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Postmagmatic cooling and late Cenozoic denudation
of the North Patagonian Batholith in the Los Lagos
region of Chile, 41��42�15¢S

Received: 7 October 2004 / Accepted: 18 June 2005 / Published online: 8 October 2005
� Springer-Verlag 2005

Abstract Zircon and apatite fission track (FT) thermo-
chronology was applied to investigate the history of
cooling and denudation of the Southern Andes between
41� and 42�15¢S in relation to the late Cenozoic activity
of the Liquiñe-Ofqui fault zone (LOFZ) and the
northward migration of the Chile Triple Junction (CTJ).
Fifty-six zircon and 51 apatite FT ages, plus 37 apatite
confined track-length distributions were obtained
mainly from plutonic rocks of the North Patagonian
Batholith (NPB) in the main Andean Cordillera. Apatite
FT ages and track lengths indicate a stage of rapid
cooling at �5–3 Ma along both sides of the LOFZ,
whereas older Miocene ages with monotonous cooling
histories were obtained further away from the fault.
Zircon FT ages range from Cretaceous to Pliocene, with
marked differences observed along and across the
LOFZ. Three different types of temperature-time histo-
ries characterise the post-magmatic cooling of the NPB
in the region: deep intrusions with moderate and steady
cooling rates, intrusions in the upper crust with very
slow cooling rates following a stage of initial rapid
cooling, and rapidly cooled and exhumed shallow
intrusions, the latter with younger ages towards the fault
zone. The most prominent denudation episode along the
LOFZ is late Miocene to Pliocene, coeval with plate
tectonic reconstructions for the arrival and subduction
of the Chile Rise beneath the Taitao Peninsula.

Keywords Southern Chilean Andes Æ Liquiñe-Ofqui
Fault Zone Æ Fission track thermochronology Æ
Arc magmatism Æ Denudation

Introduction

The Southern Chilean Andes are a segment of the orogen
at the western margin of South America that is affected
by the subduction of a spreading oceanic ridge (Fig. 1).
At the active margin, the present-day intersection of the
Chile rise between the Nazca and the Antarctic plates and
the Peru–Chile trench defines the Chile triple junction
(CTJ), situated currently at �46�30¢S. Plate tectonic
reconstructions for the east Pacific Ocean floor indicate
that convergence along the South American margin has
retained an E to NE direction during most of the Ceno-
zoic (Cande and Leslie 1986; Pardo-Casas and Molnar
1987; Somoza 1998). Subduction of the Chile Rise be-
neath the southernmost tip of the South American plate
began between �14 Myr and 10 Myr ago (Cande and
Leslie 1986). The similar orientations of the ridge and the
Peru–Chile trench resulted in the CTJ migrating ca.
700 km northwards to its present-day position.

As an apparent effect of the oblique ridge subduction,
different structural domains along the Andean orogen
characterise differences in the geodynamic situation north
and south of the CTJ (Dewey and Lamb 1992; Diriason
et al. 1998; Lavenu and Cembrano 1999; Thomson et al.
2001). North of the triple junction, the most prominent
structure in the overriding plate is the Liquiñe-Ofqui fault
zone (LOFZ), which stretches along the Main Range
more than 950 km from Golfo de Penas to about 39�S
(Hervé 1976, 1979; Cembrano et al. 1996, 2000, 2002).

The activity of the LOFZ has been interpreted as
right-lateral strike-slip partition of strain in the ther-
mally weakened lithosphere of the arc region driven by
northward-oblique subduction (Hervé 1976; Beck et al.
1993, 2000; Rojas et al. 1994; Cembrano et al. 1996,
2000, 2002). Other authors invoke an effect of indention
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of the Chile ridge into the South American margin in the
past 14 Myr (Forsythe and Nelson 1985; Forsythe et al.
1986; Murdie et al. 1993; Nelson et al. 1994). In their
model, the subduction of the active ridge caused an
outboard sliver in the forearc, the so-called Chiloé
block, to become detached from the continental margin
along the right-lateral LOFZ. Geodynamic and palaeo-
magnetic studies suggest that the displacement of this
block is buttressed to the north of �40�S, where sub-
duction beneath the Central Andes is flat and the South
American margin is more concave towards the ENE
(Beck et al. 1993, 2000; Lavenu and Cembrano 1999;
Vietor and Echtler 2005). Total amounts of displace-
ments along the LOFZ remain largely unknown owing
mostly to the lack of easily identifiable offset geological
markers, the lack of detailed geological maps and the
relatively monotonous distribution of the main geologic
units outcropping along its traces.

Structural mapping, microfabric analyses, Ar-Ar
geochronology, and more recently, fission track (FT)
thermochronology along the Patagonian Andes between

�42� and 47�S provide evidence for right-lateral
transpression along the LOFZ in the late Cenozoic
(Cembrano et al. 2000, 2002; Thomson et al. 2001;
Thomson 2002).

The long-lived activity of the LOFZ is closely related
with the episodic evolution of the magmatic arc of the
southern Andes, represented by the North Patagonian
Batholith (NPB, Hervé 1984; Munizaga et al. 1988;
Pankhurst et al. 1992, 1999). Information on the age and
distribution of plutons of the NPB in the Chiloé and Los
Lagos regions of Chile is available through mapping
campaigns and geochronology performed by the Uni-
versidad de Chile (Munizaga et al. 1988; Carrasco 1995),
and more recently Sernageomin (Sernageomin-BRGM
1995; Duhart et al. 2000). Apart from isolated Al-in-
hornblende geobarometry reports (Hervé et al. 1996;
Seifert et al. 2003), few details are known about the post-
emplacement cooling and exhumation histories of the
plutons building the NPB. The subject of this paper is to
report 107 new fission-track (FT) ages from the Main
Range of the Southern Andes between �41�S and

Fig. 1 Plate tectonic setting of
the southern Chilean Andes and
location of the study area. CTJ:
Chile Triple Junction. LOFZ:
Liquiñe-Ofqui fault zone. Solid
triangles represent the location
of active volcanoes. Arrows
represent directions of
diverging and converging plate
boundaries (after Thomson
et al. 2001)
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42�15¢S, revealing the different emplacement and cooling
histories of the plutons building the NPB in the region.
Their denudation in relation to the late Cenozoic activity
of the LOFZ is also explored.

