
A paleomagnetic analysis of the Patagonian Orocline

The dramatic change in the structural trend of the Andean orogen in southernmost Patagonia has long been con-
sidered a possible example of a true orocline. Paleomagnetism has proved a powerful tool to determine whether
a curved orogen acquired its shape as a secondary feature. Paleomagnetic data obtained so far in the southern
Patagonian and Fuegian Andes are reviewed in order to test the origin of the Patagonian orocline. Systematic
counterclockwise (ccw) rotations along the arc are suggested by widespread ccw deflections of paleomagnetic
declinations, which may be compatible with some secondary curvature of the orogen. Larger values of declina-
tion anomalies in the outer arc are consistent with some oroclinal bending related to mid-Cretaceous closure of
the Late Jurassic – Early Cretaceous Rocas Verdes marginal basin. However, a thorough paleomagnetic test of
the origin of the Patagonian Orocline is hampered by several problems that affect most results. These include
scarce and unevenly distributed studied localities, low quality paleomagnetic data, lack of paleohorizontal con-
trol and uncertainty in magnetization ages. The fact that most data obtained so far is still scarce and question-
able precludes a reliable answer to whether the southern Patagonian – Fuegian Andes are a true orocline
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INTRODUCTION

The Andean orogen presents a dramatic change (ca
90°) in its strike around 53°S, where from a roughly
north-south direction in continental Patagonia turns into
an east-west orogen in the island of Tierra del Fuego (Fig.
1). This bend is known as the Patagonian Orocline, after
Carey (1955). Dalziel and Elliot (1973) proposed that an
originally rectilinear orogen comprising the southern
Patagonian-Fuegian Andes and the Antarctic Peninsula,
was subsequently curved during the opening of the Drake
Passage in the Tertiary. As already pointed out by Cun-
ningham et al. (1991), a yet unresolved problem in the
evolution of the Southern Andes is whether the Patago-
nian Orocline formed as a curved orogen, it is a non-rota-

tional arc with domains offset by strike-slip faults or it
has been produced by orogenic rotation (“oroclinal bend-
ing”). Paleomagnetism is a very powerful tool to discri-
minate between such end-models and to unravel the kine-
matic evolution of an arcuate orogen both in space and
time (see Morris and Anderson, 1998). The available
paleomagnetic information regarding this topic and its
implications on the tectonic evolution of the southernmost
Andes are presented and discussed in this contribution.

DISCUSSION OF AVAILABLE PALEOMAGNETIC DATA

Paleomagnetic studies in the southernmost Andes are
yet scarce and the quality of the data is far from ideal.



Figure 1 displays the distribution of paleomagnetic decli-
nations obtained so far in this region. As previously pointed
out from a much reduced database (Dalziel et al., 1973;
Burns et al., 1980; Cunningham et al., 1991), these data
seem to reflect a systematic pattern of counterclockwise
(ccw) rotations that approximately follow the change of
strike of the Andean chain. According to these authors,
this should be interpreted as evidence in favor of an oro-
clinal bending of the Andean chain at these latitudes. The
actual cause and mechanisms behind this bending, how-
ever, remain elusive. Cunningham (1993) proposed a tec-
tonic model that involves inception of successive trans-

versal strike-slip systems that migrate northwards along
the south Patagonian Andes since the Cretaceous, produc-
ing ccw rotations and sinistral displacements that yield a
regional curvilinear orogen. Kraemer (2003) has recently
proposed a model for the origin of the Patagonian oro-
cline related to the closure of the Rocas Verdes marginal
basin in the mid- to Late Cretaceous. Other authors, how-
ever, have preferred a different mechanism, assigning at
least part of the anomalous paleomagnetic declinations to
counterclockwise block rotations associated to wrenching
during Late Cretaceous tectonic inversion of the Rocas
Verdes basin (e.g. Diraison et al., 2000), with a minor
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Distribution of paleomagnetic declinations of published data from the Patagonian Orocline. Data from Dalziel et al. (1973), Burns et al.
(1980), Cunningham et al. (1991), Rapalini et al. (2001, 2004, 2005), Baraldo et al. (2002), Iglesia Llanos et al. (2003). Numbered localities co-
rrespond to results selected in Table 1. A, B and C, results north of 48°S that do not show significant declination anomalies (from Iglesia Llanos et
al., 2003, Roperch et al., 1997 and Beck et al., 2000, respectively). Map modified from Diraison et al. (2000).

