larger satura-
tion field (>1 T), show higher Hc and Hcr values and their hysteresis
loop is characterized by a wasp-waist geometry (Fig. 7b), due to the
occurrence of a high coercive mineral, most likely haematite.

Curie balance measurements were performed on powders and
yield two sets of Curie temperatures (Fig. 9), one indicative of low-
Ti magnetite (550 < T c < 580◦C), the other of haematite/maghemite
(620 < T c < 670◦C). The lower set is found in all measured samples,
whereas the higher set is only observed in the rocks whose hysteresis
properties show the occurrence of a high coercive mineral.

The results from IRM analyses, hysteresis loops and Curie bal-
ance thermomagnetic curves show that low-Ti magnetite in the PSD
state is the more common ferromagnetic mineral, often associated
with minor haematite and probably, maghemite. Widespread occur-
rence of haematite is restricted to four sites (Maipú 3, Chacabuco 1,
Furioso1 and 6) where IRM saturation is only approached at the max-
imum available field of 1.6 T (Fig. 5b) and the IRM intermediate-
and high-coercivity components withstand temperatures up to about
650◦C (Fig. 6b). In particular, the site Furioso 1 yields the highest
Hc and Hcr values, 90 and 370 mT respectively (Fig. 7b), and a
Curie temperature of 650–660◦C.

The magnetite grains reasonably correspond to the small, opaque
grains embedded within the ignimbrites’ glassy groundmass which
are observed in high-magnification SEM images. Their size in the
range 1 to 10 µm, however, is below the EDS resolution limit and

direct analysis was thus not feasible. Occurrence of such grains both
within the glassy groundmass and as the result of multiple division
of large crystals is common in lavas and ignimbrites (Haggerty 1976;
Xu et al. 1997; Zhou et al. 2000).

4.1.2 Marifil Formation

The IRM experiments show saturation fields of 0.15 to 0.2 T (Fig. 5c)
and the IRM thermal demagnetization show a strong decrease of
the low-coercivity component in the range 300◦C < T < 400◦C
(Fig. 6c), coupled with a similar decrease of magnetic susceptibility.
All three components are then usually removed between 560 and
570◦C. The hysteresis loops depict both pot-belly and wasp-waist
geometries (Fig. 7c). The first yields M r/M s ratios around 0.16 and
Hc values between 10 and 12 mT. These features are indicative of
Ti-magnetite, which is shown by the Day plot to occur in the PSD
state (Fig. 8). The wasp-waist geometry on the other hand, has higher
Hc values, pointing to a higher coercive mineral such as haematite.

The thermomagnetic curves from the Curie balance measure-
ments yield three sets of Curie temperatures, i.e. T c ≈ 350◦C, 550 <

T c < 580◦C, 630 < T c < 670◦C (Fig. 9). Occurrence of low Curie
temperatures in rocks from Bahı́a Camarones region has already
been reported by Creer et al. (1972). No evidence for pyrrhotite is
found in our samples and EDS microanalyses suggest that the lowest
T c set correspond to a Ti-rich magnetite. The intermediate and high-
est sets are indicative of low-Ti magnetite and haematite/maghemite.
The magnetic mineralogy of the Marifil Formation, in conclusion,
is similar to that of El Quemado Complex. The main differences are
a less pronounced alteration and the occurrence in some rocks of
two compositionally different Ti-magnetites.

4.2 Magnetic remanence

4.2.1 El Quemado Complex

The order of magnitude of the natural remanent magnetization
(NRM) intensity varies in the range 10−4 to 10−1 A m−1 (Table 1)
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Figure 5. IRM acquisition curves for samples from the El Quemado Com-
plex (a: site F3b; b: site F1b) and Marifil Formation (c: site Caleta Sara 4b).
El Quemado shows generally (a) IRM saturation fields of 0.2 T and in a few
sites (b) fields greater than 1.6 T. In Marifil, (c) IRM saturation fields are
mainly between 0.15–0.2 T.

and shows no relation with the susceptibility which is usually low
(66 to 2221 × 10−6 SI units). The NRM directions are mostly of
reverse polarity and their dispersion is usually small. Two pilot
specimens per site were stepwise demagnetized, one thermally and
one in alternating field (AF). Magnetic susceptibility was measured
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Figure 6. Thermal demagnetization of the IRM components acquired at
0.1, 0.5, 1.5 T (same specimens as in Fig. 5). Symbols: diamond: low-;
square: intermediate-; triangle: high-coercivity component. In El Quemado,
components are generally removed (a) below 600◦C or secondly (b) at higher
temperatures. In Marifil, (c) components are also removed at c. 580◦C though
a noticeable decrease of the low-coercivity component is observed between
300–400◦C.

