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Abstract: It is not known whether the Patagonian Orocline, the major bend of the southern Andes
at the southern tip of South America, is a primary or secondary feature. Palaeomagnetic data along
the Patagonian Orocline are still too scarce to provide a reliable and unambiguous answer to this
question. New palaeomagnetic results on Late Jurassic–Late Cretaceous magmatic units along the
central segment of the Fuegian Cordillera are reported. Data from four Late Cretaceous small intru-
sions and three sites on Late Jurassic–Early Cretaceous metabasalts and metagabbros showed
anticlockwise declination deviations between 218 and 468 with respect to South America. From
these and previous data, a picture of a nearly homogeneous post-Late Cretaceous regional rotation
of the central Fuegian Cordillera is suggested. This supports a model of nearly 308 of anticlockwise
secondary bending of the Patagonian Orocline since the Late Cretaceous (72 Ma). Lack of rotation
of post-50 Ma sedimentary rocks exposed to the north of our study region, and larger rotations (of c.
908) reported to the south of it suggest that a geographical and/or temporal progression of rotation
values from south to north in the Fuegian part of the Patagonian Orocline should be investigated.

The nearly 908 change in the trend of the southern
Andes at c. 538 S is known as the ‘Patagonian Oro-
cline’ (Carey 1955). This major bend turns a roughly
north–south-aligned mountain chain in southern
Patagonia into a nearly east–west orogen in the
island of Tierra del Fuego (Fig. 1c). Whether this
bend is original and dates back to Cretaceous times
or is a whole or partial secondary feature, that is,
a ‘true orocline’, is a matter of debate. Dalziel &
Elliot (1973) proposed an oroclinal origin for this
bend in a model in which an originally rectilin-
ear orogen, comprising the southern Patagonian–
Fuegian Andes and the Antarctic Peninsula, was
subsequently curved during the opening of the
Drake Passage in Tertiary times. More recent tec-
tonic models have involved both whole or partial
oroclinal bending (e.g. Cunningham et al. 1991;
Kraemer et al. 2002) or an originally curved orogen
(Diraison et al. 2000; Ghiglione & Cristallini 2007).
Palaeomagnetism has proved to be a very powerful
tool to determine whether the curvature of an
orogen is original or secondary (Morris & Anderson
1998). As such, it has been used since the work of
Dalziel et al. (1973) by several authors to test if the
Patagonian Orocline is a true orocline (Burns et al.
1980; Cunningham et al. 1991). Rapalini (2007) pre-
sented a review of the available palaeomagnetic data

in southern Patagonia at that time, suggesting that
data were still too scarce and in most cases of
dubious quality to reliably determine the origin of
the bend. More recently, Maffione et al. (2010) pre-
sented the first palaeomagnetic data from Tertiary
sedimentary rocks in the foreland of the Fuegian
fold and thrust belt. They interpreted their data as
evidence of no oroclinal bending since c. 50 Ma.

In order to provide more and better palaeomag-
netic data to answer the question about the origin
of the Patagonian Orocline, a systematic palaeo-
magnetic study was carried out on magmatic units
exposed in the central part of the Fuegian Andes,
that is, between the Fagnano Lake in the north and
the Navarino Island in the south. Our results indicate
the presence of a widespread and relatively constant
value of anticlockwise declination deviations across
the region, suggesting that it underwent a partial
oroclinal bending of c. 308 since Late Cretaceous
time (c. 75 Ma).

Geological framework and palaeomagnetic

sampling

The island of Tierra del Fuego (Fig. 1) shows a com-
plex geological and tectonic evolution. On top of a
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highly deformed metamorphic basement of Late
Palaeozoic age (e.g. Olivero & Martinioni 2001;
Hervé et al. 2010) lies unconformably a succession
of meta-volcanic, volcano-sedimentary and sedi-
mentary rocks of Late Jurassic–Tertiary age. A
major tectonic event that affected southern Patago-
nia was a widespread extensional regime that led to
the formation of the Rocas Verdes marginal basin
(Dalziel et al. 1974; Suárez & Pettigrew 1976;
Hanson & Wilson 1991; Calderón et al. 2007)
during the Late Jurassic. Remains of the ocean-type
floor of the basin, with its pillow-basalt, basic dykes
and gabbros, are now exposed along the south-
ern Patagonia and Fuegian Andes (e.g. Cordillera
Sarmiento, Tortuga Island, etc). In the study area,
this extensional regime is represented by the
acidic to mesosilicic volcano-pyroclastic rocks and
basalts intercalated with clastic sedimentary rocks,
grouped into the Lemaire Formation (known as
Tobı́fera Formation in Chile). This has been charac-
terized as a submarine complex developed on the
marginal basin (Bruhn 1979; Hanson & Wilson
1991; Olivero & Martinioni 2001). The age of this
unit is more likely Middle Jurassic on the basis of
scarce radiometric datings and regional correla-
tions (see Menichetti et al. 2008). The Lemaire
Formation is highly deformed in the study area.
Stratification is only preserved there in coarse-
grained facies, while a pervasive tectonic cleavage

