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ABSTRACT

We have reanalyzed the pattern of paleomagnetically detected rotations in the central
Andes (the central Andean rotation pattern) in order to investigate the temporal and
spatial distributions of rotations. The dominant pattern of rotation is well known with
counterclockwise rotations in the northern Andes (clockwise in the southern Andes) linked
to Neogene orogenesis and shortening. However, much of the rotation in the forearc of
northern Chile (23-30°S) is distinctly anomalous because of markedly high rotations that
appear to predate rotations observed elsewhere in the central Andes. We argue that the
data define a domain located in the forearc of northern Chile marked by major (>25°)
clockwise crustal rotations related to late Paleocene—early Eocene highly oblique conver-
gence. This rather diffuse and cryptic deformation style accommodated strong shortening
perpendicular to the Andean margin by vertical axis rotations rather than by conventional
fold-thrust belts or transpressional fault systems.
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INTRODUCTION

The conspicuously arcuate nature of the
central Andes led to the orocline hypothesis
(Carey, 1955), in which a straight Andean
mountain chain underwent postorogenic bend-
ing by rigid rotation. Early paleomagnetic
studies revealed opposing rotations in north-
ern and southern limbs and hence supported
the Carey-type oroclinal model. In a seminal
paper, Isacks (1988) linked plateau creation
and rotation of the orocline limbs to along-
strike differential shortening of the orogen
caused by subduction at a preexisting, albeit
less curved, bend in the margin. This model,
with maximum shortening at the hinge, de-
creasing to both northwest and south, envis-
ages rotation of the forearc and margin in an
essentially passive manner with shortening
concentrated in the retroarc. The model pre-
dicted maximum rotations of 10° counter-
clockwise north and 25° clockwise south of
the bend, dependent on shortening and ther-
mal inputs. The limited paleomagnetic data-
base supported this hypothesis in that ob-
served and predicted rotations coincided.
Given the paucity of data, little thought was
given to the potential for variation in the age
of rotation. Recently, the quantity, quality, and
geographic distribution of paleomagnetic data
have expanded greatly (Arriagada et al,,
2003b; Prezzi and Alonso, 2002; Rousse et
al., 2003) and the hypothesis is referred to as
the central Andean rotation pattern.

The increased paleomagnetic data set (Data
Repository Table DR1!) has been accompa-
nied by an increase in shortening estimates
from balanced cross sections, and crustal and
map area balancing (Kley, 1999; McQuarrie,

2002). Along-orogen differential shortening
remains the likeliest driver of Neogene rota-
tion and uplift. However, rotations in pre-
Neogene units in the forearc region greatly ex-
ceed predicted rotations from Neogene
shortening estimates alone (Kley, 1999). This
is most notable in northern Chile, and it is this
anomaly which we focus upon here, suggest-
ing that it defines a discrete forearc domain in
northern Chile with rotation that is linked to
an older collisional event rather than Neogene
uplift per se.

CENTRAL ANDEAN ROTATION
PATTERN AND NEOGENE
DEFORMATION

Rotations were determined by comparing
observed and expected directions derived
from synthetic reference poles (Besse and
Courtillot, 2002). Previously there has been
debate over reference pole choice; we found
that there is no major difference in the pattern
of rotations for the past 100 m.y. when using
global data sets (Besse and Courtillot, 2002)
or dominantly South American data (Lamb
and Randall, 2001). Differences become more
pronounced in Early Cretaceous—Jurassic ref-
erence directions. The central Andean rotation
pattern data are here divided into three age
groups (Neogene, Paleogene, and Mesozoic)

IGSA Data Repository item 2005154, Table
DRI, supporting data as an Excel spreadsheet of
paleomagnetic data for the Andes, is available on-
line at www.geosociety.org/pubs/ft2005.htm, or on
request from editing@geosociety.org or Documents
Secretary, GSA, PO. Box 9140, Boulder, CO
80301-9140, USA.

based on the unit or magnetization ages given
by the original authors (Figs. 1A, 10).

