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ABSTRACT

Five Miocene intrusive complexes are localed along the M-trending, nearly trench-parallel San Lorenze-Balmaceda
Lineament in southern Patagonia. These complexes are characterized by mildly alkaline to calc-alkaline magmatizm. The
deformation and kinematics in the foreland of the granitoid-dominated Torres del Paine laccolith {1242 Ma) were studied
in order 1o evaluate the influence of the pre- 1o syn-intrusive crustal stress field on magma emplacement. Compression
and transpression led to large-scale felding, with fold wavelength of up o 10 km, and faulling of the Crelaceous flysch
sedimantary rocks as well az alkaline gabbro sills. Geochronological data from folded gabbros point to an Oligocene
minimum age for regional folding at 29.4+40.8 Ma. Reverse faults and convergent sinistral strike-slip faults ocour as well
asconjugate reverse faults. The shortening axes trend EME- to E. Thase directions correlate with the ablique convergence
between the Nazca- and the South America-plate. The magma ascent was parailel to the NNW-SSE striking Lago Grey-
fault zone and probably coincides with the fossil intersection of the oceanic Madre de Dios transtorm fault. The intrusion
correlates with a change from transpressional to transtensional dynamics as documentad by a kinematic change from left-
lateral convergent strike-slip fauling to left-lateral divergent strike-slip faulting. The changes in dynamics and kingmatics
correlate in time and space with a recrganisation of the plate tectonic situation during the Miocene, After the collision of
the Chile ridge, separating the Mazca-plate from Antarctica, the situation in the south-western part of Scuth America
changed from rapid ENE-WSW-diractad obliqua convergence betwaen the Nazca- and South America-plate, to an sast-
west-directed slow frontal convergence between the Antarctica and South America plates. The observed goometric
divergence of the San Lorenzo-Balmaceda lineament and the apparent control of magma ascent through upper crustal
faults may be explained by tha interpretation of the SLB as a possibla large-scala lower crustal strike slip zone and by shear
partitioning from lower crust 1 upper crust.
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Hengla Geolisgea de Chite, Vol 30, Mo ). oo 65-81. 5 Figs. 2 laldes. July 2003,



13 TeCTomc CONTROLS ANG TENOZOIC MAGMATISM AT THE TORAES DEL Paine. .

AESUMEN

Controles estructurales del magmatismeo cenozoicoen Torres del Paine, Andes del sur(51°10'S).Cinco
complejos intrusivos se situan a ko largo del Lineamianto San Lorenzo-Balmaceda, que as paralelo a la fosa oceanica de
la Patagonia maridional. Estos complejos se caracterizan por tener un magmatisma laveameanta alcaling a calcoalcaling.
Se estudiaron la deformacian y la cinematica en ¢l antepais del lacolito Torres del Paine dominado por granitoides
(12£2Ma) para evaluar la influencia del campo de esfuerzos corticales pre- y synintrusivoe en el emplazamento del
magma. La comprasién y la ranspresion produjercn un plegamiento en gran escala, con pliegue de longitud de onda de
hasta 10 km, ¥ un fallamiento del flysch cretdcico y de filones de gabro alcalino. La aedad (28,4+0,8 Ma) de los gabros
apuntan a una edad maxima oligocena para ¢ plegamiento regional. Qcurren fallas inversas y fallas de rumbo
convergentes y sinistrales asi como también se conjugan las fallas inversas, El ascenso del magma fue paralelo ala zona
de falla Lago Grey de rumbo NNW-55E,y probablamente coincide con [a interseccion fosil de la falla transformante
oceanica Madre de Dios. La intrusion se comalaciona en el tiempo con un cambio de dindmica transpresional a
transtansional documentada por un cambio cinemédtico de falla de rumbo sinistral convergente a divergente y, en el
ESPECIo, con una reprganizacion de la situacion tecténica de placas durante gl Mioceno. Después de la colision de la
dorsal da Chile que separa las placa de Nazca v Antartica, 1a parte suroccidental da Sur América cambid desde una
convergencia rapida oblicua de direccidgn ENE-WSW entre la placa de Mazea y la placa Sudamenca a una convergencia
frontal lenta de direccidn este-oeste enlre las placas Anfartica y Sudamenca, La divergencia observada entre el
lineamiento San Lorenzo-Balmaceda y el aparente control del ascenso de magmas a traves de fallas de la corleza
suparior puade ser axplicada intepratando al SLB como un posible sistema de rumbo de la corteza inferior a gran ascala,

¥ par la paricidon del cizalle entre la corteza infenor y la supearior,

Palabras clavas: Cordillara de log Andas, Taras del Paine, Magmarnisme, Daformacian.