developed in almost all rocks of this unit but
especially in fine-grained facies such as shales and
siltstones (Olivero & Martinioni 2001; Esteban
et al. 2011). Numerous basaltic sills, concordant
with stratification, are intercalated in the succession
of the Lemaire Formation. Most are not thicker than
a few metres; however, some are several tens of
metres thick. The Lemaire Formation is covered
by c. 6 km of Lower Cretaceous deep-marine black
mudstones, volcaniclastic turbidites and tuffs, cor-
responding to the Yahgán Formation (Bruhn 1979;
Caminos et al. 1981; Olivero et al. 1999; Olivero
& Martinioni 2001; Olivero & Malumián 2008).
A more marginal setting in the basin is represented
by the Beauvoir Formation, which consists of black
shales and marls and is approximately correlative
of the Yahgán Formation (Olivero & Martinioni
2001). Sedimentation into progressively shallower
environments took place throughout the whole Cre-
taceous, synchronous with the uplift of the Fuegian
Cordillera. The first-proven Andean-derived sedi-
ments were deposited during the Danian. Progres-
sion of the Andean fold and thrust belt towards the
foreland (N–NE) took place during most of the Ter-
tiary. At some time during this time span, compres-
sive deformation was partially to largely replaced by
a strike-slip deformational regime associated with
the relative movements of the South America and
Scotia tectonic plates (Olivero & Martinioni 2001;

Fig. 1. (a) Digital elevation model (DEM) of the study region with main structural features and location of the sampling
localities (black stars) from which consistent palaeomagnetic data were obtained, modified from Peroni (2012).
(b) Principal structural systems of Tierra del Fuego island and location of the study region (modified from Lodolo et al.
2006). (c) DEM of Southern Patagonia and Tierra del Fuego. Note the change in trend of the Andean orogen.
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Menichetti et al. 2008). The main deformational
phase of the rocks exposed in the Fuegian Cordillera
occurred during the Late Cretaceous and would
have initiated by c. 100 Ma (Klepeis et al. 2010).
It involved ductile deformation including isoclinal
folds reaching the higher metamorphic peak –
amphibolite grade – in the innermost part of the
Fuegian Andes (Darwin Cordillera, see Cunning-
ham 1995; Klepeis et al. 2010; Maloney et al.
2011). This phase has been associated with tectonic
inversion and closure of the Rocas Verdes marginal
basin. Its end was marked by the emplacement of
intrusive bodies (‘The Beagle granitic suite’,
Mukasa & Dalziel 1996) with ages ranging from
c. 90 to 70 Ma. This was also the time of major
uplift and cooling and was immediately followed
by the development of the Magallanes fold and
thrust belt, involving thick-skin and thin-skin tec-
tonics in the inner and outer parts of the orogen,
respectively (Menichetti et al. 2008).

Palaeomagnetic studies were carried out on 37
sites located on four, mainly undeformed, small
intrusions of Late Cretaceous age, that is, the Jeuje-
pén, Kranck, Ushuaia and Santa Rosa bodies plus
several Late Jurassic basaltic sills intercalated in
the Lemaire Formation. However, positive results
were not obtained from all sites, as described in
‘Palaeomagnetic results’ section.

Laboratory procedures

Sampling was carried out over several field trips and
samples collected with a gasoline-powered portable
drill in most cases. Some sills in the Lemaire For-
mation were sampled with block samples due to
the difficulties of carrying a drill to very remote
areas in the Fuegian Cordillera. Cores were oriented
with both magnetic and sun compasses whenever
possible. No systematic discrepancies were found
between both types of measurements, when con-
sidering the local magnetic field declination of c.
128 E. Cores were sliced into 2.2-cm-long speci-
mens. Palaeomagnetic measurements and demag-
netizations were carried out at the Laboratorio
de Paleomagnetismo Daniel A. Valencio from
IGEBA (Instituto de Geociencias Básicas, Aplica-
das y Ambientales de Buenos Aires, University
of Buenos Aires). Measurements were performed
with a 2G (DC squids) cryogenic magnetometer.
Demagnetization was performed with a static
three-axis degausser attached to the cryogenic mag-
netometer and an ASC two-chamber palaeomag-
netic furnace, with an internal field of ,10 nT.
Two to four pilot specimens per site were submitted
to stepwise alternating magnetic fields and thermal
demagnetizations (e.g. Butler 1992). Assessment
of magnetic behaviour of pilot specimens allowed
the best stepwise demagnetization procedure to be

determined for the remaining specimens at each
site. Typical demagnetization sequences were: 3,
6, 9, 12, 15, 20, 25, 30, 40, 50, 60, 70, 85 and
100 mT or 100, 150, 200, 250, 300, 350, 400, 450,
500, 525, 550, 575 and 6008C. Steps of .6008C
were only necessary occasionally. In most sites
that carry a characteristic remanence, AF demagne-
tization proved to be a more efficient technique
(with the only exception of the Santa Rosa pluton);
it was therefore more widely used in the whole
collection of samples than the thermal method.
Super-IAPD (Torsvik et al. 2000) software was
used to visually analyse and compute the magnetic
components and calculate their means. Principal
component analysis (Kirschvink 1980) and Fisher-
ian statistics (Fisher 1953) were used for those
tasks, respectively.

