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ABSTRACT

Several paleomagnetic sites from upper Paleozoic through upper Tertiary rocks in Southern Chile have given valuable
tectonic information. Paleomagnetic data suggest clockwise rotation associated with the Liquiie-Ofqui fault; however,
some rocks present a small counterclockwise rotation. Nevertheless, the general pattern of rotation indicates dextral
shear along the fault. These data further suggest that rocks west of the Liquifie-Ofqui fault have been transported
northward, probably 400 to 500 km, in at least the last 50 Ma. Rocks east of the fault have either had a southward
transport or more likely have remained static with respect to cratonal South America. However, errors associated with
the rotations and translations are large, and some of these results are suspect. Rotation and translation appear to affect
rocks as young as 3 or 4 Ma, indicating that the Liquine-Ofqui fault has moved recently and probably is still active.
Evidence of volcanism associated with the fault supports this resuit.
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RESUMEN

El estudio paleomagnético efectuado en varias localidades de la Regién de Los Lagos, en el sur de Chile, sugiere que
rocas con edades comprendidas entre el Paleozoico superior y el Terciario superior presentan rotaciones horarias
asociadas a la Falla Liquifie-Ofqui aunque, en algunas de ellas, dicha rotacién es levemente antihoraria. La tendencia
general de rotacién sefiala un movimiento dextral a lo largo de la falla e indicaria que las rocas al oeste de ella han sido
transportadas hacia el norte por una distancia aproximada de, por lo menos, 400-500 km, en los Gltimos 50 Ma. Las
rocas al este de la Falla Liquifie-Ofqui han tenido un movimiento relativo hacia el sur o, tal vez, han permanecido
estaticas con respecto a Sudamérica. Debido a que los errores asociados con la determinacion de las rotaciones y
translaciones son elevados, algunos de estos resultados deberian ser comprobados con estudios posteriores. Rotacio-
nes y translaciones observadas a través de los datos paleomagnéticos en rocas de edades cercanas a los 3y 4 Ma, in-
dicarian que la Falla Liquifie-Ofqui se ha movido recientemente, siendo probable que aln se encuentre activa.

Palabras claves: Paleomagnetismo, Tecténica, Megalallas, Falla Liquine-Ofqui, Regién de Los Lagos, Chile.

INTRODUCTION

Large strike-slip faults around the world have
been the subject of considerable interest, and
many models have been advanced to explain them.
Beck (1983, 1985, 1986, 1988) and Fitch (1972)
suggested that oblique subduction may cause
strike-slip faults. According to Beck (1986), the
San Andreas fault system may be a transform
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boundary localized along pre-existing faults pro-
duced by oblique subduction. Similar North Amer-
ican faults may have caused transport of arc and
forearc rocks thousands of kilometers northward.
Paleomagnetic data have been fundamental in the
calculations of amounts of displacement and rota-
tion of blocks along strike-slip faults in western
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North America. Strike-slip faulting is also important
in €ollisional orogens such as the Himalayas. Mol-
nar and Tapponnier (1978) indicated that strike-slip
faults in Tibet are produced by an "“indenter" mech-
anism, whereby India pushes material northward
over the Eurasia continent, forming east-west fault
systems north of the Himalayas. Other strike-slip
faults have been produced by oblique accretion of
allochtonous terranes; e.g., the El Romeral fault in
Colombia (Aspden and McCourt, 1986; McCourt et
al., 1984), and faults such as El Pilar in Venezuela
(Speed, 1985).

These models of strike-slip faults perhaps can
be applied to western South America where the A-
luk, Farallén and Nazca plates have been subduct-
ed under the Chile Margin since Mesozoic times (Pil-
ger, 1983; Cande and Leslie, 1986). Faults such as
Atacama in Northern Chile (Allen, 1965; Arabasz,
1971) and the Liquifie-Ofqui Fault (LOF) in the south
(Hervé, 1976) could be related to oblique sub-
duction.

The area of this investigation is located in South-
ern Chile, between 39° and 42°S (Fig. 1). The area
lies mostly within the Andean Range, but some sam-
ples were collected in the Coast Range of Valdivia
and on Chiloé Island. Ages of the sampled units
range from late Paleozoic to late Tertiary.

The Liquifie-Ofqui Fault is undoubtedly the most
important structural element in the area but, de-
spite intensive study, its tectonic history is not well
known. If its movement involved large tilting or later-
al displacements, it should be recognized paleo-
magnetically. Hervé (1976) indicated that the fault
had dextral strike-slip motion during Late Creta-
ceous-early Tertiary times. Beck (1988) and Hervé
(1976) indicated that this motion was related to ob-
lique subduction. Forsythe and Nelson (1985) be-
lieve that the Liquifie-Ofqui Fault is a result of the
collision of the Chile Rise with the Pert-Chile
trench. The Chile Rise (Fig. 2), according to their
model, acts as a rigid indenter in a way analogous
to the Molnar and Tapponnier (1978) model for
active deformation in Tibet, with the Chile Rise play-
ing the same role of India by "indenting” the South
American continental margin and then pushing con-
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tinental material aside to the north, along the Liqui-
fie-Ofqui Fautt.

The purpose of this study was to learn more a-
bout the tectonic history of the area, using paleo-
magnetic data from both sides of the Liquifie-Ofqui
Fault. Focus was on the relative motion along the
fault and its relationship to the subduction zone
and the Southern Chile Triple Junction. Rotations,
translations and motions of the rocks from both
sides of the fault provide data to decipher the dis-
placement history of the Liquifie-Ofqui Fault. A
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FIG. 2. Tectonic setting, showing plate location, and the
main tectonic features of the area.