after each heating step in order to detect possible mineralogical
transformation. The median destructive field (MDF) is usually in
the range 45 to 60 mT and the remanence intensity after heating
up to 400–500◦C is 90 to 100 per cent of the initial NRM value
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Palaeomagnetic study of the El Quemado complex 607

Figure 7. Representative hysteresis loops for El Quemado Complex (a:
site F3b; b: site F1b) and Marifil Formation (c: site Cabo dos Bahı́as 1b).
Geometries of El Quemado are (a) pot-belly indicative of Ti-magnetite and
(b) wasp-waist indicative of Ti-magnetite plus haematite. In Marifil (c) the
pot-belly geometry is widespread.
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Figure 8. Day et al. (1977) plot of hysteresis parameters values for El
Quemado Complex (squares) and Marifil Formation (triangles). Most of the
samples fall in the pseudo-single domain field.

(Fig. 10). At most sites, secondary components are either absent
or very weak and removed below 20–30 mT or 100–300◦C. There-
after, a characteristic component (ChRM) is isolated (Fig. 11) and
completely erased at temperature higher than 550◦C or peak-field
usually of the order of 100 mT. Ignimbrites, lavas and tuffs show
the same behaviour, apart a higher MDF for tuffs (70 to 170 mT).
The thermal method was chosen at most sites for systematic demag-
netization at 5 to 12 steps. The direction of the ChRM was calcu-
lated using the Kirschvink’s (1980) principal component analysis at
most sites and the great circle convergence method (McFadden &
McElhinny 1988) at two sites characterized by susbstantial sec-
ondary components. At most sites the mean ChRM direction was
calculated taking into account all the demagnetized specimens (Ta-
ble 1) and its dispersion was usually very small (α95 < 5◦ at 26 sites).
At Lago Posadas both normal and reverse polarities occur and the
reversal test (McFadden & McElhinny 1990) is positive, class ‘C’,
critical angle =11.4◦ (Fig. 12a).

4.2.2 Marifil Formation

The susceptibility (884 to 10855 × 10−6 SI) and NRM intensity
(10−2 to 10−1 A m−1) values are usually higher than those of El
Quemado (Table 1). The dispersion of the NRM directions is some-
what higher than for El Quemado, depicting both normal and reverse
polarities. Stepwise demagnetization shows that the dispersion is
due to strong secondary magnetization components at all sites but
Cabo dos Bahı́as. They often account for more than 50 per cent of
the initial NRM intensity and are completely removed at 400◦C or
10–15 mT (Fig. 13). Systematic thermal or AF demagnetization was
carried out with the same procedure as for El Quemado, resulting
in site mean ChRM directions (Table 1) statistically well defined
(α95 > 15◦ at one site only). The reversal test (McFadden
& McElhinny 1990) is positive, class ‘C’ critical angle=18.0◦

(Fig. 12b).

4.2.3 Virtual geomagnetic poles

The southern VGP position was calculated from the ChRM direc-
tion of each site (Table 1, Fig. 14), leaving aside the 8 sites whose
statistical parameters values were not satisfactory (α95 > 15◦ or
k <20) and the site Ruta Cabo Raso 5a, which displays an anomalous
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Figure 9. Thermomagnetic curves [J(T)] done in representative powders
from El Quemado Complex (a: site M1a; b: F1a) and Marifil Formation (c:
site Caleta Pedro 3b). In El Quemado, two sets of Curie temperatures are
observed: (a) the widespread 550–580◦C indicative of Ti-magnetite and less
frequently (b) 620–670◦C indicative of haematite/maghemite, example from
F1a. In Marifil, a third Curie temperature at 350◦C is indicative of Ti-rich
magnetite.

inclination value (−88.6◦). No structural correction was applied
to the ChRM directions of the Marifil Formation, since in the Ca-
marones region there is no field evidence for major structures within
the volcanic rocks (Lema et al. 2001). Moreover, this formation be-
longs to the Somuncurá Massif, regarded as a structurally stable
region. Therefore, it may be reasonably assumed that the effect of
local tectonics, if any, is negligible. The mean VGP of the Marifil
Formation is located at latitude 83◦S, long. 138◦E (n = 10, A95 =
11.3◦) (Table 2). It improves the previous results by Creer et al.
(1972) and is consistent with the palaeomagnetic pole Vizán (1998)
has recalculated from the whole of the literature data of the Marifil
Formation (Table 3).