Palaeomagnetic results

The Jeujepén pluton

This is a small monzodioritic pluton located to the
southeast of the eastern limit of the Fagnano Lake
(Fig. 1) and emplaced in the laminated to massive
black shales of the Beauvoir Formation (Olivero
et al. 1999). The Jeujepén pluton is an epizonal
intrusion with ,10 km2 of exposure, encompassing
a lithological variation from gabbro to monzonite
within the shoshonite series (Cerredo et al. 2000a,
b, 2005). The region is characterized by north-
verging ESE–WNW thrusts (Lodolo et al. 2000,
2001, 2003) and the presence of the major tectonic
feature of the area, the Magallanes–Fagnano strike-
slip fault zone, located a few kilometres to the north
of the Jeujepén body. Cerredo et al. (2011) recently
published a U–Pb SHRIMP age on magmatic
zircons of the pluton of 72.0 + 0.8 Ma, much
younger than a previous whole-rock K–Ar age of
93 + 4 Ma. (Acevedo et al. 2000). A total of 31
cores from 5 different sites presented a character-
istic remanence that was determined by AF step-
wise demagnetization (Fig. 2a). A viscous random
component was erased in most specimens after the
first demagnetization steps. Unblocking tempera-
tures of ,6008C and effective AF cleaning sug-
gest magnetite as the likely magnetic carrier. This
was confirmed by microscopic observations, both
optical and by scanning electronic microscope
(SEM, Fig. 2b).

Averaging at site or at sample level yielded vir-
tually identical mean remanence directions for the
Jeujepén pluton. At site level the mean direction is
declination D of 313.78, inclination I of 233.78,
a95 ¼ 7.58 and N ¼ 5, where N ¼ number of sites.
At sample level it is D ¼ 314.58, I ¼ 233.68, a95¼
4.58 and n ¼ 31, where n ¼ number of samples
(Fig. 2c, d).
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According to the age of the Jeujepén pluton,
its (sample-based) mean direction was compared
with the expected direction for the sampling locality
according to the South American reference palaeo-
magnetic pole for 70 Ma (D ¼ 343.78; I ¼ 269.58;
a95 ¼ 3.28; Besse & Courtillot 2002). Using a more
recent reference apparent polar wander path for
South America (Torsvik et al. 2008) provides a
very similar reference direction (D ¼ 346.88,
I ¼ 272.48) in this and the following localities.
This comparison shows significant deviations both
in declination (29.2 + 6.18) and inclination
(35.9 + 3.98).

The Kranck pluton

The Kranck pluton is a small epizonal intrusion
exposed on the northern margin of the central part
of the Fagnano Lake (Fig. 1). It has an outcrop

area of c. 11 km2 (Peroni 2012) and a large litholo-
gic variation from gabbro to monzonite with late
syenite dykes and veins. As well as the Jeujepén
pluton, it intrudes the black shales of the Beauvoir
Formation. A K–Ar cooling age on amphibole of
95.1 + 2.9 Ma was recently obtained for this
pluton (Cerredo et al. 2011).

Thermal stepwise demagnetization of pilot
specimens from this pluton proved useless as rema-
nence became unstable after a few demagnetization
steps. AF cleaning, on the other hand, allowed the
characteristic remanence to be determined after
erasing a large but very soft random component
interpreted as a viscous overprint. Demagnetization
proceeded up to 50–60 mT when less than 5–10%
of the original remanence remained (Fig. 3a, b).
Magnetic behaviour combined with microscopic
observations (both optical and by SEM; Fig. 3c)
suggest magnetite as the main magnetic carrier in

Fig. 2. (a) Representative demagnetization diagram of a sample of the Jeujepén pluton. Open (full) symbols correspond
to vector representations on the vertical (horizontal) plane. (b) Scanning electron microscope image of a sample of the
Jeujepén pluton with large magnetite crystals. Pyroxene and biotite crystals are also observed. (c) In situ site-mean
characteristic remanence directions for the Jeujepén pluton. Each site direction is presented with the corresponding a95

(large circles). The overall mean a95 is formatted in grey. (d) Sample characteristic remanence directions for the
Jeujepén pluton and its overall mean a95 (grey circle). In (c) and (d) open symbols indicate upwards
(negative) inclinations.
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this body. A preliminary study yielded characteris-
tic remanence directions from 14 samples (Fig. 3d),
11 of normal polarity and 3 of reversed polarity,
suggesting that remanence acquisition spanned at
least one reversal of the Earth Magnetic Field and
that a sample-based mean direction is more appro-
priate. The presence of both polarities suggests
remanence acquisition after the Cretaceous Nor-
mal Superchron that ended prior to 83 Ma. This
suggests magnetization much younger than the
intrusion itself or a younger age for the Kranck
pluton. Considering that a previous K–Ar age of
93 Ma for the nearby Jeujepén pluton has recently
been superseded by a SHRIMP U–Pb age on
zircons of 72 Ma (see previous section), and that
K–Ar ages of 104–77 Ma for the Ushuaia pluton
have also been superseded by a U–Pb SHRIMP
age of 75 Ma (see next section), the possibility of
a significantly younger age for the Kranck pluton
consistent with the recording of both polarities of
the Earth Magnetic Field is likely. In any case, the
remanence age is certainly younger than 83 Ma.
The mean direction after inverting the reversed
polarity directions is D ¼ 322.98; I ¼ 251.88

(n ¼ 14; a95 ¼ 16.58). When compared with the
expected direction for the sampling locality accord-
ing to the 70 Ma reference pole for South America
(Besse & Courtillot 2002), significant anticlock-
wise rotation (20.8 +16.58) and flattening (17.7 +
13.38) are observed.