Geological framework

The southern Chilean Andes can be divided into three
main morphologic units (from west to east, Figs. 1, 2):

Fig. 2 Simplified geological
map of the southern Chilean
Andes between 41�S and 48�S
after Sernageomin (1980) and
Hervé et al. (2000)
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the Coastal Ranges, the Central Valley (or Ancud Basin
south of 41�S), and the Main Range. The regional
geology is dominated by calk-alkaline plutonic rocks of
the Meso-Cenozoic Patagonian Batholith (Fig. 2),
which extends as a continuous belt along the Main
Range between latitudes 40�S and 53�S. The segment of
the batholith north of �47�S, the so-called North Pat-
agonian Batholith (NPB), intruded a late Palaeozoic to
early Mesozoic metamorphic accretionary wedge com-
plex at the eastern margin of the Coastal Ranges (Hervé
et al. 1999, 2000; Hervé and Fanning 2001; Martin et al.
1999; Duhart et al. 2000), Jurassic silicic volcanic rocks
of the Ibañez Formation towards the eastern flank of
the Main Range (Pankhurst et al. 1998, 1999), and the
overlying early Cretaceous shallow marine volcano-
sedimentary rocks of the Aysén basin (De la Cruz et al.
1996; Suarez and De la Cruz 2000). The NPB has been
shown to display an episodic magmatic history with
predominantly late Jurassic to mid Cretaceous ages at
its western and eastern margins and early Miocene to
Pliocene ages in the centre (Hervé 1984; Munizaga et al.
1988; Pankhurst et al. 1992, 1999). The discrete episodes
of magmatism appear to correspond with increased
rates of plate convergence and decreasing angles of
obliquity with respect to the Peru–Chile trench (Pank-
hurst et al. 1999). A pause in plutonism during early
Tertiary times coincides with a phase of regional
extension, volcanism, and sedimentation along the
Coastal Ranges and the Central Valley between 36�S
and �43�S (Muñoz et al. 2000). Enclosed by the main
strands of the LOFZ, several marine volcano-sedimen-
tary basins sit unconformably on eroded parts of the
NPB and are locally intruded by younger late Miocene
plutons (e.g. Ayacara Formation, Rojas et al. 1994;
Traiguén Formation, Hervé et al. 1995). These are
interpreted as pull-apart basins formed at dextral-
releasing offsets of the LOFZ. The Late Miocene plu-
tons, sporadically exposed near the traces of the LOFZ,
have been described as syntectonic (Hervé et al. 1993;
Pankhurst et al. 1992, 1999). Along the LOFZ, centi-
metre- to meter-thick mylonitic bands are found within
the plutonic rocks. According to Ar-Ar dating by
Cembrano et al. (2000, 2002), many of these mylonites
were formed in late Miocene to Pliocene times. Starting
from Pliocene times, and during most of the Quater-
nary, expansive glaciation has affected much of the
Patagonian Andes (Mercer and Sutter 1982; Rabassa
and Clapperton 1990; Singer et al. 2004). Glaciation
extended to the Pacific coast until �20,000 years ago
and eastwards into the extra-Andean Patagonia where
well-developed moraine systems persist (Heusser 1990;
Lliboutry 1999). Because of the limited access to the
outcrops in the study region, sampling for FT analysis
was carried out in two specific areas of the Main Range;
additionally, these areas show differences in the age
distribution and deformation conditions of plutons ex-
posed along the fault zone. The thermochronologic re-
sults are consequently analysed and discussed separately
for each area in the following sections.

The North Patagonian Batholith in the Reloncavı́ area

The distribution of Miocene and Cretaceous plutons of
the NPB in the Reloncavı́ area is shown in more detail
together with a compilation of available geochronologic
and geobarometric data in Fig. 3. The ages of the
plutons are, in most cases, constrained by K-Ar and
Ar-Ar dates (Munizaga et al. 1988; Carrasco 1995;
Sernageomin-BRGM 1995), which depending on the
level of emplacement do not necessarily correspond to
the intrusion ages (Faure 1986). Two N-NNE diverging
fault segments of the LOFZ appear to juxtapose Mio-
cene and Cretaceous plutons with sharp contacts along
the Reloncavı́ Estuary and the southern branch of the
Todos Los Santos Lake. The main strand trends
approximately N–S and follows the regional orientation
of the fault zone. The second is oblique to the main
segment and of limited extent, suggesting an origin as a
large-scale dextral Riedel shear (Tchalenko 1970).
Assuming that the Cretaceous plutons across the fault
zone were emplaced simultaneously and originally
formed a coherent intrusive complex, a dextral dis-
placement of �30 km is inferred from the relative po-
sition of Miocene and Cretaceous plutons along the
Reloncavı́ Estuary, comparable to the size of pull-apart
basins south of the study area (Fig. 2). Al-in horn-
blende geobarometry indicates crystallisation depths of
between �8 km and �14 km, with deeper levels of
emplacement for the plutons located west of the LOFZ
(Seifert et al. 2003). Along the traces of the LOFZ, the
plutonic rocks are generally unfoliated and at best
weakly deformed (Adriasola 2003). To the west of the
LOFZ, contact metamorphic associations of andalusite,
K-feldspar, and sillimanite have been reported within
gneisses of the metamorphic basement (Thiele et al.
1986; Parada et al. 1987). This assemblage is indicative
of low-pressure conditions (<0.3 GPa, Holdaway 1971;
Spear and Cheney 1989), suggesting a shallow level of
emplacement for the intruding Miocene plutons in
these sectors.

The North Patagonian Batholith in the Hornopirén area

A geologic map of the Hornopirén area is shown in
Fig. 4, including available geochronologic and geo-
barometric data from the region. A small plutonic
complex of late Miocene to Pliocene age is emplaced
into Cretaceous parts of the NPB, pelitic schists of the
metamorphic basement, and dacitic tuffs of the Tertiary
Ayacara Formation (Hervé et al. 1979; Pankhurst et al.
1992; Rojas et al. 1994). Plutonic rocks with different
conditions of deformation are exposed along the LOFZ
(Cembrano et al. 1996, 2000; Adriasola 2003). Tonalites
of Miocene age outcropping along the eastern border of
the LOFZ between Rı́o Mariquita and Pichanco display
zones with a pronounced fault-related foliation over-
printing an earlier magmatic foliation. The tectonic
foliation is roughly oriented in NNW direction and in
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general dips steeply to the E. The continuation of this
structural imprint to the north was observed beyond the
outcrops of the plutons, affecting metamorphic and
pyroclastic rocks near Rı́o Negro, and to the south near
Pichanco. The microstructures and mineral assemblages

of the foliated tonalites show ductile fabrics formed at
greenschist facies conditions (Cembrano et al. 2000;
Adriasola 2003). A sample of a dark-coloured shear
zone near Rı́o Mariquita revealed S-C fabrics (Lister
and Snoke 1984; Dell’Angelo and Tullis 1989), indicat-