INTRODUCTION

Five Miocena intrusive complexes are located
along a more than 650 km long N-trending lineament
in southern Patagonia (Fig. 1). These intrusives arg
characterized by mildly alkaling to calc-alkaling
magmatism pointing to mantle sources (Michael,
1983, 1984, 1991; Stern, 1990, Welkner-Rowe,
1999). This line of Miocene plutons sirikes sub-
parallel, with a divergence of about 15°, to the
present and the Miocene trench and parallel 1o the
western flank of the Magellan basin. It is located
about 25 km east of the NNE-trending axis of recent
calc-alkaline Andean volcanoes and about 70 km
east of the eastern margin of the calc-alkaline
Fatagaonian Batholith. The latter includes Upper
Mesozoic to Lower Tertiary calc-alkaline plutons
ranging in age from 160 to probably 34 Ma {Halpem
1973). The line is wast of the Cenozoic alkalineg
valeanic activity of the Patagonian plateau. The five
plutons are spatially related to the westermn part of
the Magellan basin which was affected by compres-
sional tectonics since the late Cretaceous (e.g.,
Russo ef al, 1980; Winslow, 1979; Wilson, 1983).

Although the Miocene plutons of the sub-Andean
region are chemically diverse, they represent a

magmatic activity, which was quile restricled in time
and space. The emplacement in this distinct trench-
sub-parallel position during the Miocene may be
related to the subduction of the oceanic plate below
South America (Michael, 1983). The plutons tormed
along this line are the Torres del Paine granite
pluten (12 + 2 Ma, Bb/Sr model, Halpern, 1973; 13
+1Ma, K-Arbiotite, Michael, 1983), the granodiorntic
Cordillera Fitz Roy pluton (182 3 Ma, Nullo et al.
1978), Cerre Balmaceda (alkaling, 28 Ma, K/Ar,
EMAPIn Skarmeta and Castelli 1997) and the granitic
Cerro San Lorenzo Pluton (6.4+0.4 -6.6+0.5 Ma, K/
Ar biotite, Welknor-Rowe, 1999), The pluton of Ce-
rro Donoso (calc-alkaling) is located south of the
Torres del Paine and is not dated (Fig. 1). The
authors call this line San-Lorenzo-Balmaceda
Lineament (SBL) afler the northemn and southem
most of thase plutons.

The defarmation and kinematics in the toreland
of the Torres del Paine pluton was studied intensively
in order to evaluate the influence of the pre- 1o syn-
intrusive crustal stress fields on tha time and place
of magma movement. A combination of field wark,
interpretation of satellite images and air photographs,
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geochronology, geochemistry and petrography will
used to provide data on the definition of the kinematic

framework before, during and after pluton emplace-
mant.

GEOLOGY OF LAS TORRES DEL PAINE AREA

THE PLATE TECTONIC SITUATION

The Torres del Paine ragionis situated at 51°10'S,
south of the present triple junction of the Antarctica,
the Nazca- and the South America-plates at 47°5,
This part of the South-western Pacific experienced
a major plate tectonic re-organization during the
Tertiary. The Chile ridge, separating the Mazca-
plate from Antarctica (Fig. 1) collided abliquely with
western Tierra del Fuego about 14-15 Ma (Gorring
etal , 1897). The triple point migrated nothwards to
its present position at 47°S (e.g., Gaorring et al,
1997, Coutand et al, 1999). The trench west of
Torras del Paine was affected by the collision of the
Chile ridge at 13-14 Ma, assuming constant plate
velocities. This is just before or during the emplace-
ment of the Torres dal Paine Pluton,

THE AREA UNDER INVESTIGATION

The investigated area is located in the Ultima
Esperanza region in Southemn Chile (Figs. 1, 2). Itis
part of a fold-and-thrust belt, which forms the western
part of the Magellan basin (e.g., Winslow 1979,
1982; Wilson, 1983, 1991, Biddle ef al., 1986). The
area is localed east of the Patagonian Cordillera.
The Patagonian Cordillera can be subdivided geo-
logically from west to east into three main geological
unils (Kraemer, 1993):

*  Palasozoic metasedimentary rocks, which are
intruded by the Jurassic lo Tertiary calc-alkaling
Patagonian bathalith,

*  The main cordillera with Jurassic volcanic rocks
and tectonic slices of ophiolithes.