The Ushuaia pluton

A small epizonal pluton hosted in the turbiditic
sequence of the Yahgán Formation is exposed
close to the city of Ushuaia (Fig. 1), and is referred
to as the Ushuaia pluton (Peroni et al. 2009). This is
mainly exposed to the east of the city and, although
most of the body is covered by forest, scarce out-
crops and magnetometric surveys (Peroni 2012)
allow a minimum exposure surface of 11 km2 to
be inferred. Magnetometric modelling yielded a lac-
colithic body with an estimated volume of c.
140 km3 (Peroni et al. 2009; Peroni 2012). Monzo-
nite to monzodiorite facies dominate the exposures,
although monzogabbroic to hornblenditic terms are
also significant. Near the margins they grade into
porphyritic dacite to andesite, which in some cases

Fig. 3. (a, b) Representative demagnetization diagrams for the Kranck pluton. Symbols as in Figure 2a. (c) Scanning
electron microscope image of a sample of the Kranck pluton with large magnetite crystals. Amphibole and feldspar
crystals are also observed. (d) Sample characteristic remanence directions for the Kranck pluton and its overall meana95

(grey circle). Open (full) symbols indicate upwards (downwards) inclinations.
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also appear as dykes. A small outcrop of this pluton
is observed in the Ushuaia Peninsula (González
Guillot et al. 2011) south of the city. A quarry at
the old airport of Ushuaia exposes the porphy-
ritic dacite and diorite facies and a well-defined
contact-aureole made up of hornfels. Magneto-
metric modelling and field relations suggest that
the Ushuaia pluton is not affected by thrusting,
although it was affected by minor brittle defor-
mation associated with the activity of the Beagle
Channel Fault System (Menichetti et al. 2007).
Ramos et al. (1986) published a whole-rock K–Ar
age of 77 + 3 Ma for a porphyritic dacite. More
recently, Acevedo et al. (2002) produced another
whole-rock K–Ar age of 100 + 6 for this unit,
and Peroni et al. (2009) reported K–Ar ages in
hornblende of 101.9 + 2.8 and 104.2 + 3.1 Ma.
However, U–Pb SHRIMP dating of zircons from
the syenitic facies yielded a younger age, in this
case 74.7 + 2.2/22.0 Ma (Barbeau et al. 2009),
which is considered the most reliable crystallization
age for the pluton. Seven sites (49 cores and 14
block samples) were located in the outcrops of this

composite body at Peninsula Ushuaia (Fig. 1).
Four sites were located in a diorite (Y12, GMA2,
GMA3 and GMA4), two on hornfels of the
contact-aureole (GMA1 and GMA5) and one on a
dacite (Y11). AF demagnetization proved to be
more efficient to determine the characteristic rema-
nence (Fig. 4). Most samples were carriers of a sec-
ondary viscous overprint with random directions
that could be erased by fields under 20 mT. At
higher magnetic fields, most samples show a linear
decay towards the origin of coordinates. How-
ever, the hornfels tend to show higher coercitivities
with 30–50% of the remanence remaining after
100 mT, suggesting the presence of antiferromag-
netic carriers. All sites showed good to moderate
directional consistency of the characteristic rema-
nence. Sites from the diorite, however, present
poor between-site consistency (Fig. 4e). This is dif-
ferent for the dacitic and the hornfels sites (Fig. 4f ),
which show a WNW-upwards-directed remanence
with high inclination. It is interpreted that the dio-
ritic sites may be affected by undetected tectonic
disturbance and are not used for any tectonic

Fig. 4. (a) Representative demagnetization diagram of a sample from a hornfel in the contact-aureole of the Ushuaia
pluton. (b) As for (a) for a sample of the main body of the intrusion (diorite) exposed at the Peninsula Ushuaia. (c) As for
(a) for a sample of a dacite submitted to AF demagnetization. (d) As for (c) submitted to thermal demagnetization.
Symbols as in Figure 2a. (e) In situ site mean directions for the main body (diorite) of the Ushuaia intrusion exposed at
Peninsula Ushuaia (note the unconsistent directions). (f ) As for (e) for sites located in the hornfels and the dacite. (g) As
for (f ) for each sample characteristic remanence direction. Symbols as in Figure 2c and d.
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interpretation. The mean-site direction (D ¼ 300.38;
I ¼ 267.58;a95 ¼ 11.38; N ¼ 3) is not significantly
different from a sample-based mean (D ¼ 303.58;
I ¼ 266.98; a95 ¼ 6.98; n ¼ 16). Comparison of
the sample-based mean direction for the Ushuaia
pluton with that expected from the South Ameri-
can mean palaeomagnetic pole of 70 Ma (Besse &
Courtillot 2002) yielded an anticlockwise rotation
of 40.2 + 7.98 with a non-significant flattening of
2.6 + 5.78.

The Santa Rosa pluton

The Santa Rosa pluton is a small body exposed on
the north-western margin of the Navarino Island,
Chile (Figs 1 & 5). It is composed of a range of
lithologies from gabbro to quartz-diorite, plus ande-
sitic to granodioritic dykes. It intrudes deformed
and metamorphosed shales and sandstones assigned
to the Early Cretaceous Yahgán Formation. It
was previously mapped and studied by Suárez

Fig. 5. (a) General location of the Santa Rosa pluton in the northern margin of the Navarino Island. Bathymetry of the
Beagle Channel is shown. (b) Distribution of sampling sites on the Santa Rosa pluton. Note the important strike-slip
fault affecting the body. Topographic contours of the northern Navarino Island are shown. Modified from Peroni (2012).
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et al. (1985a, b, 1987) who also produced a set
of cooling ages by K–Ar dating, both in biotite
(88.3 + 2.3 and 88.7 + 2.4 Ma) and hornblende
(81.8 + 6.7, 83.7 + 6.1, 83.8 + 4.9 and 88.6 +
6.5 Ma). All these datings are consistent within
their uncertainties.