The El Quemado Complex was sampled in the cordilleran
foothills, where a complex compressional tectonics affected both
the basement and the sedimentary cover since the Cretaceous. In or-
der to derive the VGP position, ChRM direction must therefore be
corrected according to the geological structure at the sampling site.
This is not straightforward for volcanic rocks, which often lack pri-
mary depositional structures as bedding. The data used to calculate
the tilt correction (Table 1) were derived taking into account both our
field observations and the regional structural data (see chapter 2.3).
At Lago Argentino, Lago San Martı́n South and Sierra Colorada,
where the structural attitude varies from site to site, the correc-
tion strongly reduces the dispersion of the locality mean direction
(Table 4) and the McFadden’s (1990) fold test is positive at 95 per
cent confidence level. ChRM was thus acquired prior to the Creta-
ceous tectonic deformation. The VGPs from the El Quemado fall in
two groups, according to the latitude of the sampling localities (Fig.
14, Table 2). To the north of latitude 48◦S (northern group = Sierra
Colorada, Lago Posadas) they are similar to those from the Marifil
Formation; to the south of 49◦S (southern group = Lago San Martı́n
North and South, Lago Argentino) they are displaced toward lower
latitudes in the NE quadrant.

The remark by Roperch et al. (1997) that the ChRM inclinations
in the Ibañez Formation (the equivalent of El Quemado in Chile) are
lower than expected applies to the El Quemado Complex as well, in
particular to the localities of the southern group. The possibility that
the low inclinations are related to latitudinal displacement may be
discarded on the grounds of regional geology (Roperch et al. 1997).
The low inclination could be the result of either post-depositional
processes which may occur in ignimbrites, as reomorphic flow and
compaction, or incomplete averaging of paleosecular variation be-
cause of the small number of sites (4–5) at some locality. Lastly,
accuracy of the tilt correction may be questioned if the rocks were
emplaced upon an inclined palaeotopographical surface and the ba-
sic assumption of deposition onto a horizontal surface is not fulfilled.
Even if the present data are not sufficient to give a definite explana-
tion, the difference between the measured (Table 4) palaeomagnetic
directions of the southern localities and that expected (D = 192 ±
11, I = 64 ± 6) based on the VGP location of the northern is too
large to be caused solely by the possible, above mentioned sources
of errors. Moreover, as discussed in the next section, the random na-
ture of these errors is hardly compatible with the systematic pattern
shown by the distribution of the El Quemado VGPs.

5 D I S C U S S I O N

Statistically well defined ChRM directions of both normal and re-
verse polarity were found at most sites of the El Quemado Complex
and Marifil Formation. They are mainly carried by PSD Ti-magnetite
and stable up to temperatures close to the Curie point. The rever-
sal and fold tests, where possible, are positive. The SEM and EDS
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Figure 10. Normalized intensity decay curves for AF (a) and thermal (b)
demagnetization, El Quemado Complex. Symbols: triangle = tuff, site U2b;
square = lava, site M1b; diamond = ignimbrite, site R2b.

analyses show that most of the alteration of the Fe–Ti oxides oc-
curred above 600◦C, i.e. at the same time as the rocks emplacement.
These results point to a primary origin of the ChRM, whose direction
can be reasonably assumed to parallel the direction of the Earth’s
magnetic field during cooling of the rocks. The VGPs of the Marifil
Formation are consistent with the others middle Jurassic VGPs from
Patagonia, whereas those of El Quemado show an elongated distri-
bution (Fig. 14). Following a suggestion by M. Beck, we analyse it
using the shape analysis technique (Beck 1999; Beck et al. 2000).
The first step consists in calculating the elongation of the VGP set,
defined as E = k2/k3, where k2 and k3 are the eingenvectors of the
Bingham statistics (Schmidt 1990; Beck 1999). A small elongation
value may depend on the direction-to-pole mapping relationship
(Butler 1992) and the various errors which may affect the data at
each site (not fully accurate tilt correction, incomplete averaging of
palaeosecular variation, . . . .). A high value shows that some geo-
logical process biased the VGPs distribution, whose shape is a clue
to trace back the process.