* The Magellan foreland basin,

The stratigraphic sequence exposed in the
investigated foreland is related to the westemn flank
of the Magellan basin. The Magellan basin may he
divided roughly into twa structural units, an eastemn
pravince formed by normal-fault related structures

and a western province formed by the southem
Andes fold and thrust belt (e.g., Biddle et al., 1988).
Strike-slip deformation is known from the southemn
edge of the basin along the South America-Scotia
Plate boundary and from tear folds in the fold and
thrust belt. Strike-slip faulting is found to be in-
significant, elsewhera in the basin (Biddle et al,
1986)

Triassic to Late Jurassic exlension alfected the
area predominantly by normal faults, grabens and
hall grabens (Soifia and Harambour, 1988; Biddle
et al, 1986). The development of the Magellan
basin correlated with the uplift of the Palagonian
Cordillera dunngLate Cretaceous comprassion (e.g.,
Russo af al, 1980; Winslow, 1979; Wilson, 1983),
Uplift and shortening occurred along the weslern
and southern part of the basin during the late Creta-
ceous and Tertiary (Biddle af al, 1986). Shortening
was accompanied by the formation of folds and
thrust faults. Thrust faulls often reactivated existing
normal faults {Soffia and Harambour, 1988). Low
angle thrust faults led to great horizontal dis-
placements (Soffia and Harambour, 1988). Ceno-
manian folding and thrusling propagated to the
northeast towards the craton until Late Tertiary
(Diraison et al., 1998), According to Winslow (1982)
folding of the thrust and fold belt started earlier in the
southeast than it did in the northwest. The youngest
deformed strata of the Tierra del Fuego are of
middle Eocene age, lo the northwest post-middle
Miocene beds are involved; farther north Pliocens
rocks are warped and tilted.

The authors' invesligations are mainly concen-
trated along a 30 km long, southwest-nartheast-
trending strip reaching from Lago Grey in the west
to Rio Ascencio in the east, including the Torres del
Paine laccelith, which is located at abhout 51°20'S
and 73°W (Fig. 2). The area around the Torres del
Faine intrusion complex was mapped in detail.
Additionalinformation was oblained from exposures
at the northarn flank of the intrusion,
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CRETACEOUS SEDIMENTARY ROCKS

The stratigraphic record includes rocks of the
Punta Barrosa Formation and the Cerro Toro Form-
alions (Fig. 2). The ages of the Punta Barrosa
Formation is Albian to Cenomaman while the Cerro
Toro Formation is assigned Turonian to Santonian
ages (Zeil, 1958; Katz, 1962; Wilson, 1983; Riccardi,
1968). However, the lack of fossils in the Punta
Barrosa Formation precluded an exact age as-
signment (Wilson, 1983). New findings of fossil
plant relics will hopefully provide better data
(Cherhdnsli et al., in prep).

The sandy Punta Barrosa Formation has &
gradational uppercontact with the Cerro Toro Form
ation to the south of the study area (Wilson, 1983)
The Punta Barrosa Formalion has a wedge-shaped
geametry pinching out eastward within about 50 km
(Wilson, 1983). The Formation is interprated to be a
turbidite sequence, indicating the first arrival of
flysch'-sediments in this part of the Magellan basin
(Wilson, 1983) and uplift of the Main Cordillera
Complex (e.g., Dalziel, 1981). The contact to the
Cerra Tora Formation is tectonically disturbed around
the Torres del Paine mountains. The Punta Barrosa
Formation is primarily composed of thick-bedded
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FIG. 3. a- View on the Torres del Paine Mowniains with sedmmontary rocks al the base and top (dark qrey] of the granitic intrusion {whita);
b- Sandslong succession of the Punta Barrosa Formation with intercalated shales, displaced by conjugate faults, On the left,
neplunic dike. Read cut south of Lage Grey: e- Magmalic layering in lhe ‘exdermal gabbros'. Oulerop at the eastemn bank of the
Rio Paing; d- Shales, intercalatod with calcarsaus shales and marls of the Carra Taro Formation. Valle Ascencio: &- Mafic dike
of the Tarres del Paina feathills with en-echeton-structures. Valle Ascencio; f- Large-scale open told in the Corro Tore Farmation
SE-side of the Lage Nordenskjold (arrow: lold-axes), g- Anboline-syncline pairs above flat-lying faull. Southwest of Rio Paine.
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sandslone sequences with inlercalaled shale (Fig.
db). West of Lago Pehoa thin conglomerate layers
are exposed. In addition, caliche-like structures
ocour, indicating a probable (short-lived) subagrial
position (Allenberger ef al., in prep.). Furthermaore
numerous neptunian (clastic) dikes occur (Fig. 3b).