FIG. 1. Location map of the study area, showing geographic features and places, location of the sites and geology bas-
ed on the Mapa Geolégico de Chile (SERNAGEOMIN, 1982), modified by Munizaga et al. (1985). 1. Sedimentary
Quatemary; 2. Miocene intrusives; 3. Cretaceous intrusives; 4. Jurassic intrusives; 5. Paleozoic intrusives, 6.
Quaternary volcanism; 7. Pliocene-Pleistocene volcanism; 8. Undifferenciated Tertiary sediments; 9. Qurarreh_ue
Formation (Upper Cretaceous-lower Tertiary); 10. Tralcan Formation (Upper Triassic); 11. Panguipulli Formation
(Upper Carboniferous-Permian); 12. Metamorphic Basement (upper Paleozoic); 13. Site.
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search for allochtonous terranes was a subsidiary
purpose of the study. The fact that this is the first

PALEOMAGNETIC RECONNAISSANCE, REGION DE LOS LAGOS

paleomagnetic study made in this area gives it the
character of a reconnaissance work.

REGIONAL GEOLOGICAL SETTING

In the Chilean territory between 39° and 42°S
(Fig. 1) a group of metamorphic, igneous and sedi-
mentary rocks crop out; their ages range from up-
per Paleozoic to Recent.

The Metamorphic Basement of the Coast Range
is composed by strongly deformed schists and
gneisses which have a sedimentary protholith, in-
terlayered with oceanic volcanic and intrusive ma-
terial including some ultramafic bodies. This as-
semblage represents the remnants of an accretion-
ary prism built along the Pacific margin of Gondwa-
naland during the late Paleozoic (Forsythe, 1982;
Hervé ot al, 1987). Metamorphic rocks of the
same group are also found in the Andean Range.

The oldest stratified sequence in the Andes of
the region is the Panguipulli Formation (Aguirre and
Levi, 1964; Parada, 1975), a series of poor grade
slates and metasandstones of marine origin that
crop out sporadically from the northern shore of La-
go Calafquén to the south shore of Lago Ranco.
This formation discordantly overlies the Metamor-
phic Basement and is intruded by Jurassic granit-
oids (Panguipulli Batholith). An Upper Carbonifer-
ous to Permian age was assigned to it due to the
presence of Lepidodendron peruvianum (Tavera in
Hervé ot al, 1974), while Cingolani (oral commun.)
suggests a Triassic age due to new fossil findings.
Despite its age, intrusion and metamorphism by
the Panguipulli Batholith suggest that the age of
magnetization of the formation is Jurassic.

The Panguipulli Formation is unconformably o-
verlain by the red continental sediments of the Up-
per Triassic Tralcan Formation (Aguirre and Levi,
1964; Hervé et al: Nuevos antecedentes sobre la
Geologia de la Cordillera de los Andes de la Provin-
cia de Valdivia. Instituto de Investigaciones Geol6-
gicas, Jornadas de Trabajo (Unpublished), Vol. 2
p. 87-98, 1972), which crops out only on the west-
ern shore of Lago Rinihue. The Curarrehue Forma-
tion (Aguirre and Levi, 1964) is a sequence of vol-
canic and continental sedimentary rocks whose
main areas of outcrop are located along the east
and south shore of Lago Ranco and east of Lago
Villarrica. This formation consists of volcanic brec-
cia, agglomerate, porphyritic andesite, tuff, sand-

stone, conglomerate and lutite. In the basal part,
volcanic material of andesitic and dacitic composi-
tion predominates; while the upper levels are more
sedimentary (Moreno and Parada, 1976). A Late
Cretaceous to early Tertiary age was assigned
from fossil plant evidence (Di Biase in Moreno and
Parada, 1976). Nevertheless, several K-Ar ages
near Lago Villarrica and east of Lago Ranco, have
recently yielded Late Miocene-Pliocene ages and
the rocks may, in fact, represent a late Cenozoic
volcanic episode (Munizaga et al., in prep.).

In the Coast Range and on Chiloé Island, Eo-
cene and Miocene marine and continental sedimen-
tary units overlie the Metamorphic Basement (Gar-
cia, 1968; Valenzuela, 1982) where they are inter-
calated with volcanic rocks (Vergara and Muniza-
ga, 1974). On the northwest tip of Chiloé Island the
volcanic rocks are dikes and necks in which a K-Ar
age of 40.4 + 1.8 Ma was obtained (Vergara and
Munizaga, 1974). A new K-Ar age of 21.8 £ 1.7 Ma
for these rocks is reported in this study.

Moreno and Parada (1976) gave the name of
Plutonic Complex to the intrusive rocks of the An-
dean Cordillera that form the northern edge of the
Patagonian Batholith (Munizaga et al,, 1984). This
complex is composed by several distinct plutons
ranging in composition from tonalite to granite and
in age from Paleozoic to Cenozoic (Fig. 1). Paleo-
zoic K-Ar ages between 295 and 282 Ma have
been obtained from intrusive rocks of the north-
east shore of Lago Ranco and northwest shore of
Lago Rifihue (Munizaga et al,, 1985). A Rb-Sr iso-
chron of these rocks yields an age of 253 + 55 Ma.
Munizaga et al. (1984) suggested that these Paleo-
Zoic outcrops are part of a northwest-trending mag-
matic belt extending from the Nahuelbuta Moun-
tains to the Northern Patagonian Massif.

Parada (1975) named as Panguipulli Batholith a
complex of diorite, tonalite and granodiorite cropp-
ing out around Lagos Calafquén, Panguipulli, Rifi-
hue and Ranco. Rocks assigned to the Panguipulli
Batholith intrude the Panguipulli Formation and un-
derlie the Curarrehue Formation. Around Lago Pan-
guipulli it yields Jurassic K-Ar ages of 171 to 164
Ma and a Rb-Sr age of 160 + 20 Ma (Parada and Mu-
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nizaga, 1978). Other Rb-Sr ages of 200 + 18 Ma
and 195 + 24 Ma have also been obtained (Muniza-
ga etal., 1985).