FIGURE 1



component of oroclinal bending. Other hypotheses sug-
gest that the curvature of the southern Andes is a primor-
dial feature and that tectonic rotations occurred only as
discrete blocks associated to strike-slip displacement
(Ghiglione, 2003; Ghiglione and Ramos, 2005). Under
this latter model the evolution of the Fuegian Andes can
be explained in terms of a non-rotational arc.

With the exception of the latter, the above-mentioned
different hypotheses have not substantially questioned the
reliability of the published paleomagnetic data. The seem-
ingly systematic and coherent distribution of ccw rotated
paleomagnetic declinations has probably given extra credit
to the paleomagnetic data. However, an inspection of the
published data indicates that some of these studies cannot
pass present-day minimum reliability criteria (e.g. Van
der Voo, 1990; Schmidt et al., 1990).

Paleomagnetic database

The first published paleomagnetic results from the
Patagonian Orocline belong to Dalziel et al. (1973). They
reported results from 27 sites (191 samples) distributed in
three localities (the Beagle Channel on the Navarino Island,
the western Beagle Channel, NW of Londonderry Island
and the southern Chile fiords region north of 52°S). Posi-
tive results were obtained in 50 samples from 7 sites. In
general, the studied rocks were dikes and other intrusives,
with ages ranging from Late Jurassic to Early Tertiary. Very
large ccw rotations found on rocks south of the Patagonian
bend and much reduced rotations to the north suggested to
Daziel et al. (1973) a paleomagnetic support for the secon-
dary (oroclinal) bend of the southern Patagonian Andes.

This study was followed a few years later by Burns et
al. (1980), who presented paleomagnetic results from dif-
ferent localities around the bend, which included the
Navarino island (Cretaceous Dientes de Navarino sill),
the Sierra de Valdivieso (Isla Grande de Tierra del Fuego,
Jurassic Serie Tobífera), the Isla Carlos in the strait of
Magallanes (basaltic flows) and the lago San Martín area
in the province of Santa Cruz (Argentina, diorite and
andesite sills). These authors found smaller ccw rotations
than those reported by the previous ones. Since they col-
lected their samples in the inner arc, they concluded that
the bending of the inner arc could not have been larger
than around 50°, and that the Southernmost Andes were
originally a partially curved orogen. Larger values in the
outer arc, as obtained by Dalziel et al. (1973), might be
due to an “oroclinal” rotation associated to the closure of
the Rocas Verdes marginal basin in the Cretaceous, which
might be the cause of the bending of the inner arc as well.

These two studies were the only published that have
been undertaken in a regional scale, with their sparse

sampling localities distributed along the whole bend.
Therefore, these studies are the most significant for the
oroclinal bending hypothesis (Fig.1). However, present-
day reliability criteria for paleomagnetic data include the
application of stepwise demagnetization techniques to all
samples to discriminate different magnetic components,
and vectorial analysis of demagnetization results in order
to determine the direction of the magnetic components
(e.g., Butler, 1992).  In contrast, the previously mentioned
studies are based on old-fashioned blanket demagnetiza-
tion techniques with no application of vectorial analysis.
Burns et al. (1980) study even lacks any single detail on
magnetic behavior of the samples. On such experimental
grounds, positive fold tests, as claimed for some locali-
ties, are at least dubious. According to present-day criteria
these results cannot be accepted anymore for any signifi-
cant tectonic interpretation. If results for these two studies
are omitted, we are reduced to a much smaller paleomag-
netic database to be used in tectonic interpretations (Fig.
2, Table 1). A much less impressive and significant distri-
bution of declination anomalies remains in this case.

The filtered dataset is then composed of three paleo-
magnetic studies in southern Tierra del Fuego (Cunning-
ham et al., 1991; Baraldo et al., 2002; Rapalini et al.,
2005) and three in the southern Patagonian Andes
(Rapalini et al., 2001, 2004; Iglesia Llanos et al., 2003;
Table 1). Despite several problems with the age of the
rocks, paleohorizontal control, amount of sites and sam-
ples, all the remaining studies can pass present-day labo-
ratory reliability criteria which require complete stepwise
demagnetization of all samples by either or both thermal
and alternating magnetic fields and determination of mag-
netic components by vectorial analysis.