The Cerro Toro Formation is dominated by
shales, intercalated with marls, with lenses of sand-
stones and conglomerates (Fig. 3d). Generally, this
sedimentary succession is described as a flysch
composed of turbidite sediments, formed due to
tectonic subsidence of the Magellan basin and uplift
of the Main Cordillera (e.g.. Zeil, 1958; Wilson,
1983; Riccardi 1988),

THE INTRUSIVE ROCKS OF THE TORRES DEL
PAINE REGION

The sedimentary rocks of the Torres del Paine
regionwere intruded by the Torres del Paine intrusive
complex {gabbros and granitoids), gabbro sills
{external gabbros) and mafic as wall as micragranitic
dikes.

THE TORRES DEL PAINE INTRUSIVE COMPLEX

The Torres del Paine intrusive complex forms a
20 by 10 km laceolith, which reaches a thickness of
upte 2000 m (Fig. 3a). R/Sr whole rock data of the
granite and K/Ar data of bictite indicate an age of
about 12-13 Ma (12 £ 2 Ma, Rb/Sr model, Halpern,
1973, 1321 Ma, K-Ar biotite, Michael, 1983). The
pluton is composed of hasal gabbros, monzodiorites,
quartz-monzodiorites and granitoids (Fig. 2, sce
also Michael, 1991). The mafic intrusions reach a
maximum verical thickness of about 300 m. The
mafic rocks are medium- to coarse-grained, whergas
the acidic rocks are fine- lo medium-grained biotite
granites. The magmas intruded the Cerro Toro
Farmation and Punta Barrosa Formation after re-
gional folding. A conceptual model for the emplace-
ment of the Torres del Paine laccolith 1s outlined by
Skarmeta and Castelli (1987). They suggest dike-
like ascent of the magma at a regional fault zone
(Rio Nutna-fault zone). The lateral extension of the
magmatic body is thought to be controlled by a
large-scale (basal) fault zone, which should now
form the basis of the pluton (Fig. 4). The model of
Skarmata and Castelli (1997) describes some of the

T

principal geometric features of the Paine laccolith
well. Nevertheless it does not fit the authors' data
and field cbservations. With respect 1o the localion
of the teader or dike zone, and the lack of any
evidence for the existence of a large-scale basal
thrust fault,

EXTERNAL GABBROS

The Cerro Tore and Punla Barresa Formation
were intruded by gabbros and diorites before the
emplacement of the Torres del Paine laccalith. In
contrastto the larger Torres del Paine gabbro these
intrusions form sills and dikes with thickness of up to
50 m. Quensel (1910} described these gabbros as
‘External gabbros', which are highly altered. Major
and lrace element analyses reveal an alkaline
composition (Altenbarger af al,, 2000). However,
the amount of CO, and H,0 is high and probably
caused by magmalic processes (Altenberger el al.,
2000). The gabbros are composed of plagioclase,
hornblende (brown or green), = clinopyroxens,
biotite, apatite and opaques. The diorites do not
conlain pyroxene. A typical fealure of the gabbros
are amygdules composed of calcite, euhedral quarlz
and minor amounts of euhadral perthite and highly
carbonatized pipe-like structures (Altenberger of
al., 2000). They are all characterized by a well
developed and often steeply dipping magmatic
layering, indicating a probable predominance of
lateral growth (Fig. 2c). In cases where the sills and
dikes maintain their original contacls, the clastic
and marly sediments show a contact-metamarphic
overprint up to a distance of about 20-50 m. Geo-
logical mapping of the area east of Lago Pehoe (Fig.
2) reveals that the 'external gabbros' are folded
together with the country rocks by regional, large
scale folding. Therefore, the ‘external gabbros’
intruded before the Torres del Paing laccaolith.