Cretaceous plutons are found north of Lago Villa-
rrica; K-Ar ages are around 90 Ma. They also are
found nearby in Argentina and in Aisén to the
south, where Hervé (1984) obtained Rb-Sr Cretace-
ous ages with reset Miocene K-Ar mineral ages. In
the Coast Range, small stocks which intrude the
Metamorphic Basement 130 km west of the contem-
poraneous Cretaceous granitoids of the Andean
Cordillera also have yielded Cretaceous K-Ar ages.
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These include bodies south of Corral (103 + 3 Ma,
this study) and Estero Los Boldos (86 + 3 Ma) near
Valdivia (Munizaga et al., 1985).

Miocene K-Ar ages in granitoids (granodiorite,
diorite, tonalite) were obtained by Munizaga et al.
(1984, 1985). These are distributed all along the
area close to the LOF. As previously explained,
some Miocene ages in plutons are a product of re-
setting (Hervé, 1984), but a large amount of granit-
ic rocks in the area near LOF seems to have been
effectively emplaced during the Miocene.

STRUCTURE

The most important structure in the area is the Li-
quine-Ofqui Fault System (Moreno and Parada,
1976; Hervé ot al, 1974; Hervé, 1976; Hervé,
1984; Thiele et al, 1986), which extends at least
1,000 km from Liquifie in the north to Ofqui in the
south (Fig. 2). It has a general N10°E strike, but cur-
ves westward in the south (Golfo de Penas). The
trace of the LOF runs through the active Andean
volcanic chain. Hervé (1976) indicated that, in the
Liquifie area, this structure is a sealed, dextral
strike-slip fault, associated with a 3 km wide cata-
clastic and mylonitic shear zone. According to Her-
vé (1976) field considerations indicate that strike-
slip movement occurred sometime between Late
Cretaceous and early Tertiary time. More recently,
Hervé et al. (1979) indicated that both normal and
right lateral components have been documented.
Right lateral movements are suggested by meso-

scopic faults developed within the mylonitic and
cataclastic zone. Thiele et al. (1988) indicated that
the Liquife-Ofqui fault in the Reloncavi Fiord af-
fects rocks from 10 to 4 Ma. Hervé (1984) indicat-
ed that, near the LOF, in Aisén, K-Ar ages have
been reset in the Miocene because the Rb-Sr
whole rock crystallization age of a granitoid pluton
(98 = 4 Ma) was older than the K-Ar ages of 11-17
Ma of the same intrusive. Munizaga et al. (1985)
also suggested that some of the K-Ar Miocene
ages in plutonic rocks along the fault are reset.
This could have been caused by shear heating dur-
ing Miocene movement of the fault but it could be
also due to heat from young nearby intrusions.
Support for the latter is shown by the concordance
between a Rb-Sr whole rock isochron age of 16 Ma
and a Miocene K-Ar age of 10-12 Ma on an outcrop
near Lago Llanquihue, near to the fault trace.

PALEOMAGNETISM

PROCEDURES AND ANALYTICAL METHODS

Fourty sites (311 samples) were collected from
the rock units in the study area. The samples were
drilled in situ, with a portable rock drill and oriented
using sun and magnetic compasses. Seven or
eight cores spaced over 50 to 200 m were collected
at each site. Two laboratory specimens approxima-
tely 22 mm long were prepared from most samples.
Table 1 shows age, unit and location of each site.

Remnant magnetizations were measured using
spinner and cryogenic magnetometers, at Western
Washington University and at the University of Ari-
zona, respectively. Each specimen was measured

several times during progressive demagnetization,
by atternating field (AF) or thermal methods. AF de-
magnetization employed a tumbling-specimen de-
magnetizer, with 170 mT as the highest field obtain-
able. Thermal demagnetization, used a magnetic-
ally shielded oven; temperatures up to 580°C were
obtained in increments of 100°, 50° and 25°C. After
demagnetization, vector analyses were applied to
obtain magnetic directions using principal compo-
nent analysis (PCA) described by Kirschvink
(1980). Orthogonal projections (Zijderveld, 1967)
were used to evalutate the data. Site mean direc-
tions were calculated using the cumputations des-
cribed by Fisher (1953).
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TABLE 1. AGES AND FORMATIONS OF THE SITES
Site Rock Unit Age (Ma) Location(*) Site Rock Unit Age (Ma) Location(*)
K-Ar °S/°E K/Ar °S/I°E
85CJO5  Tertiary intrusive 8.5+0.1 39.26/288.24 85CJ25 Tertiary intrusive 289+1.2 39.78/288.27
85CJ06  Tertiary intrusive 85+0.1 39.26/288.24 85CJ26  Tertiary intrusive 289+1.2 39.78/288.28
85CJ07 Tertiary intrusive =~ ------- 39.15/288.25 85CJ27  Tertiary intrusive 150109 39.76/288.17
85CJ08 Tertiary intrusive =~ ------- 39.24/288.17 85CJ28  Jurassicintrusive 17615 39.97/288.15
85CJ09  Cretaceous Intrusive(?) ------- 39.50/288.46 85CJ29 Paleozoicintrusive 2%94+6 39.78/287.61
85CJ10  Tertiary extrusive 3.0+£05 39.38/288.44 85CJ30 Paleozoicintrusive 282+4 39.78/287.61
85CJ11  Tertiary extrusive 42105  39.33/288.38 85CJ31  Tertiary intrusive ~ ------- 41.21/287.72
85CJ12  Tertiary extrusive 4.1+04 30.35/288.38 85CJ32 Tertiary intrusive =~ ------- 41.21/287.72
85CJ13 Tertiary intrusive ~  ------- 39.35/288.38 85CJ33 Tertiary intrusive =~ ------- 41.18/287.72
85CJ14  Tertiary intrusive 82121 40.00/288.00 85CJ34 Tertiary intrusive ~ ------- 41.17/278.72
85CJ15  Panguipulli Formation UpperPz  39.82/287.90 85CJ35 Cocotué basalts 404118 41.85/285.98
85CJ16  Panguipulli Batholith 190t0200  39.75/287.85 85CJ36  Cocotué basalts } and 41.85/285.98
85CJ17  Panguipulli Batholith 19010200  39.67/287.78 85CJ37  Cocotué basalts 218+1.7 41.85/285.98
85CJ18  Panguipulli Formation = 85CJ15  39.67/287.79 85CJ38  Paleozoicintrusive 30918 40.32/287.63
85CJ19  Cretaceous intrusive 103+3  39.93/286.42 85CJ39  Paleozoicintrusive 309+8 40.33/287.63
85CJ20 Cretaceous intrusive 103+3 39.93/286.42 85CJ40 Tertiary extrusive ~  ------- 40.20/287.76
85CJ21  Cretaceous intrusive 103+3 39.93/286.42 85CJ41  Tertiary intrusive 13.1+06 40.23/287.87
85CJ22 Panguipulli Formation = 85CJ15 39.59/287.78 85CJ42 Tertiary extrusive 13.71£20 40.21/287.73
85CJ23 Panguipulli Batholith = 85CJ16 39.57/287.93 85CJ43  Tertiary extrusive ~  ------- 40.15/287.75
85CJ24  Panguipulli Batholith = 85CJ16 39.58/287.97 85CJ44  Paleozoic intrusive 295+7 40.12/287.67