The Santa Rosa pluton shows a well-defined sub-
vertical foliation (Suárez et al. 1987), which is also
shown in the magnetic fabric (Peroni 2012). The
outcrops of the pluton are dissected by a rectilinear
ENE–WSW-oriented sinistral strike-slip fault (Per-
oni 2012; Menichetti, pers. comm. 2009, Fig. 5b).

A total of 44 cores were studied from 8 sites dis-
tributed on the south-western and north-eastern
margins of the pluton (Fig. 5). Sites SR1 and SR6
did not yield consistent remanence directions. Ther-
mal demagnetization proved to be a more efficient

methodology to isolate and define the characteris-
tic remanence of the pluton (Fig. 6a–c). Discrete
unblocking temperatures between 5008C and 6008C
indicate that Ti-poor titanomagnetite is the likely
carrier of the remanence. This was confirmed by
SEM observations (Fig. 6d). Characteristic rema-
nent directions for the Santa Rosa pluton are distrib-
uted into two groups; those from sites SR2, 3 and 5
located in the SW corner of the body have WNW-
upwards-directed directions, while those on the
NE margin present WSW-upwards-directed direc-
tions (Fig. 7b, c). Independent means for both
areas were then calculated (Table 1, Santa Rosa
pluton A and B, respectively). Both were compared
with the expected direction for the Santa Rosa
pluton according to the 80 Ma mean palaeomag-
netic pole for South America (Besse & Courtillot

Fig. 6. (a–c) Representative demagnetization diagrams of samples of the Santa Rosa pluton submitted to thermal
cleaning. Symbols as in Figure 2a. (d) Scanning electron microscope image of a sample of the Santa Rosa pluton with a
large magnetite crystal. Feldspar crystals are also observed.
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2002; D ¼ 345.58; I ¼ 269.68) yielding anticlock-
wise rotation values of 28.5 + 9.78 and 116.5 +
9.58 and very minor to insignificant inclination
anomalies of 23.3 + 6.38 and 8.7 + 5.98 for the
A and B zones, respectively. These results indicate
a large (nearly 908) anticlockwise relative rotation
of the north-eastern sites with respect to the south-
western sites. Figure 7 shows a map of the Santa
Rosa pluton with an indication of the trend of the

well-defined foliations (Suárez et al. 1987). It is
evident from this that two domains can be clearly
separated in the pluton into a southern domain
(where sites 2, 3 and 5 are located) which encom-
passes most of the pluton with ENE-trending foli-
ations, and a northern domain (where sites 4, 7
and 8 are located) with foliations that systematically
trend towards the NNW. Both domains are separ-
ated by a prominent ENE-trending strike-slip fault,

Fig. 7. (a) Sketch of the magmatic and magnetic foliations of the Santa Rosa and the nearby Castores plutons.
Location of sampling sites is also indicated (modified from Peroni 2012). (b) Characteristic remanence directions
for samples of sites SR2, SR3 and SR5, located to the south of the strike-slip fault. (c) As for (b) for sites SR4, SR7 and
SR8, located to the north of the fault. Symbols as in Figure 2d. (d) Frequency diagram of the trend of magmatic foliations
for the NE sector of the Santa Rosa pluton. (e) As for (d) after relative rotation of the northern domain respect to the
southern (888). (f ) As for (d) for the SW sector of the pluton. Note the much better agreement with foliations after
relative rotation of the northern domain.
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probably associated with the transform system
along the Beagle Channel (Cunningham 1993).
Figure 7 also shows a frequency diagram of folia-
tion trends for both domains. The different trends
of the foliations of the NE and SW sectors are
clear. However, after rotation of the former by 888
clockwise (to compensate for the relative rotation
between both domains, according to the palaeomag-
netic data), a much better agreement is observed
supporting the local rotation of the northern mar-
gin of the Santa Rosa pluton as a consequence of
the strike-slip deformation in the area.

Sills of the Lemaire Formation

The Lemaire Formation is exposed along a large
area between the Fagnano Lake to the north and
the Beagle Channel to the south, and from Paso Gar-
ibaldi in the east to the Cordillera Darwin in the west
(Fig. 1). The exposures in this area consist of a
volcano-sedimentary complex that has been inter-
preted as the record of the Late Jurassic extensional
regime that led to the formation of the Rocas Ver-
des marginal basin (Dalziel et al. 1974). The
complex includes sedimentary rocks (conglomer-
ates, chert and black radiolarian and carbonaceous
mudstones), acidic volcanics and volcaniclastic
rocks and basaltic facies associated with the gener-
ation of the oceanic crust of the basin (Hanson &
Wilson 1991; Olivero & Martinioni 2001; Cerredo
et al. 2007; González Guillot et al. 2010). Many
of the basalts appear as concordant sills with
variable thickness from ,1 m up to 100 m. Two
deformational events affected the sequence during
the inversion of the Rocas Verdes basin during
the Late Cretaceous (Dalziel & Palmer 1979;