Three of these selected studies were carried out in
Tierra del Fuego. One of them corresponds to the Upper
Jurassic –Lower Cretaceous Hardy Formation (Fm)
exposed in Peninsula Hardy (Hoste Island, Chile). There,
Cunningham et al. (1991) reported a post-tilting, presu-
mably mid- to Late Cretaceous, magnetization that indi-
cates 90°±12° ccw rotation around a vertical axis, with no
significant inclination anomaly. Another study was ca-
rried out on the monzogranitic intrusive body exposed at
Cerro Hewhoepen in the Argentine sector of Tierra del
Fuego. This intrusive has been dated as Late Cretaceous
(93±4 Ma; Acevedo et al., 2000). The study reported by
Baraldo et al. (2002) indicated an anomalous paleomag-
netic direction which was interpreted as indicative of a
33°±7°ccw rotation and a northward tilting of the body of
40°±6°.  The third result comprises only two sites reported
by Rapalini et al. (2005), one on a Late Jurassic basaltic
sill of the Lemaire Fm., with a likely Late Cretaceous
post-tectonic remagnetization and the other on the Late
Cretaceous Ushuaia dacite. A ccw declination anomaly of
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around 60° is observed for these two sites. A significant
difference in amount of rotation is shown between the
external and the internal areas of the Fuegian Andes, with
an apparent decrease in the amount of rotation towards
the north.  If a broadly similar age for magnetization of
all studied units is assumed, a geographic pattern of
smaller rotations towards the north is possible. On the
other hand, a northward decrease in magnetization age
cannot be ruled out with the available results. In this case
different rotation values may reflect progression of
regional rotation. In any case, interpretation of these
results in terms of oroclinal bending is not straightfor-
ward for several reasons, not the least that local crustal

block rotations cannot be ruled out, considering the
localized distribution of sampling sites. Further complica-
tions and uncertainties in the interpretation of the data are
discussed below.

The studies in the southern Patagonian Andes corres-
pond to the Upper Carboniferous to Lower Permian Tarl-
ton and Denaro formations exposed in the Madre de Dios
Archipelago (Rapalini et al., 2001), the Upper Jurassic El
Quemado Complex (Iglesia Llanos et al., 2003) and the
Late Jurassic – Early Cretaceous Sarmiento Ophiolitic
Complex (Rapalini et al., 2004). The first mentioned
study revealed a post-folding magnetization of possible
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Published paleomagnetic data from the Patagonian Orocline that pass present reliability criteria for laboratory procedures. Ninety per
cent confidence limits for declination anomalies are shown as grey zones.  Details of these studies are presented in Table 1. Map modified from
Diraison et al. (2000).

FIGURE 2



Early Cretaceous age and apparently related to the intru-
sion of the south Patagonian batholith. The mean rema-
nence direction shows a counterclockwise rotation of
118°± 30° with negligible inclination anomaly. The
results presented in second term come from three diffe-
rent localities south of 49°S (Lago San Martin north
(SMN) and south (SMS) and Lago Argentino (LA)) in the
southern Patagonian Andes of Argentina. At two of these
localities (SMS and LA, see Table 1) a positive tilt-test
suggests a primary magnetic remanence. All three locali-
ties show ccw rotations around vertical axes of 39°±14°,
57°±9° and 62°±15°, respectively. Very similar rotation
values are therefore found in rocks exposed over 100 km
apart, suggesting a regional rotation or a systematic tecto-
nic pattern. Finally, preliminary paleomagnetic data from
widely distributed sites in the Late Jurassic – Early Creta-
ceous Sarmiento ophiolitic complex in southern Chile
(Rapalini et al., 2004) yielded a post-folding (Late Creta-
ceous?) magnetic component which also shows a ccw de-
clination anomaly of 59°±17° with very minor inclination
anomaly. This result is almost identical to those from the El
Quemado Fm. in the southern Andes of Argentina, sugges-
ting a region of over 250 km long with very similar decli-
nation anomalies, both in sense and magnitude (Fig. 2). As
in the case of the Fuegian Andes, a much larger rotation is
found in the westernmost zone of the Andean orogen,
oceanward from the Rocas Verdes back-arc basin. 

Another interesting feature of the southern Patagonian
data is that the amount of in situ rotation (near 50°) is sig-

nificantly larger than the expected as the result of whole-
sale rotation of near 25° of a former N-S orogen at those
latitudes. This implies that a simple oroclinal bending
model cannot easily account for the rotation pattern
already found. The much larger rotations observed out-
board of the Rocas Verdes back arc basin, both in south-
ern Patagonia and Tierra del Fuego suggest that its clo-
sure, which started in mid-Cretaceous, may have played a
significant role in the extreme large rotations determined
in these areas, as already proposed by Burns et al. (1980)
and Kraemer (2003). 