* Locations of sites were obtained from the charts 1:50,000 from the Instituto Geografico Militar of Chile.

RESULTS AND ANALYSES

The paleomagnetic results from this investiga-
tion are not of equal reliability; as in most of such
studies, some degree of quality control was neces-
sary. The results have been divided into three dif-
ferent categories based on quality of the measure-
ments. Category A (Fig. 3a) includes the results
with the highest reliability, characterized by a well
determined single component of magnetization. In

AF demagnetization, this single component is gen-
erally fit (using methods after Kirschvink,1980)
from 20 to 100 mT. In thermal demagnetization, the
fit is between 200° and 585°C. The Viscous Rem-
nant Magnetization (VRM) component for speci-
mens in this category usually represents less than
20% of the Natural Remnant Magnetization (NRM)
and are eliminated by 20 mT. Category B (Fig. 3b)
represents results with moderate reliability. This
group is characterized by fairly well defined direc-

N up

E

FIG. 3a. Magnetic behavior typical for
specimens from Category A, with
one dominant component of mag-
netization. 1. Stereographic pro-
jection presenting cluster of the
directions; 2. Normalized inten-
sity diagram with intermediate to
fairly high coercivity; 3. Ortho-
gonal projection showing direc-
tion of magnetization changes
are insignificant between 0 and
100 mT. Circles are Gamma 95.
They also show the consistency
and reliability of this category.

S down
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Niup FIG. 3b. Magnetic behaviour
typical of specimens from
Category B. 1. Stereonet
shows more scattered,
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tions of magnetization but peculiar or poorly defin-
ed magnetic behaviour. Some Category B samples
have low coercivity and low intensities of magneti-
zations. Other rocks in this category have high co-
ercivities and low magnetic moments (101 to10-4
A/m), but suffer erratic changes of magnetization
during demagnetization. The third group, Catego-
ry C (Fig. 3c¢), includes all those sites which did not
give any realiable information and hence will not be

8 50 but directions remain con-
DA centrated in a restricted

. area; 2. Normalized inten-
20 100 sity displays a more jag-
ged pattern of the decay;
90 3. Orthogonal projection
presents a generally lin-
ear trend of the demagne-
tization path. Here, Gam-

80

60 ma 95 is larger and less

consistent than in Catego-
ry A

40 50

20

S down

FIG. 3c. Magnetic behaviour typical of
specimens from Category C. 1. Ste-
reonet displays scatter; 2. Normal in-
tensity is erratic and no decay is ob-
served; 3. Orthogonal projection
shows no linear pattern of the path.

further considered.

Table 2 shows the paleomagnetic results for
sites of Categories A and B. Results from Catego-
ry C are not discussed. All measurements are tabu-
lated in Garcia (1986). The paleomagnetic results
are grouped according to unit or formation. Also, a
separation within rock unit is made on the basis of
location of group of sampling sites. This grouping
according to rock unit and location is made to fa-
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TABLE 2. SITE MEAN DIRECTION

Site Category Direction Statistics Demagnetization
D 1 N R K Olas Range Type

Paleozoic Intrusives

85CJ38 A 110.4 707 7 6.976 250.0 38 10-100 mT AF
290.4 -707
85CJ39 A 3434 -729 8 7.923 90.9 58 5-50mT & AF &Th
115-530°C
85CJ44 A 136.5 69.8 8 7.988 583.4 23 10-100mT AF
316.5 -69.8

Jurassic Rocks

85CJ15 B 344.2 -63.6 8 7.927 959 57 0-170mT AF

85CJ24 AB 17.2 -5741 8 7.929 98.6 56 15-100mT AF

85CJ28 A 239.8 489 4 3.973 111.1 87 10-100mT AF Host rock
59.9 -489

85CJ28 A 40.0 -69.5 4 3.896 28.9 17.4 10-100mT AF Dyke

Miocene intrusives

85CJ05 B 13.4 -475 4 3914 349 15.7 15-80mT AF
85CJ06 B 253 -63.0 6 5.825 286 126 20-70mT AF
85CJ07 B 2299 61.8 6 5.488 9.8 226 18-90mT AF
499 -61.8
85CJ08 B 235.2 713 7 6.835 36.4 10.1 20-100mT AF
55.2 713
85CJ13 A 356.7 -559 4 3.944 53.6 127 10-70mT AF
85CJ13* A 335.5 -855 4 3.944 53.6 12.7 10-70mT AF
85CJ13 B 1755 599 4 3.964 83.3 10.2 20-100 mT AF
355.5 -589
85CJ13* B 90.6 87.7 4 3.964 833 10.2 20-100mT AF
270.6 -877
85CJ14 B 265.5 61.2 5 4.946 741 8.9 20-100mT AF
855 -61.2
85CJ41 A 343.6 -60.0 5 4979 190.5 56 5-00mT AF
85CJ41 A 1923 635 3 2.999 2,000.0 3.1 20-60 mT AF &Th
123 -69.5
85CJ25 B 30.7 -527 5 4.885 34.8 13.2 0-100mT AF
Miocene Extrusives
85CJ10* A 509 -56.0 3 2.982 11141 11.6 40-100 mT AF
85CJ11* A 227.3 55.1 7 6.974 230.8 4.0 10-100mT AF
47.3 -55.1
85CJ12* A 432 -68.3 8 7.963 189.2 4.0 5-100mT AF
85CJ43 A B 44.0 -815 7 6.619 15.8 15.7 105-575°C Th