The elongation of the El Quemado data set is very high, E =
13.4 and is mainly due to the shifting of the southern group VGPs
relative to those of the northern group (Fig. 14). This systematic
difference suggests to analyse separately the two sub-sets. The 16

Figure 11. Zijderveld (1967) diagrams (geographic reference system) for
thermal and AF demagnetization in sister specimens (same as in Fig. 10). Top
= tuff; middle = lava; bottom = ignimbrite. Symbols: full dot = declination;
open dot = apparent inclination; figures = temperature (◦C) or peak-field
(mT) value.

VGPs of the El Quemado northern group are not far from each other,
their elongation (E = 3.6) is moderate and that of the corresponding
ChRM directions (E = 2.0) is close to circularity. The VGPs distri-
bution is thus hardly related to a definite geological cause and this
conclusion is substantiated by the fact that their mean pole (81◦S,
172◦E; A95 = 7.6◦) is indistinguishable from those of the Marifil and
Chon Aike formations (Table 3, Fig. 15). These results show that the
APW path of South America was very limited during the emplace-
ment of the three main units of the Patagonian volcanic province
approximately from 185 to 155 Ma, and that no major intraconti-
nental movements occurred since between extra-Andean Patagonia
and the Andean Cordillera foothills region to the north of 48◦S. No
evidence for such movements also results from the Ibañez Forma-
tion (the Chilean equivalent of El Quemado) in the vicinity of Lago
Carrera, some 100 km to the NW of our localities (Roperch et al.
1997). The northern region of Lago Posadas–Sierra Colorada may
thus be regarded as stable and its mean pole used as a reference for
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Palaeomagnetic study of the El Quemado complex 611

N

N

(a)

(b)
Figure 12. Positive Reversal tests in (a) El Quemado Complex at Lago
Argentino and (b) Marifil Formation at Camarones (see also text).

the southern group of VGPs. The elongation of this group is high,
E = 6.0, and approximately perpendicular to the palaeomeridian
through the sampling region and the reference pole (Fig. 16). Beck
et al. (2000) have remarked that in-situ rotation about a vertical axis
changes only the ChRM declination and causes the corresponding
VGP to move perpendicular to the palaeomeridian along a small cir-
cle centred close to the sampling site. The small circle that best fits
the VGPs of the El Quemado (Fig. 16) is centred at 19.2◦S, 296.3◦E,

Figure 13. Zijderveld (1967) diagrams (geographic reference system) for
thermal and AF demagnetization, Marifil Formation (symbols as in Fig. 11).
Top = site Cabo dos Bahias 1b; middle = Las Lajas 6b; bottom = Caleta
Pedro 3b.

radius =77.3◦, not far from our sampling area. The shape of the
VGPs distribution favours therefore the hypothesis that counter-
clockwise differential block rotations around a vertical axis occurred
in the region between Lago Argentino and Lago San Martı́n relative
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612 M. P. I. Llanos et al.

Figure 14. Site virtual geomagnetic poles (VGPs) for El Quemado Complex and Marifil Formation (see also text). Symbols: circle = Lago Argentino; square =
Lago San Martı́n South; triangle = Lago San Martı́n North; diamond = Lago Posadas; star = Sierra Colorada; cross = Bahı́a Camarones.

to Lago Posadas–Sierra Colorada. The amount of rotation increases
(Table 5) from c.40◦ at lago San Martı́n North to c.65◦ at Lago
Argentino.

The literature palaeomagnetic data for the region of the present
study consist of only two sites close to the locality Lago San Martı́n
North (Burns et al. 1980). The results of one site are fully consistent
with ours, whereas the other yielded a ChRM direction strongly
deviated eastwards. More to the south, counter-clockwise rotations
up to 90◦ have been found in Mesozoic rocks of the Patagonian
Cordillera (Dalziel et al. 1973; Burns et al. 1980; Cunnigham et al.
1991). These rotations qualitatively support the concept of oroclinal
bending of the Southernmost Andes, but data are too scanty to test

Table 2. Locality VGPs from the El Quemado Complex and Marifil For-
mation. Symbols: n: number of sites; A95: semi-angle of confidence.

Locality n VGP A95

Lat., Long.