Fig. 3 Geology of the Reloncavı́ area (after Duhart et al. 2000): 1 Quaternary sediments. 2 Quaternary volcanic deposits. 3 Miocene
plutonic rocks. 4 Cretaceous plutonic rocks. 5 Jurassic-Cretaceous volcano-sedimentary rocks. 6Metamorphic basement rocks. 7 Liquiñe-
Ofqui fault zone. Compiled isotopic ages (Ma) after Carrasco (1995), Munizaga et al. (1988), and Sernageomin-BRGM (1995). A Ar-Ar
biotite. B K-Ar biotite. C K-Ar whole rock. D K-Ar hornblende. E Rb-Sr whole rock. F Al-in-Hornblende crystallisation depth (km).
G Samples for FT dating (with sample number). Abbreviations in map: Vn Volcán, E Estero, L Lago
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ing a dip-slip displacement with the relative upward
displacement of the eastern block (Adriasola 2003). For
the uplifted tonalite unit, Al-in-hornblende geobarome-
try data indicate maximum crystallisation depths of
�8 km and �15 km (Hervé et al. 1996; Seifert et al.
2003). At Cholgo, one U-Pb intrusion age of 10 Ma
(Cembrano et al. 2000) constrains the time of emplace-
ment for the deformed tonalites. Further south, near
Pichanco, an Rb-Sr isochron of 5 Ma has been reported
by Pankhurst et al. (1992) for undeformed coarse-
grained tonalites and associated granodiorites, suggest-
ing different magmatic events to have occurred along the
eastern side of the fault zone (Cembrano et al. 2000).
Plutons located at the western side of the LOFZ are
predominantly dioritic to tonalitic in composition. These
are generally unfoliated and at best weakly deformed
(Adriasola 2003). Outcrops of quartz-mica schists at the
southeastern shore of Llancahué Island display a very
regular NNW-trending and steeply dipping foliation,

following the general tectonic grain. The metamorphic
basement rocks on other parts of the island display a
more irregular foliation, locally disrupted by contact
aureoles. Contact metamorphic assemblages with
andalusite, cordierite, and sillimanite have been reported
within aureoles of the basement rocks on Llancahué
Island (Pankhurst et al. 1992). These phase assemblages
are indicative of low-pressure conditions (<0.3 GPa;
Holdaway 1971; Spear and Cheney 1989) and shallow
level of emplacement for the plutons west of the LOFZ.

Fission-track thermochronology

Sampling procedure and methods

Sampling for FT thermochronology was organised to be
as widespread as possible in order to observe variations
of the cooling histories of the plutonic units of the NPB

Fig. 4 Geology of the
Hornopirén area (modified
after Cembrano et al. 1996). 1
Quaternary sediments. 2
Quaternary volcanic deposits. 3
Unfoliated Late Miocene and
Pliocene plutonic rocks. 4
Miocene plutonic rocks. 5 Mid-
Tertiary volcanic rocks. 6
Cretaceous plutonic rocks. 7
Metamorphic basement rocks.
8 Areas with contact
metamorphism. 9 Strike/dip of
foliation. 10 Areas of relative
block uplift. Compiled isotopic
ages (Ma) after Cembrano et al.
(2000), Pankhurst et al. (1992)
and Sernageomin-BRGM
(1995). A Ar-Ar/K-Ar biotite.
B Ar-Ar muscovite. C Ar-Ar/
K-Ar hornblende. D Rb-Sr
whole rock. E U-Pb zircon.
F Al-in-Hornblende
crystallisation depths (km) after
Seifert et al. (2003) and Hervé
et al. (1996). G Samples for FT
dating (with sample number)
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with respect to orography and to attempt to distinguish
in situ post-magmatic cooling from cooling related to
uplift and denudation along the LOFZ. 49 samples were
obtained during two field seasons to the Main Andean
Range in the study area. The Sernageomin office of
Puerto Varas provided 11 additional samples from areas
of difficult access. Zircons and apatites were analysed
using the external detector method (Naeser 1976) and
f-calibration approach (Hurford and Green 1983;
Hurford 1990).

Apatite and zircon crystals were separated, mounted,
polished, and etched according to the techniques out-
lined by Hurford (1990). Apatite mounts were embedded
in epoxy, polished, and etched in 5 M HNO3 for 20 s to
reveal tracks. Zircons were mounted in FEP-Teflon,
polished, and etched in molten eutectic of NaOH:KOH
at 217±4�C using a platinum crucible. Total etching
times for zircons varied between 16 and 72 h and were
achieved at steps varying between 1 and 4 h, until the
majority of the grains were fully etched. The samples
were irradiated in the Risø reactor of the National
Laboratory at Roskilde, Denmark, or at the Oregon
State University TRIGA Reactor, in Corvallis, USA.
Zircon packages (RU21, RU22, and RU24) were irra-
diated with a total thermal neutron fluence of
1.0x1015 n/cm2. Apatite packages (RUA20 and RUA21)
were irradiated each with a total neutron fluence of
1.2x1016 n/cm2. The neutron fluence was monitored
using uranium-dosed Corning glasses CN5 for apatite
and CN1 or CN2 for zircon. A low-uranium muscovite
sheet was used as an external detector to record induced
tracks in the minerals and to measure the thermal neu-
tron flux. Fission tracks in the mica detectors of the
samples were revealed by etching in 40% HF during
50 min at room temperature. Spontaneous and induced
FT densities were counted on a Zeiss Axioplan optical
microscope at 1250x magnification. A dry 100x objective
for the apatites and an oil-immersion 100x objective was
used for the zircons.

fCN-5 apatite and fCN-2 zircon values for Adriasola
(Table 1) were obtained with the Fish Canyon (apatite
and zircon), Durango (apatite), Mount Dromedary
(apatite and zircon), Buluk (zircon), and Tardree (zir-
con) age standards recommended by Hurford (1990).
The fCN-1–zircon zeta by Brix was applied for samples
BR409, BR410, and BR411, and is based on multiple
analyses using Fish Canyon, Tardree, Buluk, and
Mount Dromedary standards.

Apatite FT lengths were measured using an attached
drawing tube and digitizing tablet calibrated against a
stage micrometer, following the recommendations of
Laslett et al. (1982). Central ages (Galbraith and Las-
lett 1993) were calculated using the International Un-
ion of Geological Sciences (IUGS) recommended f-
calibration approach of Hurford and Green (1983). A
total of 51 apatite and 56 zircon FT ages, plus 37
frequency distributions of confined track-length mea-
surements, are reported in this paper and documented
in Table 1.

Fission track results in the Reloncavı́ area

The location of the samples, the FT ages, and the apatite
track-length distributions in the Reloncavı́ area are
plotted in Fig. 5. In general, the apatite FT ages range
from early Miocene to Pliocene and tend to be younger
towards the LOFZ. Along the fault zone itself, the ob-
tained ages are typically between �5 and �3 Ma (the
oldest sample along the fault zone is 7.2±2.6 Ma and
the youngest 3.3±1.2 Ma).

The mean length and distribution of confined tracks in
apatite provide important additional information on the
cooling history of rocks below �120�C (e.g. Gleadow
et al. 1986; Green et al. 1989). In general, the measured
apatite FT length distributions have long mean track
lengths (between 13.6±0.2 and 15.0±0.2 lm) and rela-
tively large standard deviations up to 2.05 lm. The
negative-skewness towards shorter tracks indicates that
the host rock spent some time in the temperature zone
where FTs in apatite are partially annealed (Gleadow
et al. 1986). Along the LOFZ, the FT length distributions
have all long mean track lengths and tend to narrower
deviations (with the exception of sample AA2, Fig. 5),
indicating rapid cooling through the apatite partial
annealing zone (APAZ, Gleadow et al. 1986).