Cocotué Beach Volcanics

85CJ35 A 168.2 70.7 6 5.985 3333 37 20-100mT AF &Th
348.6 -70.7 110-450°C

85CJ36 A 143.6 64.7 6 5895 1,000.0 21 20-100mT AF
323.6 -64.7

85CJ37 A 137.7 520 6 5.904 52.1 9.4 194-550°C Th
317.7 -52.0

Note: D is declinabon; | is inclination of Fisher site mean direction; N is number of samples; R is resultant of N unit vectors; K is estimate of
precision parameter, Oas is semi-angle of cone of 95% confidence around mean direction. Sites with Upper hemisphere (reverse)
directions have normal polarity equivalent listed beneath. AF is the alternating field demagnetization; and Th is thermal. Sites with *
are those in which tilt correction was made.
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TABLE 3. OBSERVED AND EXPECTED PALEOMAGNETIC DIRECTIONS

Rock Unit Observed Directions Expected Directions

Dec Inc Olas Dec Inc ADx Alx
Cocotué Volcanics 326.8 -63.0 18.1 358.8 -63.8 57 3.2
(35-36-37)
Paleozoic Intrusives 315.7 -723 12.8 323.2 -66.0 174 86
(38-39-44)
Jurassic Rocks 2.3 -61.2 15.0 7.3 -69.4 243 98
Wof LOF (24-15)
Jurassic Rock 59.9 -48.9 8.7 6.9 -67.1 22.0 10.2
E of LOF (28)
Miocene Intrusives 42.4 -63.5 156 353.8 -60.0 4.0 26
N and W of LOF (5-6-7-8-14)
Miocene Extrusives and Intrusives 26.6 -61.5 14.6 353.8 -60.0 40 26
N and E of LOF (10-11-12-13a, b)
Miocene Extrusives and Intrusives 437 -71-9 16.9 353.8 -60.0 4.0 26
Nand E of LOF (10-11-12-13a, b,
corrected for tilt)
Miocene Intrusives 30.7 -52.7 13.2 353.8 -60.4 40 26
E Of LOF (25)
Miocene Intrusives 355.4 -65.4 13.2 353.7 -60.7 40 26
WofLOF (41h,i)

Note: Expected directions are calculated from cratonal South America. ADx and Alx are the uncertainties at 95% confidence of declination
and inclination. Thus, the confidence limit generated by the paleopole in direction space is an oval instead of a circle.

cilitate the understanding of the paleomagnetic re-
sults intime and space.

The main analysis done in this study is related
to the difference between the expected and observ-
ed directions for the sampled units. The expected
directions from cratonal South America were obtain-
ed from the reference paleomagnetic pole by Vilas
and Valencio (1978), McElhinny (1979), Schultz
and Guerreiro (1980), Irving and Irving (1982), Bel-
lieni et al. (1983) and Valencio et al. (1983). The ex-
pected and observed directions are presented in
Table 3. To quantify these comparisons, equations
for Rotation (R) and Flattening (F) and their respec-
tive confidence limits (AR and AF) as given by Beck
(1980) and modified by Demarest (1983) will be
used. R represents the difference between the ex-
pected and observed declination of directions of
remnant magnetization, and is often taken to re-
flect the amount of in situ rotation that a crustal
block in a shear zone has experienced. F measures
the difference in expected and observed inclina-
tion. Because inclination depends on latitude, F is a
measure of relative change in latitude and thus
may be used to detect large north-south displace-
ments of crustal blocks. However, other factors
besides rotations and translations can affect R and
F. For a more complete discussion of the technique
cee Beck (1980) and Irving (1979).

Results of these analyses are presented in Ta-
ble 4. Because of the reconnaissance character of
this study, only in a few instances can we be confi-
dent that geomagnetic secular variation has been
averaged to zero. Comparison of expected and ob-
served directions is based on the assumption of a
dipole geomagnetic field (Irving, 1964), which may
not be necessarily true in all cases. Thus, the ob-
served directions must be used carefully. Granitic
rocks in many cases average part of the secular
variations within site due to slow cooling, whereas
in fast cooling rocks secular variations must be a-
veraged between-site. Thus, the number of sites
needed depends on the rock type.

Another result of operating with small data sets
is to increase the radius of the circle of confidence
about the mean (0iss), the radius of 95% of probabil-
ity defined as:

140 k being the precise parameter
VIO and N, the number of measures

QOles =

Thus, the confidence limits on rotation (aR) and
flattening (AF) for this study tend to be large.

Another difficulty encountered was the missing
of tilt corrections. It is normally necessary to cor-
rect primary directions of remnant mangetizations
for any tilt that the rock mass may have acquired
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TABLE 4. ROTATION AND FLATTENING

R + AR F & AF
Paleozoic Intrusives west of LOF -75 39.9 +6.3 12.3
(38, 39, 44)
Jurassic Rocks west of LOF -5.0 325 7 -82 143 ?
(24,15)
Jurassic Rocks east of LOF +53.0 206 ? -18.2 107 ?
28, Host rock)
Cocotué Volcanics -32.0 34.9 -08 14.7
(35, 36, 37)
Miocene Intrusives north and +48.6 298 +35 12.7
westof LOF (5, 6,7, 8, 14)
Miocene Intrusive and Extrusive +32.8 25.7 +15 11.8
north and east of LOF (10, 11, 12,
13a, 13b)
Miocene Intrusive and Extrusive +49.9 55.6 +119 13.7
north and east of LOF (10, 11, 12;
13a and 13b corrected for tilt)
Miocene Intrusive center and east +36.9 18.0 ? -77 108 ?
of LOF (25
Miocene Intrusive south and west +1.7 268 ? +47 108 ?
of LOF (41h, 41i)

Note: Rotation (R) and Flattening (F) are calculated according to Beck (1980). Their uncertainties (AR and AF) at the 95% confidence lev-
el are calculated according to Beck (1980) , then according to Demarest (1983). ? indicates uncertainties should not be considered

rigurous, because only one or two sites were used.

after it became magnetized. For plutonic rocks or
remagnetized rocks of any sort, this may be impos-
sible because, in many cases, evidence of the pa-
lechorizontal is lacking. Thus, the F and R values
listed in Table 4 may represent undetected tilt in
some cases, rather than true rotation and transla-
tion, as described eatlier.