El Quemado Complex
South of 49 ◦S
Lago Argentino 5 45◦S, 29◦E 14◦
Lago San Martin South 4 55◦S, 22◦E 4◦
Lago San Martin North 4 62◦S, 50◦E 12◦
North of 49 ◦S
Lago Posadas 10 80◦S, 178◦E 10◦
Sierra Colorada 6 81◦S, 161◦E 15◦
All 16 81◦S, 172◦E 8◦
Marifil Formation
Bahı́a Camarones 10 83◦S, 138◦E 11◦

a relationship between the rotation amount, the age of rocks and the
sampling sites location.

In addition, many studies carried out in fold and thrust belts
from Europe (e.g. McClelland & McCaig 1989; Oldow et al. 1990;
Allerton 1998) and North America (Schwartz & Van der Voo 1984),
demonstrated that thrusts are likely to produce rotations in the direc-
tions of the remanent magnetization around vertical axes. Rotations
around vertical axes commonly occur (see Boyer & Elliot 1982;
Allerton 1998) by differential shortening along strike and/or when a
new thrust sheet climbs onto another using lateral ramps. This will
cause the new thrust sheet to translate at the same time it rotates.
These processes affect more intensely the internal (older) part of the
orogenic wedge, whereas rotations hardly develop at the advancing
front (McClelland & McCaig 1989; Allerton 1998).

Our sampling localities are located from south to north, at pro-
gressively greater distance from the inner (western) part of the oro-
genic wedge (cf. Ramos 1989, Fig. 4; Kraemer et al. 2002, Fig. 6).
This can explain why we find progressively decreasing amounts of
rotations in the south between Lago Argentino and Lago San Martı́n
North and finally hardly any rotation in northern Lago Posadas–
Sierra Colorada, located almost at the front of the thrust and fold
belt.

6 C O N C L U S I O N S

The Jurassic rocks of the Patagonian volcanic province were sam-
pled at five localities in the cordilleran foothills of southern Patag-
onia (El Quemado Complex) and one in the Somuncurá Massif of
extra-Andean Patagonia (Marifil Formation). The mean VGP (83◦S,
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Palaeomagnetic study of the El Quemado complex 613

Table 3. Jurassic palaeomagnetic poles (PPs) for Patagonia (Fig. 14). A95 (dp/dm): confidence limits of the pole; (∗) age from Pankhurst et al. (2000).

Rock unit Lithology Age (Ma)/Stage Lat. S Long. E A95 Reference
dp/dm

1-Cañadón Asfalto Basin Sediments Late Jurassic Neocomian 68.5◦ 201◦ 5.7◦/7.8◦ Guena et al. (2000)
2-El Quemado Complex (N of 48◦S) Volcanics 153–157 (∗) 81◦ 172◦ 7.6◦ This study
3-Chon Aike Fm. Volcanics 162–172 (∗) 81◦ 207◦ 13.5◦ Recalculated in Vizán (1998)
4-Mamil Choique Dykes 170 70◦ 190◦ 9.7◦ Rapalini & López de Luchi (2000)
5-Marifil Fm. Volcanics 178–188 (∗) 80.5◦ 203.5◦ 8.7◦ Recalculated in Vizán (1998)
6-Marifil Fm. Volcanics 178–188 (∗) 83◦ 138◦ 11.3◦ This study
7-Lepá–Osta Arena Fm. Volcanics-Sediments Pliensbachian-Toarcian 75.5◦ 129◦ 6.8◦ Vizán (1998)
8-Neuquén Basin Sediments/Volcanics Pliensbachian-Toarcian 81◦ 92◦ 2.7◦ Iglesia Llanos (1997)
9-Neuquén Basin Sediments Hettangian-Sinemurian 56◦ 235◦ 4.0◦ Iglesia Llanos (1997)

Figure 15. Jurassic palaeomagnetic poles for Patagonia (numbers refer to Table 3).

138◦E; n = 10, A95 = 11◦) of the middle Jurassic Marifil Forma-
tion agrees well with the literature data from Patagonia and stable
South America. The VGPs of the upper Jurassic El Quemado Com-
plex fall in two groups. The localities to the north of latitude 48◦S
yield a mean VGP (81◦S, 172◦E; n = 16, A95 = 8◦) indistinguish-

Table 4. Statistical parameters for the fold test. Symbols: n: number of sites;
D, I: locality mean declination, inclination; α95: semi-angle of confidence;
ξ , ξ95 per cent : test statistic, critical value at 95 per cent (McFadden 1990).