Menichetti et al. 2008). The first event produced
F1 folds and slaty cleavage S1 with general vergence
to the northeast. During this deformation, the rocks
were affected by a prehnite-pumpellyite to greens-
chist facies metamorphism (Kohn et al. 1993,
1995). The second deformational event is associ-
ated with the formation and emplacement of NNE-
verging fold and thrust systems (Menichetti et al.
2008) which originated large F2 folds with a well-
developed crenulation cleavage S2. U–Pb zircon
age obtained by laser ablation multicollector induc-
tively coupled plasma mass spectrometry (LA-MC-
ICPMS) in a rhyolite lava of the Lemaire Formation
in central Tierra del Fuego yielded 163.9 + 3.6 Ma
(Palotti et al. 2012). Although no independent
dating of the basic volcanic bodies intercalated in
the Lemaire Formation are available, field relations
and petrographic analysis suggest that they are con-
temporaneous with sedimentation and underwent
the same metamorphic and tectonic processes that
affected the sediments of the Lemaire Formation
(see Esteban et al. 2011).

Sampling sites across the Fuegian Andes were
located along road cuts, quarries or natural expo-
sures. They were sampled either with a portable
drill (sites Y1-Y5, Y8, Y9) in which cases 6–10
independent cores were obtained or as one large
block sample at each site (LC5, LC8, LC9, PT4,
PT6, AL2 and AL8). Sites comprised basic metavol-
canic sills and lavas. A few samples from the encas-
ing metasediments were also collected at some sites.
In all cases, measurements of the cleavage and
bedding planes were obtained at each site along
the margins of the magmatic bodies. The thickness
of the sampled bodies varied from 1–2 m (Y1,
LC8) to several tens of metres (Y2, Y10, Y11).

Table 1. Mean characteristic remanence directions for each locality described in this paper

Geologic unit/locality Age
(Ma)

N (no.
sites)

n (no.
samples)

ChRM Rotation
angle (8)

Flattening
(8)

D (8) I (8) a95 (8)

Jeujepén Pluton 72 + 1 5 31 314.5 233.6 4.5 29.2 + 6.1 35.9 + 3.9
Kranck Pluton ,83 7 14 322.9 251.8 16.5 20.8 + 16.5 17.7 + 13.3
Ushuaia Dacite + hornfels 74 + 2 3 16 303.5 266.9 6.9 40.2 + 7.9 2.6 + 5.7
Santa Rosa Pluton A 85 + 2 3 21 317.0 272.9 5.7 28.5 + 9.7 23.3 + 6.3
Santa Rosa Pluton B 85 + 2 3 15 229.0 260.9 5.2 116.5 + 9.5 8.7 + 5.9

Lemaire sills
Y2 L.Jur 1 7 301.0 259.8 9.4 44.6 + 12.0 9.7 + 8.0
LC8 L.Jur 1 6 303.9 269.8 16.4 41.7 + 17.7 20.3 + 13.4
LC9 L.Jur 1 11 165.4 11.6 4.9 0.1 + 9.2 57.9 + 4.8
AL2 L.Jur 1 3 114.5 15.1 11.8 51.1 + 13.8 54.4 + 9.8
AL8 L.Jur 1 10 320.2 258.4 5.4 25.4 + 9.5 11.1 + 5.1

The rotation and flattening values, with their uncertainties computed according to Beck (1989), are presented. Positive values of rotation
refer to anticlockwise. Positive (negative) flattening values indicate observed inclinations lower (higher) than expected. Reference direc-
tions are those computed for each locality according to the 70 Ma mean South American reference pole for the Jeujepén, Kranck and
Ushuaia plutons and the 80 Ma for the Santa Rosa body and the Lemaire sills.
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LC9 was located 3 m from the base of a very large
basic sill which may be .100 m thick. Whether
this is a single sill or a composite body is not clear,
due to the inaccessible nature of these outcrops.

Sampled rocks are generally porphyritic with cli-
nopyroxene and plagioclase phenocrysts immersed
in a subophitic groundmass. Primary magmatic
associations display variable overprinting by static
seafloor metamorphic assemblages (clinoamphi-
bole-zoisite), later affected by oriented defor-
mation-related paragenesis (chlorite-prehnite +
pyrite). More details on the petrographic character
and microstructures of these rocks can be found in
Esteban et al. (2011).

Many of the sampled sites on these rocks were
either unstable or showed within-site inconsistent
remanence directions. Of the 15 sites, consistent
directions were only found in sites Y2, LC8,
LC9, AL2 and AL8. Figure 8 illustrates typical
magnetic behaviours of these samples. In gen-
eral, they showed low–moderate coercivities with

characteristic remanence being destroyed at fields
between 20 and 60 mT. Unblocking temperatures
were mostly c. 3008C, suggesting pyrrhotite as the
magnetic carrier, although temperatures c. 5008C
consistent with Ti-poor titanomagnetites were also
observed. The widespread presence of pyrrhotite
in these rocks was recently reported by Esteban
et al. (2011). Figure 8 shows the mean directions
from the above-mentioned sites, both in situ and
after correction for the bedding attitude of the
encasing lithology. It is evident that in situ direc-
tions are more consistent and suggest that magneti-
zation is mainly post-tectonic. In situ directions
also show higher inclinations, more appropriate to
those expected at these latitudes. However, mean
directions from LC8 show a better consistency
with the remaining sites and those from the pre-
viously presented units, as well as a coherent incli-
nation value, after bedding correction. In this case,
the bedding correction direction has been used.
Two sites (LC9, AL2) show positive inclinations,