PALEOZOIC INTRUSIVES

Five sites from well dated upper Paleozoic intru-
sives were sampled from the shores of Lagos Rifi-
hue and Ranco, and only the three sites collected
close to Lago Ranco yielded stable single magneti-
zations (Category A). Two of these have reverse
polarity and no control of the paleohorizontal was
obtained from these intrusives. Pilot demagnetiza-
tion using AF and thermal methods on comparable
samples revealed no systematic differences, so
AF was used. However, thermal demagnetization
gave information about blocking temperature spec-
tra. For this group, some rocks present a single
component of magnetization and others present
two or more, but in all a single primary compenent
can be isolated. In general, between 0 and 20 mT a
small component, probably VRM, is removed. Be-
tween 20 and 100 mT, single components are iso-
lated, showing high coercity with a median destruc-
tive field (MDF) between 40 and 60 mT. (MDF is the

FIG. 4. Stereographic projection for the Paleozoic Intru-
sives. Mean direction for each site is labeled with
site number, group mean direction (M), and expect-
ed direction (E). Included are respective circles of
confidence (Oiss).

AF peak in which 50% of the NRM is removed, and
it is a rough measure of the stability.)

If directions yielded by these rocks are primary,
the problem of paleohorizontal still exists (e.g.,
Beck et al, 1981). As shown in Table 4, the unit
mean direction presents small values of counter-
clockwise rotation and northward translation, nei-
ther significant at the 95% probability level. Figure
4 shows the mean direction for the sites, the unit
and the expected direction with their confidence
limits. This means that no difference between ob-
served and expected directions exists. This is an
important result in that it seems to "tie” a large
portion of the sampling area to the South American
craton since late Paleozoic time.
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JURASSIC ROCKS AND ROCKS WITH
JURASSIC REMAGNETIZATION

Eight sites were collected in this group, four
from the Panguipulli Batholith, three from the Pan-
guipulli Formation, and one from an isolated Juras-
sic intrusive east of the LOF. Only sites CJ15 (Ca-
tegory B), CJ24 (Categories A and B) and CJ28
(Category A) have acceptable results. CJ15 is a
metasandstone from the Panguipulli Formation,
and it was demagnetized using both thermal and
AF processes. AF demagnetization between 0 and
170 mT removed less than 40% of the NRM and pro-
duced erratic changes in magnetization, probably
due to noise caused by low magnetic moment (103
A/m). Thermal demagnetization shows that more
than 95% of the NRM was erased at temperatures
between 300 and 350°C. The directions derived
from AF and thermal were very similar. The magnet-
ic bahaviour suggests that pyrrhotite is the main
magnetic mineral. CJ24 is a grandiorite from the
Panguipulli Batholith. AF demagnetization shows
that a small low coercivity component is complete-
ly demagnetized by 20 mT; thereafter to 100 mT,

FIG. 5. Stereographic projection for Jurassic rocks and
rocks with Jurassic remagnetization. a. Subgroup
i, west of LOF; b. Subgroup ii, composed by only
one site, east of LOF. M is the mean direction; E is
the expected direction and the circles are Ques.
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where less than 10% of the NRM remains, a single
component of magnetization is removed. Site CJ28
includes samples from a granodioritic host rock
and a dacitic dike which intrudes it. The host rock
has reverse polarity whereas the dike is normal.
This indicates that the host rock has not been re-
magnetized by the dike; unfortunately, however,
there is no information about the age of the dike.
The host rock has a MDF between 20 and 100 mT.

These three sites were divided into two sub-
groups: i. CJ15 and CJ24, located west of the
LOF; and ii. CJ28, east of the LOF. In the first,
these two sites have significantly different direc-
tions (using method of McFadden, 1982), so the
mean direction was averaged giving unit weight to
each site. The average suggests small amounts of
counterclockwise rotation and negative flattening,
indicating southward translation. However, the sig-
nificance of R and F cannot be determined be-
cause o cannot be estimated accurately from
only two sites. Figure 5a shows the site-mean di-
rection, their mean and the expected direction. As
with the Paleozoic intrusives, no difference be-
tween observed and expected is apparent. Sub-
group ii. yields clockwise rotation and negative
flattening values, again indicating southward trans-
lation. Figure 5b indicates that the discrepancy be-
tween observed and expected directions may be
significant, although the validity of this result may
be questioned because one site is involved.

MIOCENE INTRUSIVES

Seven from fourteen sites in upper Tertiary
plutons gave reliable information. CJ05, CJO06,
CJ07, CJ08 and CJ14 belong to Category B. All but
CJ14 are located east of Villarrica and are coarse
grained intrusives. CJ05 and CJ06 have normal po-
larity; CJ07, CJO8 and CJ14 are reverse. CJ05,
CJ06, CJ07 and CJ08 have a low coercivity compo-
nent, probably a VRM. Approximately 80% of the
NRM belongs to this low coercivity component
which is removed by AF demagnetization between
0 and 30 mT. Single components were obtained be-
tween 20 and 100 mT. In general, orthogonal plots
are fairly jagged due to noise in the measurements
and spurious remagnetizations. CJ14 shows a
higher MDF than the other Miocene pluton sites, but
it too has erratic magnetizations due to noise, pro-
bably caused by weak magnetization.
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FIG. 6. Stereographic projection for Miocene Intrusives.
a. Group of sites north of the study area and west
of the LOF; b. Group of site CJ25, east of the LOF;
c. Group of site CJ41, west of LOF. M is the mean
direction, and E, the expected direction and the
circles are Otos.