Locality n D, I α95 ξ ξ95 per cent

Lago Argentino in situ 5 135.1, 48.8 26.2◦ 4.9 2.6
unfolded ” 127.4, 43.8 13.2◦ 1.2 ”

Lago San Martı́n South in situ 4 163.8, 66.3 14.4◦ 0.8 2.3
unfolded ” 134.4, 55.7 3.1◦ 1.1 ”

Sierra Colorada in situ 6 164.3, 51.7 29.8◦ 4.1 2.9
unfolded ” 189.7, 59.4 11.5◦ 0.1 ”

able from that of the Marifil Formation. Those south of 49◦S yield
a highly elongated VGP distribution, whose shape may be the re-
sult of counter-clockwise rotation about vertical axes. Three main
conclusions can be drawn from these results.

(1) the regions of the Marifil Formation and the northernmost El
Quemado Complex can be regarded as part of stable South Amer-
ica, whose APW path was limited during the emplacement of the
volcanic rocks of Patagonia (185 to 155 Ma).

(2) the palaeomagnetic data from the El Quemado Complex ev-
idence large N–S changes along the Patagonian Cordillera, with
stable areas in the north (Lago Posadas, Sierra Colorada) and con-
siderable amounts of counter-clockwise rotation in the south (Lago
San Martı́n, Lago Argentino).

(3) the amount of rotation seems to be related to the position
of the sampling areas in the thrust and fold belt. Thus, when the
locality is close to the inner part of the orogenic wedge where
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614 M. P. I. Llanos et al.

Figure 16. Distribution of the northern ‘stable’ (squares) and southern ‘rotated’ (circles) VGPs from El Quemado. We used the shape analysis method (Beck
1999; Beck et al. 2000), to determine if the elongation of the VGPs population is caused by the direction-to-pole mapping relationship or else, by tectonic
rotations around vertical axis. The centre of the best-fitting small circle is (star) at 19.2◦S, 296.3◦E.

Table 5. Rotations calculated in the studied localities, following Beck et al. (1986). Lat. RP: latitude of the Reference Pole (last column); Lon. RP: longitude
of the Reference Pole; Lat. CP: latitude of the locality calculated Pole; Lon. CP: longitude of the locality calculated Pole; A95-RP: confidence angle of Reference
Pole; A95: confidence angle of the locality calculated Pole; Rot.: counter clockwise rotation around a vertical axis; 
R: Rotation Error; Ref. Pole: Reference
Poles in Table 3; CP: calculated locality pole in Table 2.

Locality Lat. RP (◦S) Lon. RP (◦E) Lat. CP (◦S) Lon. CP (◦E) A95-RP A95 Rot. 
R Ref. Pole

Lago Argentino 81 172 45 29 7.6◦ 14◦ 61.6◦ 15.2◦ 2
San Martı́n South 81 172 55 22 7.6◦ 4◦ 56.6◦ 9.5◦ 2
San Martı́n North 81 172 62 50 7.6◦ 12◦ 38.7◦ 14.0◦ 2
Camarones 81 204 83 138 8.7◦ 11◦ 8.0◦ 14.8◦ 5

compression was more intense (i.e. Lago Argentino), rotation is
greatest. Conversely, when the locality is close to the front of the
thrust and fold belt (i.e. Lago Posadas–Sierra Colorada) rotations,
if any, are imperceptible.
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A P P E N D I X A : 40Ar/39Ar
G E O C H R O N O L O G Y

The analysed sample, a polished section, was irradiated for 30 hr
in the 1 MW TRIGA reactor (ENEA La Casaccia–Rome), using
MMhb as flux monitor (520.4 ± 1.7 Ma; Samson & Alexander
1987). After the loading on an ultra-high vacuum extraction line,
selected areas were fused using a focussed IR laser beam at the IGG-
CNR laboratory in Pisa (see Di Vincenzo & Laurenzi 1999, for a
description of the system). Owing to the low K contents of analysed
minerals, 5–20 laser spot fusions (10–12 on average) on the selected
area were used for each age datum, such that also the less gas-rich
analysis had a signal/blank ratio of at least 10 (Table A1).
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Table A1. 40Ar/39Ar laser spot fusions data, in ml STP. Reported errors are at the 1σ level and do not include uncertainty in the J value, which is only
considered in the final age derived from the isochron plot. Symbols: fd = feldspar; gm = groundmass; b.d.l. = below detection limit.