The distribution of zircon FT ages in the Reloncavı́
area appears to be concordant with the pattern of
intrusion and K-Ar ages from nearby outcrops and
therefore tends to mimic the distribution of the outlined
plutonic units (Fig. 3). Miocene cooling ages were ob-
tained on the western side of the Reloncavı́ Estuary and
Cretaceous on the eastern shore. Cretaceous ages were
also obtained in the eastern part of the study area and
along the Lago Todos Los Santos. Late Miocene–Plio-
cene zircon cooling ages were obtained from samples
AA129, AA42, and BR409, which are all located along
isolated sectors directly at the trace of the LOFZ, and
overlap with the apatite cooling ages within 1r-error.
These are interpreted as reset ages by late magmatism or
fluids and are discussed together with other data in the
following sections.

Several apatite and zircon FT ages have high age
dispersions (>20%), indicating discordant age distri-
butions (Galbraith and Laslett 1993). High age-disper-
sions in zircon FT ages from a common source may be
produced by differential a-radiation damage affecting
individual grains of the sample (e.g. Kasuya and Naeser
1988; Brandon and Vance 1992; Brandon et al. 1998).
The metamictisation of zircons, which is mainly pro-
duced by radioactive decay of U and Th, apparently
shifts their thermal stability towards lower temperature
ranges (e.g. Rahn et al. 2004). For apatites, such age
variations are commonly due to variations in chemical
composition, in particular by the Cl/Fl ratio (e.g. Green
1988; Crowley et al. 1991).

However, in the geological context of an active arc,
the scatter in individual grain ages can also result from
thermal overprinting by later magmatism or hydro-
thermal fluids causing differential age resetting of indi-
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vidual grains with different annealing properties (e.g.
Thomson et al. 2001; Thomson 2002).

The age dispersion of representative zircon FT grain-
ages along the LOFZ is analysed with different plots in
Fig. 6. Plots for the variation of the approximate U con-
tent of the single grains with respect to their ages show no
clear correlation; anomalously older grains are relatively
poorer in U concentration with respect to the rest of the
grain populations, whereas the younger grains have var-
iable U contents. The radial plots indicate, however, the
presence of youngMiocene age components accompanied
by relative errors below 20%. Why individual zircons
from within a single granitoid should show differential
partial resetting in response to some thermal eventwith no
apparent correlation toU-content and hence no apparent
correlation to accumulated alpha-damage is intriguing.
Although variable accumulated alpha-damage in zircon
(dominated by the decay path of 238U) is commonly cited
as being the third major factor—after temperature and

time—affecting the annealing behaviour of FTs in this
mineral (e.g. Kasuya and Naeser 1988; Brandon et al.
1998; Rahn et al. 2004), we speculate that the variable
annealing seen in this study has some other cause, perhaps
related to chemical variation. However, more detailed
investigation and discussion of this is beyond the scope of
this contribution and merits further study.

In order to identify possible sources of thermal
resetting, a classification of age components within the
discordant distribution of single FT ages from Creta-
ceous and Miocene zircon samples was attempted using
the program Bonmfit (Brandon 2002).

For Cretaceous samples AA30 and AA31 located near
Puelo, their Tertiary component ages are younger than
the nearest Ar-Ar ages from similar plutonic units, but
older than their apatite cooling ages. These could reflect
partial thermal resetting after pre-Tertiary cooling at
temperatures below the apatite PAZ, or alternatively
thermal resetting by later Miocene shallow intrusions at

Fig. 5 Zircon and apatite FT
ages and confined apatite track-
length distributions in the
Reloncavı́ area. Samples with
age dispersions >20% are
outlined in dark grey boxes and
>10% in light grey boxes.
Refer to discussion in the text.
Apatite track-length histograms
(with n>25) with vertical axes
representing the number of
confined tracks and horizontal
axes with the track-lengths
binned at intervals of 1 lm.
MTL mean track length. n total
number of measured tracks. SD
standard deviation
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the southwestern shore of the Reloncavı́ Estuary or south
of Rı́o Blanco. For sample AA6 at the western shore of
the Reloncavı́ Estuary, with a nearby Early Miocene
K-Ar age, and Late Miocene apatite cooling age, late
Miocene peaks were identified. This sample is located
5 km north of sample AA4, which has a very rapid
cooling history belowmagmatic temperatures by�7 Ma.
Sample AA130, at the eastern branch of Lago Todos Los
Santos, corresponds to an early Cretaceous plutonic unit
and is located within 5 km distance range to a plug-
shaped stock with an Ar-Ar age of 18.3 Ma.

As a reference, Tagami and Shimada (1996) have
shown that zircon FT ages in sandstones surrounding a
rapidly cooled granitic intrusion become totally reset
within a distance of �3 km from a steep-dipping con-
tact, although this distance can vary depending on sev-
eral factors including the size and shape of the intrusives,
the permeability of the wallrock, and the presence of
fluids (e.g. Kukowski 1992).

Owing to the young ages of the affected apatites and
the lack of measurable confined tracks, it was not pos-
sible to find any illustrative example for their age vari-
ation. The most affected apatite sample in the Reloncavı́
area, sample AA42, is very young and has a very low
spontaneous track density, which in addition severely
affected the precision of its central age.

The presence of anomalous copper and base metal
mineralisation has been reported in fluvial sediments
derived from the intruded metamorphic basement rocks
west of the LOFZ (Sernageomin-BRGM 1995). Hydro-
thermal activity is also present in numerous hot springs
along the fault trace; hot springs are found near Ralún,
Sotomó, and further south at Pichicolo and on Llan-
cahué Island. Volcanic monogenic cones are also located
at the southern end of Estero Cayetué, on the lower
slopes of the volcán Osorno and between the Yate and
Hornopirén volcanoes.

Despite these considerations, the number of samples
with high age-dispersions is nevertheless limited to a
minor proportion of the total dated rocks. The overall
distribution of zircon and apatite FT ages with respect
to the position of the LOFZ still points to the main
episode of cooling and denudation along the fault zone
being late Miocene–Pliocene in age, affecting rocks at a
temperature range between the apatite and zircon PAZ.

FT Results in the Hornopirén area

The distribution of FT ages and track-length data from
the Hornopirén area is shown on Fig. 7. Apatite ages are
similar across both sides of the fault zone, ranging from
6.5±1.2 Ma to 3.3± 0.5 Ma. The corresponding con-
fined track-length distributions have long mean lengths
(between 13.7±0.2 lm and 14.9±0.2 lm) and relatively
narrow deviations (between 1.5 and 1.3 lm along the
fault zone; sample AL181 away from the fault zone had
an exceptionally larger deviation of 1.7 lm), pointing out
rapid cooling from �120 to 60�C (Gleadow et al. 1986).