Age of Magnetization and Paleohorizontal Control

Further problems in the analysis of the paleomagnetic
data arise from the generally loose constraints in the age
of magnetization for most of the results (see Table 1).  A
very common feature found so far is an Early to Late Cre-
taceous (?) remagnetization observed in several of the
studies reported (1, 3, 7, 8, Table 1). This brings problems
for a better constraint in the age of rotation as well as
uncertainty on the paleohorizontal at the time of rema-
nence acquisition. Lack of paleohorizontal control seems
to be the rule more than the exception with the data
obtained so far in the region. This is due to either post-
tilting (or folding) remagnetizations or data coming from
intrusive bodies. This lack of control turns the interpreta-
tion of declination anomaly as a record of crustal rotation
around vertical axes non unique in many cases. Although
in some cases an alternative explanation that involves
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Loc.   Geologic Geog. Coord. Rock type Magnetization Paleohorizontal Rota- Reference
unit and age age control tion

1 Hardy Fm. 55.5ºS, 68.2ºW Late Jurassic-Early Mid Late Cretaceous? NO 90º�12º Cunningham 
Cretaceous sedim. and et al. (1991)
volcanics

2 Hewhoepen 54.7ºS, 67.3ºW Late Cretaceous Late Cretaceous NO 33º�7º Baraldo 
Intrusive (93�4Ma) monzodiorite et al. (2002)

3 Denaro and Tarlton 50.4ºS,75.4ºW Late Carboniferus- post-Early Cretaceous NO 118º�30º Rapalini 
Fms. Early Permian basalts et al. (2001)

and limestones
4 El Quemado 49.0ºS, 72.2ºW Late jurassic arkoses, Late Jurassic YES 30º�14º Iglesia Llanos 

complex (SMN) ignimbrites, rhyolites et al. (2003)
5 Idem (SMN) 49.1ºS, 72.5ºW Late Jurassic dacites, Late Jurassic YES 57º�9º Idem

ignimbrites, rhyodacites
6 Idem (LA) 50.2ºS, 72.8ºW Late jurassic dacites, Late Jurassic YES 62º�15º Idem

tuffs, ignimbrites
7 Samiento Complex 51.7ºS, 73.6º Late Jurassic ophiolites Late Cretaceous? NO 59º�17º Rapalini 

(lavas, dykes, sills) et al. (2004)
8 Lemaire Fm and 54.6ºS, 68.0ºW Late Jurassic basaltic Late Cretaceous? NO 66º�10º Rapalini 

Ushuaia dacite sill and late Cretaceous et al. (2005)
dacite

Paleomagnetic data from the Patagonian Orocline that pass present-day reliability criteria of laboratory procedures. Numbered localities
correspond to those shown in Figure 2.
TABLE 1



rotation around a horizontal or inclined axis is unlikely
considering the geological and structural evidence of the
sampling locality, in other cases the interpretation of de-
clination anomaly as tectonic rotation around a vertical
axis is at least ambiguous. Figure 3 illustrates the latter
case. Mean site directions obtained from the Late Juras-
sic Sarmiento ophiolite (7, Table 1) correspond to a post-
folding (Late Cretaceus?) remagnetization. They show a
systematic and important anomaly in declination. This
can be due either to a large ccw crustal block rotation
around a vertical axis or to a rigid-body tilting (rotation
around a horizontal axis) of the Sarmiento ophiolite
block (Cordillera Sarmiento). 

The large ccw rotations found by Rapalini et al.
(2001) and Iglesia Llanos et al. (2003) apparently die
away very rapidly to the north (Fig. 1). The latter authors
have found no significant rotations in Late Jurassic rocks
of the Marifil Fm exposed at 47.9°S in the Lago Posadas
and Sierra Colorada, Argentina. On the Chilean side,
Roperch et al. (1997) reported no significant rotations in
Jurassic to Cretaceous rocks exposed between 46° and
47.5° S near the Lago Cochrane and Lago Carrera in the
Aysen region. Similar conclusions were published by
Beck et al. (2000) for rocks from the same latitudes, but

located 30 to 50 km to the west in the Chonos Peninsula.
According to this data, a significant change in the kine-
matic evolution of the tectonic deformation of the South-
ern Andes may have ocurred at some place between 48°S
and 49°S. 