CJ41 and CJ13 are two sites of this rock group
belonging to Category A. CJ41 was obtained from
the northwest shore of Lago Maihue and shows
two polarities, both with high intensities and high
coercivities. CJ13 is a coarse tonalite east of LOF
and east of Lago Villarrica. It also shows two polar-
ties, the older one shows up clearly after AF
demagnetization over 40 mT, which removes more
than the 90% of the NRM. The older magnetization
is reversed and the younger is normal. Possibly
this site could represent a self-reverse (Irving,
1964). CJ25 is a diorite which has behaviour simi-
lar to CJ15; high coercivity after AF demagnetiza-
tion, and complete demagnetization at tempera-
ture between 300° and 400°C, indicating that pyr-
rhotite is the main magnetite mineral. However, a
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component trending towards the origin was isolat-
ed betwen 30 and 60 mT.

The group formed by CJ05, CJ06, CJO7, CJO8
and CJ14 is located west of LOF in the north of the
study area. It indicates clockwise rotation of about
44°, with a small and unsignificant northward trans-
lation (Fig. 6a). Due to the number of sites and the
slow cooling of the granite rock, secular variation
is probably averaged adequately.

The second group is GJ25 (Fig. 6b) alone, which
is located in the north-central zone, east of LOF. It
shows clockwise rotation and negative fiattening.
This site probably does not average secular varia-
tion, but the trend here is clearly toward clockwise
rotation. The last group consists of site CJ41 (Fig.
6¢), west of LOF in the central zone of study area,
which spanned two intrusives and recorded two po-
larities. The mean of the section yielded a small
clockwise rotation and positive flattening, indicat-
ing northward translation. However, the statistical
significance of R and F is impossible to determine
from only two sites.

MIOCENE EXTRUSIVES

Six sites assigned to the Curarrehue Formation
yielded Miocene K-Ar ages. These sites are gather-
ed into two groups: the first group, from east of La-
go Villarrica CJ10-11-12 (Category A) are dacite
and rhyolite. They were demagnetized by both,
thermal and AF. CJ10 and CJ12 have normal polar-
ity and CJ11 has reverse. These three sites were
corrected for tilting, but a fold test (for pre-folding
magnetization; Graham, 1949) was inconclusive.
These three sites are characterized by high coerci-
vities, high magnetic moment and high blocking
temperatures. MDF is about 60 mT and single com-
ponents of magnetization are isolated between 20
and 100 mT.

Of the second group, east of Lago Ranco, only
CJ43 gave reliable results. Thermal demagnetiza-
tion shows a smooth decay between 0 and 580°C,
indicating a broad spectrum of blocking tempera-
tures. However, the distribution of sample direc-
tions from this site was streaked and this site had
to be eliminated because it would not be showing a
single paleomagnaetic field direction.

The first group close to Lago Villarrica, plus the
site from Miocene intrusive CJ13 (a and b) were
gathered in the same group. The three lava flows
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FIG. 7. Stereographic projection for Miocene Exirusives
plus CJ13, an intrusive associated to them. a.
Group with CJ13 uncorrected for regional tilt; b.
The same group with CJ13 corrected for tilt. M is
the mean direction; E is the expected direction and
included are circles of confidence (0tss).

from the Miocene extrusives have been corrected
for tilt, and CJ13 was added, first without tilt correc-
tion (Fig. 7a) and second with the same regional tilt
as GJ11 and CJ12 (Fig. 7b). In both cases, clock-
wise rotations and positive flattening are predo-

minant.
COCOTUE BEACH BASALTS

These sites (18 cores) were sampled from this
basaltic unit on the northwest tip of Chiloé. Thermal
and AF demagnetization was carried out on these
specimens. The three sites belong to Category A.
Sites CJ35 and CJ36 behave similarly, showing a
single component of magnetization between 20 and
100 mT, and 110-530°C. A VRM component is eras-
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ed between 0 and 20 mT, and 0-110°C. These two
sites have high coercivities and very strong mag-
netization (10" to 1 A/m). Site CJ37 presents two
components, one with high coercivity and low un-
blocking temperature, and another with low coer-
civity and high unblocking temperature. The latter
component seems to be the primary since it is
concordant with the directions given by CJ35 and
CJ36.

Using the method of McFadden (1982) it ap-
pears that these three sites were magnetized inde-
pendently. Thus, the mean of site-means must av-
erage at least some of secular variation (Fig. 8).
The computations of R and F (Table 4) give a coun-
terclockwise rotation and almost no flattening.
However, R and F in this unit may not reflect true
block displacement, because a slight tilting recog-
nized in these rocks has not been eliminated.
Also, the paleopole for 40 Ma was obtained from
the North American APWP by rotating into the
South American reference frame using Euler poles
given by Engebretson et al. (1985); this may also
lead to some error. A new K-Ar age of 21.7 + 1.7
Ma is given in this study. The pole for 20 Ma is
close to the 40 Ma one used above, so the compu-
tations of R and F for 40 Ma and 20 Ma are not very
different.

FIG. 8. Stereographic projection for Cocotué¢ Beach
Basalts. M is the mean direction; E is the expected
direction and included one respective circles of
confidence (0is).

INTERPRETATION

The rotations, flattening and their confidence
limits given in Table 4 and the analysis of the paleo-
magnetic data indicate that both counterclockwise
and clockwise rotations are present in the area. Fig-
ure 9 shows the geographic relationship between
rotations and translations of the units. Figure 10

shows R as a function of outcrop proximity to the
LOF. From these figures and data, it appears that
east of the LOF, rocks show uniform clockwise ro-
tation. Large southward transport is suggested by
two groups, and a small northward translation in a
more reliable group farthest north. The two groups
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which show southward translation contain only one
site each, so their flattening has very large error
and may be spurious; very probably inadequately
averaged secular variation is to blame. The north-
ern group is more reliable than the other two. Also
this group has a fairly good paleohorizontal control.
it shows positive F and positive R, both corrected
and uncorrected for tilting.