Large errors and high age dispersions were obtained in
apatite samples AA45, AA106, and AA39 because of the
presence of inclusion trails and etched fractures at their
grain surfaces. Along both sides of the fault zone, zircon
fission-track ages between 6.1±0.5 Ma and 3.2±0.3 Ma
overlap the apatite ages within 1r error. Despite the
differences in temperature range of their respective par-
tial annealing zones, the similar apatite and zircon ages
imply very rapid post-emplacement cooling rates for the
respective intrusives (>100�C/Myr). High age disper-
sions obtained in most of the zircon FT samples along
the LOFZ are indicative of partial thermal resetting by
hydrothermal fluids or magmatic activity in the shallow
crust. Sample AA43, taken from an outcrop of dacitic
tuff near Pichicolo, yielded overlapping zircon and apa-
tite FT ages of 14.6±0.6 Ma and 15.5±2.7 Ma. These
are concordant with an Ar-Ar date obtained from vitric
tuffs of an upper member of the Tertiary Ayacara For-
mation outcropping further south at Huequi (Rojas et al.
1994). This sample is interpreted as the extrusion age of
the volcanic unit and is discarded for the tectonic and
cooling history of the area.

Discussion: cooling history of the North Patagonian
Batholith and late Cenozoic denudation

Numerical simulations of the ascent and emplacement of
granitic intrusives reveal that viscosity contrasts and
absolute viscosity of magmas determine the splitting
behaviour and differing emplacement levels of magma
chambers (Kukowski and Neugebauer 1990; Kukowski
1992). According to these simulations, ascent and
emplacement typically occur within less than 1 Myr. The
cooling histories of the intrusive bodies depend on their
volume, shape, and level of emplacement. Within the
upper �15 km of the crust, thermal channels (with
temperatures exceeding 900�C) in the magmatic systems
can be established over time spans of up to �2 Myr,
allowing for splitting of magma chambers with con-
trasting densities and emplacement at different levels. At
shallow levels in the upper crust (�5 km), heat transfer
from a magma chamber is likely to occur through con-
vection of hydrothermal fluids. Depending on the per-
meability of the wallrock, the anomalous heat flow
affects the shape and distribution of the geothermal
gradients in their surroundings, lifting the isotherms in
the area above the chamber towards the Earth’s surface.
Furthermore, if the base of the chamber is connected
through channels with a reservoir of hot magma, the
thermal perturbation and fluid circulation may persist
for several millions years (Marsh 2000; Best 2003).

Thermal constraints for the interpretation
of T-t histories for the NPB

The interpretation of thermochronologic data usually
invokes the closure temperature concept (Dodson 1973),
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i.e. the temperature for a given system at the time rep-
resented by its apparent age. For each system, the clo-
sure temperature is a function of the cooling rate,
mineral composition, damage structure, and other spe-
cific properties that are still not completely understood
(e.g. Harrison et al. 1985). A precondition for integrat-
ing FT ages with normal isotopic systems to learn about
the low temperature part of cooling paths is that the
studied samples have not undergone any complex ther-
mal history at low temperatures (e.g. Dokka et al. 1986).
In the present study, this assumption is often supported
by the FT track-length distributions of the apatites.
High age dispersions, however, may result in some pla-
ces from thermal overprinting causing differential
resetting of zircons with different characteristics by
nearby intrusions or fluid activity. Cretaceous plutons
with high dispersions in their cooling ages may point out
a history of earlier exhumation, followed by reburial and
a second later phase of exhumation (e.g. Thomson et al.
2001). This latter scenario is, however, unlikely in the
study area considering the low P contact metamorphic
aureoles in the intruded wallrocks and the little amount
of Cenozoic overburden exposed in the Main Range.
Miocene zircon FT ages with high age dispersions could
represent thermal perturbations during the cooling his-
tories of plutons, affecting the T-t paths of rocks ex-
posed along the fault zone. U-Pb zircon and whole-rock
Rb-Sr ages are assumed to yield the time of magmatic
intrusion (e.g. Faure 1986). Amphibole K-Ar and Ar-Ar
closure temperatures record closure in a ‘‘transition
zone’’ at 500±50�C (Harrison 1981). Closure tempera-
tures of 350±50�C and 300±50�C have been assumed
for the low temperature magmatic and/or metamorphic
cooling K-Ar and Ar-Ar ages of muscovite and biotite,
respectively (Purdy and Jäger 1976; Stöckhert et al.
1999). Assuming rapid or monotonic cooling rates
exceeding 5�C/Myr, extrapolated closure temperatures
for the zircon and apatite FT systems were set at
280±30�C and 100±20�C, respectively (Wagner and
Reimer 1972; Hurford 1986; Wagner et al. 1994; Brix
et al. 2002; Thomson 2002). Where available, T-t paths
for the apatite FT system were constructed using inverse
modelling based on the well-known annealing charac-
teristics of the Durango apatite (Laslett et al. 1987).
Modelling was carried out with the software AFTSolve
(Ketcham et al. 2000). The interpretation of the T-t
paths for this study focussed mainly on the magmatic
cooling processes.

Interpretation of different T-t Histories for the plutons
of the NPB

54 cooling paths for the plutonic rocks of the NPB were
constructed by correlating the available thermochrono-
logic data of the region with the FT ages obtained in this
study. Because the correlation was established between
samples dated with different geochronologic methods,
and taken during different field seasons, we regard these

with a generalised interpretation based on different types
of intrusions. Samples AA125, BR410, and AL106 were
excluded from the interpretation because of the lack of
thermochronometers for the correlation. Cooling histo-
ries for samples AA8, AA10, AA128, AL143, BR409
and BR411 were interpolated with data from nearby
samples with complete thermal information. The shapes
of the derived T-t plots allowed classification of the
cooling histories into three main types (Fig. 8a):

Type A paths describe very slow cooling rates after
initial rapid postmagmatic cooling following emplace-
ment at depths of �7–10 km in Cretaceous times and
rapid unroofing in the late Cenozoic. We envision that
the sampled pluton experienced slow, conductive cooling
at depth. This type of cooling corresponds well to pre-
dictions for plutons with large surface-to-volume ratios
(Kukowski 1992; Best 2003). For type A, the cooling
rate has a downwards-concave shape between �100 and
�30 Ma, is generally less than 2.5�C/Myr at tempera-
tures below �300�C and increases progressively from
�30 to �5 Ma. Along the LOFZ, most of these rocks
cooled rapidly below the APAZ (�50�C/Myr below
150�C) in the late Miocene-Pliocene, as shown by the
Durango apatite models from AFTSolve. However, the
wide time-span given in the correlation between different
thermochronometers allows two possibilities: either the
plutons remained at near-constant depths during most
of the Cenozoic until exhumation in the late Miocene
(type A1), or alternatively, they were previously denuded
and reburied or re-heated sufficiently to totally reset the
apatite FT system (type A2; e.g. Thomson et al. 2001).
This latter scenario may be likely for samples AA30,
AA31, and AA130, which display partially reset zircon
FT ages (Fig. 6). The curves are based on the correlation
of zircon and apatite FT ages with mid-Cretaceous
biotite K-Ar and Ar-Ar cooling ages from the Reloncavı́
area (Carrasco 1995; Sernageomin-BRGM 1995). Al-in-
Hornblende geobarometry by Seifert et al. (2003) sup-
port the inferred emplacement depths for these intru-
sives.