Fig. 8. (a–d) Representative demagnetization diagrams of samples from different sites of sills of the Lemaire
Formation. (b) and (c) show the similar results provided by AF and thermal demagnetizations. Symbols as in Figure 2a.
(e) Mean characteristic directions for different sites at the Lemaire Formation sills. Directions are presented with their
a95 confidence circles. Arrows indicate displacements of the mean directions due to untilting of the successions in which
the sills are intercalated. Dashed circles show directions not considered (generally after bedding correction). Note low
inclinations of sites AL-2 and LC-9 and consistent directions of sites Y-2 (in situ), AL-8 (in situ) and LC-8 (after
correction). Symbols as in Figure 2c.
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suggesting a reversed polarity magnetic field dur-
ing remanence acquisition. As already mentioned
no independent age determination is available
for these rocks, but stratigraphic, petrographic and
microstructural considerations suggest they are
coetaneous with sedimentation of the Middle–
Upper Jurassic Lemaire Formation. Clear signs of
low-grade metamorphism affecting these volcanic
rocks and post-tectonic nature of the remanence in
all but one site, plus pyrrhotite as the main carrier,
indicate a much younger age for the remanence.
The presence of both polarities suggests a post-
83 Ma magnetization (end of the Cretaceous Nor-
mal Superchron, Gradstein et al. 2012).

Mean directions for each site were compared
with the reference palaeomagnetic pole for South
America for 80 Ma (Besse & Courtillot 2002).
Although the age of remanence acquisition is not
firmly established, a Late Cretaceous age is likely
as the remanence is carried in most cases by pyr-
rothite which has been determined as a by-product
of the Late Cretaceous metamorphic overprint
of the sequence (Menichetti et al. 2008; Esteban
et al. 2011).

Rotation and flattening values are presented
in Table 1. All cases, except LC9, show signifi-
cant anticlockwise rotations. Sites AL2 and LC9
show very large inclination anomalies indicating

undetected tectonic tilting since remanence acqui-
sition. Both sites consistently show the largest
departures from rotation values of the whole group.

Discussion and interpretation

Figure 9a shows the distribution of declination
anomalies of the studied rocks along the central
part of the Fuegian Cordillera. Sites LC9 and AL2,
which showed very large inclination anomalies,
have been excluded. The overall picture is one of
a systematic anticlockwise rotation of c. 308 of
this section of the Fuegian Cordillera, from the
Fagnano Lake in the north to the Navarino Island
in the south. A much larger rotation as shown by
the northern sector of the Santa Rosa pluton is
assigned to local tectonic rotations, in this case
associated with a major strike-slip fault dissecting
the magmatic body. The fact that palaeohorizontal
control is either ambiguous or absent from the
different sites may explain some dispersion in the
rotation values, due to minor undetected tectonic
tilting. However, minor local tectonic rotations
cannot be ruled out. In any case, the consistency
of rotations found at so many different localities
indicates a systematic rotation pattern or a rigid-
body rotation of the central Fuegian Cordillera.

Fig. 9. (a) DEM of Figure 1 with the mean declination anomalies (rotation values of Table 1) for each locality in
the Fuegian Andes reported in this study. Uncertainties are represented as red triangles around the arrow. Values for sites
LC-9 and AL-2 are not presented due to the very large inclination anomalies of these sites. Rotation values for the
NE sector of the Santa Rosa pluton is represented by a white arrow. (b) Hypothetical geographical progression of
oroclinal bending of the Fuegian Andes.
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Very important Cenozoic regional sinistral strike-
slip systems affecting the study area (e.g. Cunning-
ham 1993; Lodolo et al. 2003) may produce
systematic anticlockwise rotations of crustal blocks
in a domino-type style, which in turn could yield
similar values of declination deviations at different
localities as found in our study. However, there
is a lack of significant faults transversal to the
main structural trends of the Cordillera (see Fig. 1;
Menichetti et al. 2008; Peroni 2012) which must
be present in such a model as the blocks limiting
faults. Furthermore, since the strike-slip deforma-
tion post-dates the main compressional phases, it
is expected that in such a scenario main thrust
systems should be disrupted in several localities
by transversal strike-slip faults accommodating
relative displacements between neighbouring rigid
blocks. None of these features have yet been ident-
ified in the central areas of the Fuegian Cordillera.
Finally, the overall WNW trend of the thrust-
ing system structures (see Fig. 1) would imply that
if these structures underwent c. 308 anticlockwise
local rotations, they were originally formed as
NNW structures which is difficult to reconcile with
the east–west trend of the Fuegian Andes. These
considerations make a systematic rotation pattern
of independent crustal blocks unlikely. A c. 308
anticlockwise rigid body rotation of the central
Fuegian Cordillera is therefore accepted as the sim-
pler and more likely explanation for the palaeomag-
netic data reported.