West of the LOF, the situation is different. Three
groups show counterclockwise rotation, two of
them with small angles, less than 8°, in a location
close to the LOF and a third group in Chiloé Island
presents counterclockwise rotation of around 30°.
However, as mentioned earlier, this counteclock-
wise rotation could be affected by undetected
tilting and inaccuracy in the reference paleopole.
Two other groups present clockwise rotations, one
small and the other large. Four of these groups of
rocks indicate northward translation in different a-
mounts ranging up to 7°. Only one group has negati-
ve flattening (southward translation). In general,
this side of the fault shows consistent northward
translation with negligible rotations. Figure 10
shows that proximity to the fault correlates with lar-
ger clockwise rotations. The Cocotué Beach volca-
nics show a counterclockwise rotation unique to
rocks west of the LOF. However, this may not be
real.

The groups range in age from 25 to 4 Ma. If rota-
tions are due to faulting, then the movement of the
fault is as late as 4 Ma. This is another important
result.

If the dominance of positive F west of the fault is
real, there has been northward motion of the west-
ern block relative to the South American craton.
This indicates that the fault has a dextral strike-slip
motion, which is consistent with clockwise rota-
tions near the fault and with geological observa-
tions.
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FIG. 9. Rotations and translations for each group. Thick
arrow is rotation measured from the vertical (N).
Thin arrow is translation, northward (up) and south-
ward (down). The amount of F is given by the length
of the thin arrow (degree ca. 0.8 mm). The groups
are: Pl. Paleozoic Intrusives; JR. Jurassic rocks
waest of the LOF; J28. Jurassic intrusive east of the
LOF, CJ28; UTI. Upper Tertiary Intrusive west of
the LOF; UT41. Upper Tertiary Intrusive, CJ41);
UT25. Upper Tertiary Intrusive east of the LOF,
CJ25; UTE. Upper Tertiary Extrusives plus CJ13;
CO. Cocotué Beach Basalts.

I Translation

TECTONIC SUMMARY

The aim of the study was to make a paleomagne-
tic reconnaissance and relate it to the geology and
tectonics of the area. From the results described
above, several major conclusions can be deduced.
However, these conclusions have to be regarded
as tentative because of the reconnaissance cha-
racter of the study. Many possible errors may be
associated with the results, most of them arising
from the small number of sites per group, the likeli-

hood that secular variation has not been averaged
to zero, and the lack of control of paleohorizontal
in most of the sites. Also, not all sites have yielded
reliable magnetic directions. Taking into account
these sources of errors, several tectonic conclu-
sions may be suggested.

The LOF may be a major intracontinental shear
zone, possibly related to oblique subduction of the
Nazca plate and under South America. This hypo-
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FIG. 10. Relationship between rotation (R)
and distance from the Liquifie-Of-
qui Fault, from the same groups
quoted in Fig. 9. Vertical error bars
are at the 95% confidence limit;
the solid line is the most probable
value.
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thesis has been presented by Hervé (1976) and
Beck (1988). it is consistent with the plate recons-
tructions presented by Pilger (1983) who showed
that an oblique convergence vector existed along
the Chilean margin during the last 50 Ma. The pre-
sent study suggests clockwise rotations of the
group of rocks near the LOF. These clockwise rota-
tions indicate dextral shear. The presence of a com-
ponent of northward transiation in rocks west of the
LOF larger than those to the east suggests that the
western block has had northward relative motion,
supporting dextral strike-slip displacement. The
indenter mode! of Forsythe and Nelson (1985) also
calls for northward motion of this western area,
their Chiloé Block. According to the data presented
here the northward motion of the western block is
about 4° or 5°, i.e. approximately between 440 and
550 km. The eastern block has no well defined
movement. Two of the groups are probably tilted.

—— E
40
DISTANCE (km)

This supposition is based on the assumption of a
static position of the eastern block relative to
South America. If the block has not moved, the ap-
parent translations suggested by large F values
may indicate tilt.

The age of movement of the LOF found in this
study does not match the one given by Hervé
(1976). He indicated that geological evidence
shows that the last movement took place during
Late Cretaceous-early Tertiary. The paleomagnetic
evidence suggests that the fault was still active
during the Late Miocene or Early Pliocene. Figure
10 shows that clockwise rotation increases near
the fault. The different amount of rotation for each
group suggests that small crustal blocks moved in-
dependently in a distributed shear zone.

The Miocene was a period of intensive magmatic
activity. Munizaga et al. (1984) indicated that large
piutons were intruded around the fault during the
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FIG. 11. indenter model for the Liquifie-Ofqui Fault, given
by Forsythe and Nelson (1985).

Miocene. Now, the evidence of movement during
the Late Miocene-Early Pliocene would suggest
that these plutonic pulses accompanied fault mo-
vement since shear concentrates in thermally
weakened crust. The evidence of dextral shear
matches with the two models suggested to explain
the origin of the LOF. The indenter model given by
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Forsythe and Nelson (1985) and the oblique sub-
duction model presented by Beck (1988) are
shown in Figs. 11 and 12, respectively. However,
the indenter model does not explain why there is
not a symmetric equivalent of the LOF south of the
triple junction. Another argument against the inden-
ter theory is that the collision of the Chile Rise to
the coast of Golfo de Penas is very recent and it
could not alone produce 400 or 500 km of displace-
ment in the last 2 or 3 Ma.

Nevertheless, it must be taken into account
that the LOF may be generated by a combination of
both models. The combined stress produced by
the Chile Rise and the Nazca plate, only in Late
Pliocene in its present position, may have been
the cause of the fault.

P

FIG. 12. Oblique subduction mode! given by Beck (1988).
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