Type B paths describe moderate and steady cooling
rates following deep emplacement at some time between
Cretaceous and early Miocene. For type B, the rates
range between �20�C/Myr and 50�C/Myr. The steady
cooling rates suggest that the plutons were exhumed
from emplacement depths exceeding 10 km. This infer-
ence is in agreement with depths of emplacement
determined with Al-in hornblende geobarometry data
from plutons along the LOFZ by Seifert et al. (2003).
With the exception of one early Miocene Rb-Sr date by
Munizaga et al. (1988), no intrusion dates are available
for these plutons. We interpret these cooling rates to
correspond to deep magma chambers split along the
LOFZ near their emplacement level (e.g. Kukowski
1992).

Type C paths indicate very rapid cooling after
emplacement in the Miocene and Pliocene at shallow
levels in the upper crust, e.g. at less than �5 km depth.
Cooling rates well exceed 50�C/Myr and are comparable
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to those described at deformation zones in core-complex
settings (e.g. Johnson et al. 1997). Here, such high
cooling rates are unlikely to correlate with tectonic
activity and rapid erosion along the magmatic arc of the
subduction zone, but instead should reflect cooling re-
lated to heat transfer through hydrothermal fluid con-
vection atop a magmatic body close to the surface
(Kukowski 1992).

The regional distribution of the cooling path types
within the rocks of the NPB is shown in Fig. 8b. Type A
cooling paths are concentrated along the eastern border
of the Reloncavı́ Estuary and scattered across the Todos
Los Santos Lake and at the eastern side of the Main
Range. Type B paths were obtained for plutons at the
western shoreline of the Reloncavı́ Estuary and at the
eastern border of the Todos Los Santos Lake. The rel-

ative alignment of the types A and B cooling paths with
respect to the position of the main fault strand of the
LOFZ along the Reloncavı́ Estuary indicates a western-
side uplift between plutons emplaced at different levels
and different times. The relative movements must have
ended in the Pliocene (�5–3 Ma), given by the similar
ages indicated by the steep cooling curves below the
apatite PAZ on both sides of the fault zone. A similar
comparison between the different T-t histories at the
eastern border of the Todos Los Santos Lake indicates
an eastern-side uplift across the NNE-trending fault
segment of the LOFZ.

Type C cooling paths are irregularly distributed on
the Main Range and along isolated sectors of the
LOFZ, resembling plutons emplaced over deeper units
of the NPB. For display on the maps, their ages of

Fig. 6 U-Age plots, radial plots
(Galbraith 1990), and
probability density distribution
plots with best-fit peaks
determined from Binomfit
(Brandon 2002) for selected
zircon FT ages with high age
dispersions along the LOFZ in
the Reloncavı́ area. The thick
line is the probability density
distribution. The thin lines show
the component distributions
estimated by the binomial peak-
fit method of Brandon (1996).
The arrows in the radial plots
correspond to the best-fit peak
ages for the sample. The gray
bars in the radial plots are the
Ar-Ar biotite dates from the
nearest outcrops of the same
plutonic unit. The younger age
components suggest partial
resetting by later magmatic or
hydrothermal activity, refer to
discussion in text
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intrusion were binned at intervals of 15±2.5 Ma,
10±2.5 Ma, 5±2.5 Ma. This classification reveals a
tendency of younger ages towards the LOFZ. In the
Hornopirén area, type C T-t curves are located on both
sides of the LOFZ. Additionally, these fast cooling
rates imply that the intruded wallrocks must have been
at low temperatures. This is consistent with the low-

pressure contact metamorphic aureoles in the basement
rocks on Llancahué Island (Pankhurst et al. 1992). The
partially reset zircon FT ages obtained along the fault
zone can thus be interpreted as representing older
wallrocks reheated to temperatures of partial annealing
of FTs in zircon by the later shallow intrusions in the
area.

Fig. 7 Zircon and apatite FT
ages and confined apatite track-
length distributions in the
Hornopirén area. Grey boxes
indicate samples with high age
dispersions (see legend in Fig.
5). Refer to text
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Timing and nature of denudation along the LOFZ

If the episode of differential denudation is controlled by
vertical displacement along the LOFZ, then this move-
ment can be dated as late Miocene. The timing of ces-
sation of relative vertical displacement is constrained by
the steep curves in the apatite FT cooling histories along
the fault zone, which imply uniform fast cooling and
hence denudation since �6 Ma (Figs. 5, 7, 8a, b). The
most likely cause of this denudation is preferential ero-
sion of transpression-driven uplifted fault blocks. Ra-
mos and Kay (1992) infer a transpressional tectonic
configuration for the Southern Andes during the late
Miocene. Plate tectonic reconstructions show that the
Chile Rise was subducted beneath the Taitao Peninsula
between �7 and �4 Ma (assuming that the ridge was
subducted with a constant rate of 2 cm/year since
�10 Ma, e.g. Cande and Leslie 1986; Ramos and Kay
1992; Thomson et al. 2001). Strain partitioning in the
overriding plate is suggested from the different structural
domains along the Andean orogen to the north and
south of the CTJ (Dewey and Lamb 1992; Diriason et al.
1998; Lavenu and Cembrano 1999). North of the CTJ, a
significant amount of contraction in the arc region

appears to have been taken up by transpression along
the right-lateral LOFZ in late Cenozoic times (Thomson
2002). In contrast, estimates for total horizontal short-
ening of the back arc between latitudes 47�S and 42�S
amount to �8 km, less than a third of the amount of
contraction observed south of the Triple Junction and
north of �37�S (Diriason et al. 1998; Vietor and Echtler
2005). However, evidence for earlier transpression along
the LOFZ is limited. This is probably because of its
long-lived history, active since Cretaceous times, and
because episodic magmatism along its traces has over-
printed previous deformation (Cembrano et al. 1996;
Adriasola 2003).

Amounts of Denudation along the LOFZ

Constraints on the amounts of denudation along the
LOFZ are difficult to obtain. Apart from tectonic forc-
ing, denudation, particularly erosion, may be driven by
other processes, like the steepening of local relief (rather
than an increase in elevation), changing climate, and
orography (e.g. Whipple et al. 1999; Fitzgerald et al.
1995; Small 1999; Montgomery et al. 2001; Montgomery

Fig. 8 (Contd.)
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and Brandon 2002; Willet 1999). The translation of
cooling histories derived from thermochronology to
denudation rates requires knowledge of the upper crus-
tal geothermal gradient, which in this region is likely to

vary in time as a function of magmatic heat input,
topography, heat advection, and convective circulation
in the upper crust (e.g. Kukowski 1992; Mancktelow and
Grasemann 1997). Regional surface heat flow measure-