The Neogene data (here <25 Ma) are al-
most all located within the present arc to re-
troarc. Rotations are relatively small, locally
variable (kilometer scale), but consistent with
identified shortening gradients and local struc-
tures that provide an adequate explanation of
the variability (Lamb, 2001; Riller and Onck-
en, 2003). At the scale of the central Andes
(Fig. 1A), the collected data, despite local var-
iability, show a smooth change of rotation
with latitude. This trend is fitted with a simple
polynomial function and compared with the
predicted rotations derived from structural es-
timates (Kley, 1999). It is clear, with some
exceptions that we surmise to be unresolved
problems in the structurally derived estimates,
that the data sets are in reasonable agreement
(Fig. 1B). This implies that the paleomagnetic
data, viewed at a regional scale, provide in-
sight into the long-term mountain-building
processes in the Neogene. Furthermore, the
data imply that north of 23°S, Neogene rota-
tion of the Chilean forearc region should not
exceed ~8° clockwise. Only at 22-23°S are
there paleomagnetic data of suitable age for
comparison, and these record no discernible
rotation (Arriagada et al., 2003b; Somoza et
al,, 1999; Somoza and Tomlinson, 2002a);
however, the predicted rotation is at the limit
of detection. Further studies need to clarify
whether this lack of rotation is an artifact or
a real discrepancy in predicted forearc rota-
tion. South of 23°S no suitable forearc units
have been studied. Given the data (Fig. 1A),
it is therefore necessary to consider, at the
large scale, that this part of the forearc may
have rotated passively by a maximum of ~18°
during the Neogene (Fig. 1A). In a numerical
analysis of shortening, rotation, and distrib-
uted fault-bound blocks, Arriagada et al.
(2003a) reached a similar conclusion as to the
maximum likely rotation. Other estimates of
the Neogene rotation, based on strike change
and shortening, invoking a megakink geome-
try involving NW-SE structures, suggest ~11°
of clockwise rotation in the forearc between
23° and 29°S, with no rotation to the north
(Somoza and Tomlinson, 2002b).

The pre-Neogene record of rotations (Fig.
1C) shows a distinct anomaly with respect to
the Neogene data set (Fig. 1A). The majority
of these data are located in the forearc of
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Figure 1. Central Andean rotation pattern. Paleomagnetically observed rotations, calculated
from 10 m.y. interval reference poles (Besse and Courtillot, 2002), against latitude. A: Neo-
gene data fitted with third-order polynomial trend line. B: Neogene trend line vs. structural
derived rotations from balanced cross sections (white) and crustal area balancing (black)

(Kley, 1999). C: Paleogene and Mesozoic data vs. Neogene trend line.

northern Chile and southern Peru. In the
northern limb (north of 18°S) data are sparse,
and it is difficult to determine their consisten-
cy with the Neogene data set. Recently it was
argued that rotation in the Peruvian forearc
was accomplished between 10 and 8 Ma dur-
ing uplift, and explains rotations observed in
both Mesozoic and Tertiary units (Rousse et
al., 2003).

In marked contrast to Peru, the Chilean
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forearc region (~23°-29°S) (Fig. 1C) exhibits
consistently large (30°-45°) clockwise rota-
tions (Arriagada et al., 2003b; Ferndndez et
al., 2000; Randall et al., 1996, 2001; Riley et
al., 1993; Taylor et al., 2002). Clearly these
rotations are not in accord with shortening
predictions or observed younger rotations in
the retroarc (Figs. 1A, 1B). Instead these ro-
tations demarcate a 700-km-long domain
characterized by large-magnitude clockwise

Figure 2. Geographical distribution of rota-
tions. Also shown: Eastern thrust front
(ETF), Atacama (AFS) and Domeyko (DFS)
fault systems, Antofagasta-Calama (AC) and
Fortuna (FL) lineaments, and Antofagasta
(Ant), Copiapé (Cop), and La Serena (LS) cit-
ies. Rotations in black are statistically sig-
nificant; those in gray are not. Inset: Nazca-
South America convergence (Pardo-Casas
and Molnar, 1987); ages in Ma.

rotation, the timing of which clearly predates
Neogene orogenesis.