36Aratm
37ArCa

38ArCl
39ArK

40Arrad Age ±1σ 40Arrad K/Ca ±1σ

(Ma) (per cent)

fd 6.329E-14 8.178E-12 4.250E-16 2.695E-12 3.178E-11 157.96 5.45 62.9 0.177 0.008
fd 1.823E-14 6.250E-12 b.d.l. 1.368E-12 1.530E-11 150.20 28.99 73.9 0.118 0.006
fd 1.828E-13 4.552E-11 7.643E-14 3.682E-12 3.277E-11 120.53 8.39 37.7 0.044 0.001
fd 1.584E-13 4.245E-11 4.250E-14 4.880E-12 4.520E-11 125.25 6.36 49.1 0.062 0.002
fd 6.184E-14 1.419E-11 2.394E-14 1.829E-12 2.214E-11 162.01 17.18 54.8 0.069 0.003
fd 7.328E-14 2.272E-11 6.398E-15 1.299E-11 1.511E-10 155.95 1.85 87.4 0.307 0.010
fd 7.085E-14 5.387E-12 3.587E-14 6.644E-13 4.463E-12 91.69 21.71 17.6 0.066 0.003
fd 6.603E-14 9.409E-12 7.255E-14 2.219E-12 2.333E-11 141.51 3.93 54.4 0.127 0.005
fd 1.405E-13 6.557E-13 9.059E-15 3.516E-12 3.931E-11 150.14 7.01 48.6 2.885 0.171
fd 1.327E-13 1.199E-12 2.955E-15 5.687E-12 5.608E-11 133.07 4.21 58.8 2.551 0.133
fd 1.219E-13 4.546E-13 5.927E-15 5.086E-12 5.332E-11 141.13 6.21 59.7 6.019 0.937
fd 5.723E-14 1.250E-12 1.613E-14 1.115E-12 1.191E-11 143.76 10.57 41.3 0.480 0.028
gm 2.958E-13 1.260E-12 7.561E-14 1.435E-11 1.324E-10 124.83 1.09 60.2 6.127 0.237
gm 4.460E-13 4.796E-12 3.769E-14 1.042E-11 9.399E-11 122.09 2.28 41.6 1.169 0.038
fd 7.843E-14 1.560E-11 6.149E-14 3.048E-12 3.238E-11 142.94 10.7 58.3 0.105 0.003
fd 4.563E-14 4.378E-12 1.357E-14 2.597E-12 2.935E-11 151.72 5.74 68.5 0.319 0.010
fd 6.180E-14 4.684E-12 b.d.l. 3.866E-12 4.156E-11 144.58 3.19 69.4 0.444 0.019
fd 6.957E-14 9.866E-12 1.274E-14 7.962E-12 9.264E-11 156.00 1.85 81.8 0.434 0.017
fd 4.878E-14 5.694E-12 8.254E-15 7.416E-12 8.355E-11 151.25 2.68 85.2 0.701 0.029
fd 5.313E-14 1.503E-12 9.063E-15 3.058E-12 3.313E-11 145.65 4.04 67.8 1.094 0.073
fd 6.963E-14 1.787E-12 4.104E-14 2.818E-11 2.610E-10 125.26 0.57 92.6 8.481 0.288
fd 4.072E-14 9.883E-13 8.787E-15 1.165E-11 1.089E-10 126.34 1.18 90.0 6.340 0.231
fd 2.407E-14 2.538E-12 6.704E-15 3.069E-12 3.481E-11 152.21 5.01 83.0 0.651 0.031
fd 6.171E-14 4.599E-12 b.d.l. 2.162E-12 1.826E-11 114.56 4.79 50.0 0.253 0.009
fd 1.205E-13 3.213E-12 5.656E-15 1.886E-11 2.267E-10 160.88 1.8 86.4 3.159 0.099
fd 6.151E-14 2.520E-12 1.615E-14 2.149E-12 2.176E-11 136.49 10.76 54.5 0.459 0.024

J = 0.007762 (±0.0000343)
(39Ar/37Ar)Ca = 0.000686 (±0.000034)
(36Ar/37Ar)Ca = 0.000288 (±0.000014)
(40Ar/39Ar)K = 0.00757 (±0.00038).
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