Fig. 9 Scheme of the tectonic
evolution of the North
Patagonian Batholith in the Los
Lagos-Chiloé Regions along the
Liquiñe-Ofqui fault zone
(LOFZ) inferred from their T-t
histories in this study. Partially
crystallised plutons are outlined
in dashed lines. CVG: Central
Valley Graben. Uppermost line
represents the topography of
the Main Range excluding the
volcanic edifices
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ments yield current values of �80–100 mW/m2 (Hamza
and Muñoz 1996; Muñoz 1999). Thermal conductivities
for granitoids vary between 2.5 and 3.5 W/(mÆK) (Sei-
pold 1998). Thus, present-day geothermal gradients of
32±8�C/km can be estimated for the upper crust. A
reasonable denudation estimate along the LOFZ can be
obtained from the uplifted blocks represented by plutons
with type B T-t histories, exhumed with moderate and
steady cooling rates from depths exceeding 10 km. These
were well identified on the western shore of the Relon-
cavı́ Estuary. Their cooling curves describe rates of �20
to 30�C/Myr from 12 to 8 Ma at temperatures below
300�C, followed by increased rates at temperatures be-
low the apatite PAZ in the Late Miocene–Pliocene
(Figs. 8a, b). Assuming that the present-day geotherm
has remained constant since the late Cenozoic stage of
denudation, their average cooling rates of �30 to 50�C/
Myr would imply denudation rates of �0.9 mm/year to
1.6 mm/year (or between 0.8 and 2.2 mm/year for con-
stant geotherms derived from surface heat flow values
between 80 mW/m2 and 100 mW/m2). Supposing an
early Miocene intrusion age of �20 Ma for these plu-
tons, the average post-emplacement exhumation rates
constrained with Al-in-hornblende geobarometry would
be below �1 mm/yr. Denudation rates determined from
thermochronology may be overestimated due to the ef-
fect of topography or the advection of isotherms, as they
rely on cooling rates of samples located at the bottom of
a valley. For a comparable sinuous topography with a
wavelength of �20 km, an amplitude of �1.5 km, a
geotherm of 20�C/km, and steady-state erosion rates of
�1–2 mm/year, Stüwe et al. (1994) calculated that the
topographic effect would lead to an overestimation by
ca. 20%. Direct conversion of cooling rates to exhu-
mation rates that assume a simple constant linear geo-
therm can markedly underestimate peak exhumation
rates where exhumation rates are rapid (>1 to 2 mm/
year), and overestimate rates during periods of isotherm
relaxation when exhumation wanes (Mancktelow and
Grasemann 1997). Furthermore, as the regional land-
scape is severely affected by Plio-Pleistocene glaciation,
it is difficult to judge how the present day topography
has been modified after the samples cooled through the
FT closure temperature isotherm. For mountain belts
that intersect the snowline, glacial erosion processes
operating above the mean glacial equilibrium-line-alti-
tude (ELA) appear to place an upper bound to the
stability of topography, above which only a small vol-
ume of uplifted rock survives erosion at a geologic
timescale (Brozovic et al. 1997). The modal elevation of
the modern perennial snowline in the region, a proxy for
the regional ELA, varies between 1,500 and 2,000 m
above sea level, and lies typically �1–1.5 km beneath the
mountain summits (Montgomery et al. 2001). A dis-
sected Pleistocene ice-capped volcano, Monte Tronador
(41�09¢S, 71�53¢W; 3,470 m above sea level) represents
the highest elevation of the region. As a reference,
Thomson (2002) compared glacial erosion rates in Pat-
agonia with estimations by Hallet et al. (1996) for high

ice-flux, temperate-glacier landscapes in Alaska, which
vary between 10 and 100 mm/year, and clearly exceed
denudation rates estimated by FT thermochronology.

At present, climate in Patagonia is controlled by
persistent winds with a westerly component (so-called
westerlies) driving storms against the western flanks of
the southern Andes, and locally precipitation rates ex-
ceed 4,000 mm/year (New et al. 2002). These rates are
comparable in magnitude with the Monsoon precipita-
tion rates at the foothills of the Greater Himalayas,
where bedrock river-incision has been shown to be a
very effective erosion agent keeping pace with the
development of topography (e.g. Burbank et al. 1996,
2003). However, the much lower mean glacial ELA
throughout much of the Plio-Pleistocene in Patagonia,
as compared to the Himalaya, means that the precipi-
tation in Patagonia is dominated at relatively low ele-
vations by snowfall, leading to a landscape that has
clearly been dominated by glacial erosion, rather than
fluvial erosion processes, during the Plio-Pleistocene.

At Hornopirén, the presence of very young and
shallow intrusions hampers any direct estimate of
denudation rates. Al-in-Hornblende geobarometry
indicates a maximum crystallisation depth of �15 km
(0.5 GPa) for the deformed tonalites of the uplifted
eastern block of the LOFZ (Seifert et al. 2003; Hervé
et al. 1996). Combined with an intrusion age of
9.9±0.2 Ma (Cembrano et al. 2000), an average denu-
dation rate of �1.5 mm/year since the time of
emplacement can be inferred. The apatite FT ages from
the Hornopirén area are nevertheless similar to those
obtained along the LOFZ at Reloncavı́ and therefore
may correspond to the regional pattern of denudation
outlined in this study, which was active between �5 to
3 Ma. In this context, if the apatite FT ages along the
eastern border of the fault zone indicate denudation
dates, this would imply a maximum rate of �3 mm/year
after emplacement (albeit for a limited duration).

Regional implications

The above-mentioned rates should be regarded as upper
bounds for total denudation rates in the region, as they
represent uplifted blocks oppositely distributed along
the fault zone. As a consequence of differential exhu-
mation, intrusions with different timing and level of
emplacement within the NPB are exposed on both sides
of the LOFZ. The late shallow intrusions may have been
emplaced into dilational zones created during right-lat-
eral movements along the fault zone, as described along
shear zones within magmatic arcs by Paterson et al.
(1991), Hutton and Reavy (1992), and Tikoff and Saint
Blanquat (1997).

The results of this study support the assumption of a
coupling between magmatism and late Cenozoic tec-
tonics along the southern Andes. The widespread
exposure of the NPB along the Main Range, its rela-
tively low and homogeneous topography, and the poor
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preservation of Meso-Cenozoic cover sequences can be
attributed to intense erosion produced by Plio-Pleisto-
cene glaciation (e.g. Montgomery et al. 2001; Thomson
2002) and local fluvial incision at lower elevations and
lower latitudes (e.g. Burbank et al. 1996, 2003). Inde-
pendent evidence for significant amounts of Cenozoic
erosional denudation is provided by the local presence of
a �4-km-deep intramontane basin revealed by oil well
data and a seismic reflection profile across the Ancud
Gulf at 42�S (Fig. 1). This basin forms part of a dis-
continuous system along the Central Valley and is
bounded to the north by a basement high represented by
the uplifted crystalline block at Reloncavı́ (Gonzalez
1989). The infill consists of more than 3 km of Eocene to
Miocene continental and marine clastic sedimentary and
volcaniclastic rocks lying unconformably over the
basement. Plio-Pleistocene glacial deposits, more than
1 km thick, intercalated with basaltic lava have been
reported at the top of this sequence. This indicates that
sedimentation input rates during the Tertiary (for a
period of 30 Myr) were increased in the past 5 Myr by a
factor of 2.