GEOGRAPHIC LIMITS OF THE
DOMAIN

The northern limit at 22-23°S is defined by
a sharp reduction in rotations close to the NE-
trending Antofagasta-Calama lineament, north
of which, although data are sparse, rotations
diminish rapidly (Arriagada et al., 2003b; Go-
guitchaichvili et al., 2003; Fig. 2). This line-
ament is the southernmost of a series of deep-
seated, NE-trending dextral structures that
influenced the geological evolution of the cra-
ton and its margins (Jacques, 2003). It is also
close to a major change in shortening across
the Andes at a suspected former bend in the
orogen (McQuarrie, 2002) and a significant
change in basement inferred from gravity
studies. Directly to the east, major changes in
topography, structural style, and magmatism
in the retroarc are linked to a NW crustal line-
ament (Allmendinger et al., 1997). The south-
ern limit of the domain at 29°-30°S is marked
by rapidly diminishing rotations becoming in-
significant south and east of La Serena. We
have yet to identify a causative structure, but
note the marked kink in regional strike from
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NNE-SSW to N-S at these latitudes: this and
similar deflections have been suggested as a
possible locus for a change in rotations.

The eastern boundary of the domain is dif-
ficult to define, having two possible options
that have a profound difference in their sig-
nificance for the timing of rotation. The more
obvious, and initially appealing option, is that
this boundary is marked by the orogen-
parallel, dominantly sinistral, strike-slip to
transpressional, middle to late Eocene Domey-
ko fault system, noted for its major copper
porphyries and inferred to be a deep-seated
fundamental fault system (Fig. 2). Along the
length of the system, rotations are variable
with both exceptionally large and small rota-
tions associated with blocks within the system
(Arriagada et al., 2000, 2003b; Ferndndez et
al., 2000; Randall et al., 2001). It could be
argued that this might typify the bounding
master fault for a region recording major ro-
tations. In such a case, the rotations would ap-
pear to be linked to significant middle Eocene
to early Oligocene deformation in northern
Chile (Tomlinson and Blanco, 1997). The al-
ternative option is that the boundary of the
rotated area is somewhere to the east of the
Domeyko fault system covered by the prod-
ucts of the Neogene to recent arcs. This sce-
nario may be supported on the grounds that
substantial clockwise rotations have been
identified to the east of the main strands of the
Domeyko fault system (Arriagada et al.,
2003b; Randall et al., 2001; R. Fernindez,
2004, personal commun.). In this case, vari-
able rotations, with counterclockwise rotations
being kinematically favored in a sinistral fault
system, associated with the Domeyko fault
system would be superimposed upon and
overprint the widespread clockwise rotations
in the domain. This would imply a pre-42-40
Ma cause for the major rotations, as discussed
here.

AGE OF ROTATION WITHIN THE
DOMAIN

The Andean subduction boundary in north-
ern Chile consists of a series of arcs that
young episodically eastward, showing limited
spatial and temporal overlap, except with the
immediately preceding arc. This poses prob-
lems for determining the age of paleomagnetic
rotations in that units older, younger. and, if
possible, synchronous with the rotation event
are normally sampled to constrain the rotation
over time. Here it is necessary to look at the
data set as a whole for first-order variations.

Given the rotation, spatial, and age data
available (Figs. 1C, 2, and 3), there is no sys-
tematic difference between rotations recorded
by Mesozoic and Paleocene units within the
domain. This therefore imposes a lower bound
on the age of rotation, ca. 60 Ma. The varia-
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Figure 3. Paleogene to Mesozoic rotations between 22° and 30°S in northern Chile plotted
against given age. Note distinct change in values between ca. 60 and 40 Ma.

tion in rotation magnitude (Figs. 2 and 3) ap-
pears to be a consequence of proximity to the
Domeyko fault system. In contrast, the older
but equally important Atacama fault system
has no notable effect on the rotations (Randall
et al., 1996), which have similar magnitudes
to the east and west. There is, however, a
marked trend (Fig. 3) in decreasing rotation
between 60 and 40 Ma, although the individ-
ual magnetization ages and consequent rota-
tions are relatively weakly constrained, as sev-
eral of the studies yielded remagnetizations.
Nonetheless the gross trend suggests this was
the main period of rotation in the domain and
that rotation probably accumulated over a rel-
atively prolonged ~15 m.y. period. Further
studies of temporally well constrained mag-
netizations and rotations are needed to fully
support this hypothesis.