Despite the paucity and uncertainties of the paleomag-
netic data available, some speculations on the paleomagnetic
results expected in different tectonic scenarios may be use-
ful, mainly as guidance for future work in the region. There
is general consensus that both thrust and strike-slip tectonics
were active during the Late Mesozoic to Cenozoic evolution
of the southernmost Andes (e.g. Cunningham, 1993; Dirai-
son et al., 2000; Kraemer, 2002; Lodolo et al., 2003;
Ghiglione and Ramos, 2005). The relative importance and
timing of each is however matter of debate. 

Tectonic rotations around vertical axes, as determined
by paleomagnetism, could be explained in our case by i)
regional flexural bending of the southernmost Andes
(true orocline) or ii) local tectonic rotations associated to
strike-slip faults or oblicue displacements of thrust
sheets. In the first case a correlation is expected between
sense and amount of rotation and the change of strike of
the orogen. However, the superposition of local rotations
may obscure the regional pattern up to some extent. On
the other hand, a non-oroclinal tectonic evolution will
produce only local rotations, which are expected to be
much more variable in magnitude, although the sense
may be constant. The presence of non-rotated areas is
also likely in this case. 

Considering the limited paleomagnetic data already
discussed for the southernmost Andes, the presence of
signifcant rotations not related to oroclinal bending are
evident in the South Patagonian Andes (Rapalini et al.,
2001; Iglesia Llanos et al., 2003; Fig. 2).  Those obtained
in the Fuegian Andes, on the other hand, can be recon-
ciled with an oroclinal model, although the apparent
reduction of amount of rotation northwards should be
explained either by a complex tectonic process (e.g.
Burns et al., 1980) or an age progression, with younger
magnetizations northwards. Difficulties in determining
the precise magnetization age in the rocks studied so far
do not permit to test the latter possibility. On the other
hand, non-oroclinal models require that rotations be asso-
ciated to local tectonics. This cannot be ruled out with
the present-day database, although non-rotated areas are
still to be found and correlation between declination
anomalies and deflection of structural trends have not
been reported yet. Furthermore, structural trends and
AMS (anisotropy of magnetic suscptibility) axes in rotated
sites in the Fuegian Andes (Rapalini et al., 2005) do not
show any significant deflection respect to the regional
structures.
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Example of the ambiguous interpretation of declination
anomaly without paleohorizontal control. Mean site directions of the
characteristic remanence of the Sarmiento ophiolite (Rapalini et al.,
2004) correspond to a post-folding remagnetization (open small cir-
cles). Site mean direction for the Sarmiento ophiolite (SO) and the
South American reference direction for the Late Cretaceous (LC,
Somoza, 2002) with their a95: white small circles and large grey cir-
cles. The reference direction after 60° rotation around a vertical axis
and after 30° rotation around a horizontal axis trending N 20° W (dot-
ted line) are shown as small grey circles with large white circles
(a95).

FIGURE 3
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Systematic paleomagnetic data across the Andean
chain at different locations may resolve this controversy.

CONCLUSIONS AND FINAL REMARKS

Whether the 90° curvature of the Patagonian-Fuegian
Andes is a primary or secondary feature can be tested
with paleomagnetism. The available data show systematic
ccw deflections of the paleomagnetic declinations, which
could be consistent in a broad sense with a secondary
curvature of the orogen. Other apparent features that can
be observed are larger rotation values in the external arc
(outboard from the Rocas Verdes marginal basin) and a
possible progressive reduction of the declination anomaly
towards the foreland. However, even taken at face value
the data are not fully consistent with a simple oroclinal
model as the magnitude of rotations in the northern
branch of the orogen exceeds that predicted by the simple
deflection of a former N-S structural trend. This may
suggest a more complex tectonic scenario than a simple
oroclinal curvature. 

In spite of this, a meaningful paleomagnetic test is
hampered by several problems. Among them, 1) insuffi-
cient laboratory procedures in the oldest paleomagnetic
studies; 2) scarce and unevenly distributed paleomagnetic
sampling coverage; 3) lack of paleohorizontal control in
most studies, that may turn ambiguous the interpretation
of declination anomaly; and 4) poor constrains in the age
of rocks and magnetizations.

Future systematic paleomagnetic studies on well dat-
ed rocks along the whole Patagonian arc may shed light
on the controversies regarding the tectonic evolution of
the region. 
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