A sketch of the tectonic evolution of the different
types of plutons of the NPB in the Reloncavı́ area is
shown in Fig. 9. Cretaceous plutons resemble the oldest
remnants of the arc in the past, where the LOFZ began
its activity as a thermally weakened zone in the litho-
sphere above the mantle wedge. The formation and
subsidence of the Central Valley in the early to mid
Tertiary was accompanied by dextral and normal dis-
placements of the LOFZ along the Main Range. In this
context, shallow intrusions were emplaced favoured by
deep structures. In the Late Miocene, exhumation of
deeper intrusions occurred in a regional denudation
episode probably coeval with the northward migration
of subducted transform fault segments of the Chile Rise
beneath the arc at the latitude of Golfo de Penas. Tec-
tonic unroofing was accompanied by late, shallow
magmatism along the LOFZ. Erosion was enhanced by
Plio-Pleistocene glaciation and intense precipitation
resulting in the development of an upper bound to the
topography and mean elevation of the Main Range.

Conclusions

The application of zircon and apatite FT thermochro-
nology along the NPB between 41�S and 42�15¢S, com-
bined with a compilation of available geochronologic
and geobarometric data from the region, allows the
following conclusions:

1. Three different classes of intrusions building the NPB
can be distinguished by their T-t histories and geo-
graphic distribution:

(a) Cretaceous intrusions emplaced in the upper
10 km of the crust, with an initial stage of rapid
cooling after emplacement and subsequent very

slow cooling rates at lower temperatures. Along
the LOFZ, these were rapidly exhumed in the late
Miocene–Pliocene.

(b) Cretaceous (?) to Miocene deep intrusions ex-
humed along the LOFZ with moderate and
steady cooling rates from depths exceeding
10 km.

(c) Tertiary shallow intrusions, characterised by very
rapid cooling after emplacement in the upper
5 km of the crust. The very rapid cooling proba-
bly resulted from convection of hydrothermal
fluids.

2. Apatite FT thermochronology indicates that the
LOFZ was the focus of enhanced cooling and denu-
dation between �5 and 3 Ma. If the preceding epi-
sode of differential denudation is related to variable
vertical components along the fault zone, then this
period of movement can be dated as late Miocene.
The most likely cause for denudation is right-lateral
transpression, in agreement with the geodynamic
situation of the southern Andes north of the CTJ.
The dated movement along the LOFZ is coeval with
plate tectonic reconstructions for the arrival and
subduction of the Chile Rise beneath the Taitao
Peninsula.

3. Transpression along the LOFZ was probably coupled
with magmatic activity. Direct estimates for the
amounts of denudation are thus complicated by
possible time-variations of the geotherm in response
to magmatic heat input, topography, and convective
fluid circulation in the upper crust. Differential
exhumation rates of �1 to 2 mm/year (for a time
span of about 5–3 Ma) are considered upper bounds
for denudation rates in this part of the Andean re-
gion.
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ométricas y tectónica neógena en el sector costero de Chiloé
Continental, X Región. Segundo Congreso Geológico Chileno,
Arica, Actas 1:F1–F18

Hervé F, Pankhurst RJ, Drake R, Beck ME, Mpodozis C (1993)
Granite generation and rapid unroofing related to strike-slip
faulting, Aysén, Southern Chile. Earth Planet Sci Lett 120:375–
386
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lichen Dimensionen und zeitlichen Variationen von Quelle und
Umfeld. PhD Thesis, University of Bonn, p 119

Kukowski N, Neugebauer HJ (1990) On the ascent and emplace-
ment of granitoid magma bodies - dynamic-thermal numerical
models. Geol Rundschau 79:227–239

Laslett GM, Kendall WS, Gleadow AJW, Duddy IR (1982) Bias in
measurement of fission track length distributions. Nucl Tracks
6:79–85

Laslett GM, Green PF, Duddy IR, Gleadow AJW (1987) Thermal
annealing of fission tracks in apatite: 2. A quantitative analysis.
Chem Geol 65:1–13

Lavenu A, Cembrano J (1999) Compressional- and transpression-
al-stress for Pliocene and Quaternary brittle deformation in
forearc and intra-arc zones (Andes of Central and Southern
Chile). J Struct Geol 2:1669–1691

Lister GS, Snoke AW (1984) S-C Mylonites. J Struct Geol 6:617–
638

Lliboutry L (1999) Glaciers of the Wet Andes. In: Williams RS,
Ferrigno JG (eds) Satellite image atlas of the glaciers of the
World, South America. United States Geol Survey professional
paper 1386-I, http://pubs.usgs.gov.prof/p1386i/index.html

Mancktelow NZ, Grasemann B (1997) Time-dependent effects of
heat advection and topography in cooling histories during
erosion. Tectonophysics 270:167–195

Marsh BD (2000) Magma Chambers. In: Sigurdsson H, Houghton
B, McNutt SR, Rymer H, Stix J (eds) Encyclopedia of Volca-
noes. Academic, San Diego, CA, pp 191–206

Martin MW, Kato CT, Rodriguez C, Godoy E, Duhart P, Mc-
Donough M, Campos A (1999) Evolution of the Late Paleozoic
accretionary complex and overlying forearc-magmatic arc,
south-central Chile (38�- 41�S), Constraints for the tectonic
setting along the southwestern margin of Gondwana. Tectonics
18/4:582–605

Mercer JH, Sutter JF (1982) Late Miocene-earliest Pliocene glaci-
ation in southern Argentina: implications for global ice-sheet
history. Paleogeogr Paleoclimatol Paleoecol, 38:185–206

Montgomery DR, Balco G, Willet SD (2001) Climate, tectonics,
and the morphology of the Andes. Geology 29:579–582

Montgomery DR, Brandon MT (2002) Topographic controls on
erosion rates in tectonically active mountain ranges. Earth
Planet Sci Lett 1:481–489
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Parada M, Godoy E, Hervé F, Thiele R (1987) Miocene calcal-
kaline plutonism in the Chilean Southern Andes. Rev Bras
Geosciências 17(4):450–455

Pardo-Casas F, Molnar P (1987) Relative motion of the Nazca
(Farallon) and South American plates since Late Cretaceous
times. Tectonics 6:233–248

Paterson SR, Vernon RH, Fowler Jr TK (1991) Aureole tectonics.
In: Kerick D (ed) Contact Metamorphism. Rev Mineral
26:673–722
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Ofqui megafault at the Reloncavı́ Fiord (41�30’S), Chile. Co-
municaciones Dep Geol Univ Chile 46:3–15

Tchalenko JS (1970) Similarities between shear zones of different
magnitudes. Geol Soc Am Bull 81:1625–1640

Thomson SN (2002) Late Cenozoic geomorphic and tectonic evo-
lution of the Patagonian Andes between latitudes 42�S and
46�S: an appraisal based on fission track results from the
transpressional intra-arc Liquiñe-Ofqui fault zone. Geol Soc
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