DISCUSSION

The geographic distribution and magnitude
of the rotations imply that they would have
been driven by large-scale forces affecting the
plate margin. The suggested 60-40 Ma period
for the rotations coincides with a period of
marked convergence obliquity between the
Nazca and South American plates (Pardo-
Casas and Molnar, 1987) (up to 49 Ma), after
which convergence would have been much
closer to orthogonal (Fig. 2). After 49 Ma the
convergence rate increased substantially and is
compatible with more discrete transpression
typified by the later activity of the Domeyko
fault system.

Throughout the southern half of the do-
main, the ubiquitous presence of NW- to
NNW-trending sinistral brittle faults has been
linked to clockwise rotations (Abels and Bis-
choff, 1999; Grocott and Taylor, 2002; Ran-
dall et al., 1996; Taylor et al., 1998). These

structures, part of long-lived sinistral linea-
ments that can be traced throughout much of
this part of South America, have been repeat-
edly reactivated, controlling basin formation,
eranite emplacement, and fault relay zones
(Jacques, 2003; Salfity, 1985). Within the do-
main, the youngest documented expression of
these structures is southeast of Copiapd,
where the Fortuna lineament cuts and delimits
the southern boundary of an extensive Paleo-
cene to mid-Eocene caldera field (Rivera and
Falc6n, 2000). The timing and geographic co-
incidence suggest that the obliquity of con-
vergence as a driving mechanism, coupled
with these preexisting structures, producing a
strong crustal anisotropy, was the dominant
cause of clockwise rotation in the domain. If
correct, the Domeyko fault system represents
not the controlling structure, or the eastern
limit of the rotations, but rather the system
into which transpression became more highly
localized and discretely partitioned as conver-
gence became more direct.

CONCLUSIONS

Neogene paleomagnetic rotations in the
central Andes are consistent with those pre-
dicted by shortening estimates. Simple analy-
sis suggests a maximum of ~18° (~10°)
clockwise rotation of the southern (northern)
limb based on studies in the arc to retroarc
region. While paleomagnetic evidence sug-
gests that the Peruvian forearc deformed pas-
sively and rotation occurred during the period
10-8 Ma, the evidence for Neogene rotation
of the Chilean part of the forearc is ambigu-
ous, with Oligocene-Miocene strata in the
north recording no discernible rotation.

Jurassic to Eocene rocks in northern Chile
(22°-29°S) normally record rotations that
greatly exceed any prediction of passive Neo-
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gene forearc rotation due to uplift and/or or-
ocline formation. They instead record clock-
wise rotations typically =30°, except close to
the Domeyko fault system, where they are
highly variable. The age of rotation appears to
be between 60 and 40 Ma and is linked, in
part at least, to the period of maximum oblig-
uity of Nazca-South America plate conver-
gence. The cause of rotation is inferred to
have been the oblique angle of convergence
coupled with a preexisting crustal heteroge-
neity defined by NW-NNW-trending struc-
tures. Rotation would have been caused, in es-
sence, by simple transpressional coupling in a
bookshelf style accommodating margin-wide
shortening in a nonpartitioned manner. This
deformation, dominated by vertical axis crust-
al rotations extending over a broad area, is
both areally diffuse and cryptic, in the sense
that it is not expressed by conventional strain
partitioning into margin-parallel and margin-
perpendicular structures. The onset of mid-
Eocene deformation in northern Chile was
marked by the development of the Domeyko
fault system, which overprinted earlier rota-
tions and the NW structures to some extent.
Rotations would have been, perhaps, more lo-
calized along the fault system and deformation
more concentrated into a narrower belt along
the system. We note the coincidence of the
southern boundary of the identified domain
with other features in the Andes, such as the
change from thin- to thick-skinned thrust belts
of the Sierra Pampeanas, the steep to flat slab
transition, and volcanic to nonvolcanic zones.
Clearly the connection between this domain,
which may have become strain hardened dur-
ing rotational deformation, and such features
needs to be investigated.
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