Several of the units studied are well dated
between 85 and 72 Ma; a post-72 Ma rotation of
the Cordillera is therefore implied. Maffione et al.
(2010) recently presented palaeomagnetic data
from Palaeogene sedimentary rocks of the Magal-
lanes fold and thrust belt (MFTB), located to the
north of our study localities. Mean remanence direc-
tions at five sites showed no significant declination
deviation, despite very large inclination flatten-
ing that was interpreted by the authors as due to
compaction of a primary remanence. Taken at face
value, these data suggest that no rotation of the
MFTB occurred after 50 Ma. Very minor rotations
(less than 208) since 60 Ma along the same belt
have been reported by Poblete et al. (in press). Com-
parison of our data with those from Maffione et al.
(2010) and Poblete et al. (in press) suggest that
either the central Fuegian Cordillera rotated 308
anticlockwise between 72 and 50 Ma or its rotation
did not affect the thin-skinned MFTB.

Cunningham et al. (1991) reported a nearly 908
anticlockwise rotation of outcrops of the Hardy For-
mation in Hardy Peninsula, to the south of our study
localities. The Hardy Formation is correlative to the
Lower Cretaceous Yahgán Formation (Olivero &
Malumian 2008). This study showed that these
rocks were remagnetized after tilting. The authors

interpreted a remagnetization at c. 90 Ma, during
the Cretaceous Normal Superchron. The large anti-
clockwise rotation was interpreted as evidence of
the oroclinal bending of the Fuegian Andes since
the Middle Cretaceous. Poblete et al. (2013) have
reported large anticlockwise rotations (c. 908) in
metasediments of the Hardy and Yahgán forma-
tions as well as from pillow basalts in the latter,
consistent with earlier results from Cunningham
et al. (1991). Sites from this study are more
widely distributed, from the Navarino Island in the
north to the Hardy Peninsula in the south. Mean-
while, Paleocene–Eocene sedimentary rocks show
much smaller rotations of c. 258. Unfortunately,
these results have only been communicated as an
extended abstract and no detailed description has
yet been published.

Several different models have been proposed to
explain the almost 908 curvature of the Patago-
nian Andes in Tierra del Fuego and neighbouring
islands. They range from fully oroclinal bending
(Dalziel et al. 1973) to partial bending (Kraemer
2003) and from a non-rotational orocline (Cunning-
ham 1993) to a primary curvature with systematic
local rotations (Diraison et al. 2000) or without
them (Ghiglione & Cristallini 2007). Rapalini
(2007) stated that the palaeomagnetic database
obtained up to that date was too small and unreliable
for a valid test of an oroclinal bending of the region.
Despite their limitations, the studies of Maffione
et al. (2010) and those presented here started to fill
significant gaps in the database, both temporal and
geographic. Diraison et al. (2000) presented an ana-
logue model in which an originally curved conti-
nental margin submitted to subduction developed
a fold and thrust belt in which systematic rotations
of c. 308 developed without any oroclinal bend-
ing. However, the systematic rotations found in
the central Fuegian Cordillera cannot be easily
explained by such a model; most rotations have
been found in late- to post-tectonic intrusives that
are younger in age than the Middle–Late Cretac-
eous main deformational phase of the Fuegian
Andes (Menichetti et al. 2008).

If the recent results by Poblete et al. (2013) are
considered, then a geographic pattern of systematic
rotations appears (Fig. 9b). While the central
Fuegian Cordillera shows a rigid body rotation of
c. 308, the outer MFTB shows very minor to insig-
nificant rotations and the inner part of the orogen
c. 908 anticlockwise rotations. This conclusion is
virtually identical to the original interpretation of
Burns et al. (1980) over 30 years ago with the first
palaeomagnetic data obtained in the region. These
data, however, do not pass present-day reliability
criteria. The pattern described is consistent with an
oroclinal bending of the whole Fuegian Andes
since initial closing of the Rocas Verdes Basin
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during the Middle Cretaceous, as proposed by
Kraemer et al. (2003). The fact that the maximum
age of rotation decreases from south to north, that
is, 90 Ma in the extreme south, 72 Ma in the cen-
tral areas and 50 Ma in the northern parts, also
permits a temporal progression of the bending that
should have occurred between 90 and 50 Ma.
Precise discrimination between temporal and geo-
graphical patterns of oroclinal bending awaits fur-
ther palaeomagnetic results.

Conclusions

Palaeomagnetic studies on the late- to post-tectonic
intrusions of the Jeujepén (c. 72 Ma), Kranck (70–
80 Ma?), Ushuaia (c. 74 Ma) and Santa Rosa (c.
85 Ma) plutons show that all these bodies were
rotated c. 308 anticlockwise after their intrusion.
The Jeujepén pluton and, to a minor extent the
Kranck pluton, also underwent significant north-
wards tilting. The systematic pattern found in
these plutons is confirmed by isolated sites on
thick metabasaltic sills intercalated in the Late Jur-
assic Lemaire Formation that carry a post-tectonic
remanence. The systematic rotation pattern found
in different localities of the central Fuegian Cor-
dillera suggest partial bending of the Patagonian
Orocline since c. 72 Ma. Previous palaeomagnetic
results on Palaeogene sedimentary rocks of the
Magallanes fold and thrust belt that do not show sig-
nificant rotations may be interpreted as bending
ended by 50 Ma. Around 908 of anticlockwise
rotation in the Hardy Peninsula to the south of the
study area, and unpublished results by Chilean col-
leagues in several sites distributed in the southern
Chilean islands, suggest the presence of a decreas-
ing angle of rotation from south to north along the
Patagonian Orocline. Whether this pattern is tem-
poral or geographic, or a combination of both,
awaits further palaeomagnetic results.
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