In order to establish the relationship between
deformation and magma emplacement, the authors
dated biotiles of one of these gabbros. Thecalculated
K-Ar age is 28.4=0.8 Ma (Table 1). Thera is no
regional metamorphism probable reaching temper
atures above 300°C, e, above the closing tem-
perature of biotite for the K-Ar system. Therefore,
the obtained Oligocene biotite age indicates that
large-scale folding tock place after 29.4+0.8.



7

TABLE 1. RESULTS OF BIOTITE DATING BY K-Ar.

L) 40 Ar* 40 Ar* Age Error 2o Error 20
) (nlfg ) 8TP (%) (Ma) {Ma) (%) |
734 7.01 B2.50 294 0.8 27 ]

MAFIC AND MICRO-GRANITIC DIKES

The Torres del Paine laccolith and the Creta-
ceous sedimenls are truncated by numerous dikes
of mainly basaltic composition. A few dikes of
granitoid composition can be found (Fig. 3e). Where-
as micro-granitic dikes are directly identified as
apophyses and dike swarms of the Paine granite, a
direct relationship of the matfic dikes to those in the
foreland is nol pessible. In addition 1o the large
number of mafic dikes in tha foreland, only few mafic
dikes occur in the granitoid intrusions (Michael,
1983). Petrographical analyses subdivided the mafic
dikes of the foreland into pyroxens-, amphibaole-
and plagioclase-dominated types (Altenberger of
al., in prep.). Absolute ages of these groups are still

TECTOMIZ CONTROLS AND CENDZOIC MAGMATISM AT THE TORRES DEL PAINE..

missing. However, our structural studies (see below)
indicate thal most of the mafic dikes intruded alter
the emplacement of the Torres del Paine granitoid
body. Post-granitic normal fault zones cut them
{see below). The dikes strike predominantly east or
ESE and subordinately NW and NE, and dipping
steaply. Only ESE-striking dikes dip moderate to the
southeast.

Mast mafic dikes run parallel lo existing fault
systems and are therafore structurally controlled
(see also below). The orientation of the dikes differs
regionally. Whereas east of the Val Franceés faull
zone (Fig. 2) most of the dikes strike east ar south-
cast, west of the fault zone north- and north-cast-
shnking dikes predorminale and east- as well as
south-gast-striking dikes are lacking. Thera is no
obvious correlation of the mineralogical compaosition
with the strike direction of the dikes,

The granitoid dikes are related to the intrusion of
the Paine laccolith. In some regions {e.g. Val
Ascencio, Fig. 2) graintoid dikes can be traced back
1o the Torres del Paine granitoid intrusion,

Carmo Paine
1 Valle del Francés

Torres del Paine Almiranta Mislo [

Co. Cathedral
Lago Skottzbang fault
Val del Francés

Val Franoés fault

ML Almiranta Migto

{E Carro Toro Toares ded

i Formation Fame gabbeg
D Punta Barrosa E] Torres di

Formalon Pama granila

. Fxtermal Giabbro 1

FIG. 4. a- Geological aast-west crass sactions through the Tarres del Paine mauntains; a- cross section of Skarmeta and Castall (1997)
b- Cross section based on the resulls of the present study and unpublished data of L. Baumganner,
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STRUCTURES

FOLDS

Open folds with wavelength of 5 m 1o 10 km (Fig.
3f) bend the Upper Cretaceous sediments of the
Cerro Toro Formation, The folds present a series ot
anticlines and synclines. Similar deformation was
ohserved farther east by Kalz (1962) and Wilson
(1983). An axial plane cleavage was formed. The
axial planes (s ), are vertical or dip steeply to the
west. The fold axis plunge mostly with 5-157 1o MNW,
In the Punta Barrosa Formation folds of similar
orientation occur, The folds in the sand-dominated
Punta Barrosa Formation have smaller folding wave-
length (up to 1 km). They are close to light chevron
folds. In addition, along major fault planes nearly
isoclinal folds were formed, Locally, the fold axis of
synelines andthair adjacent anticlines are not parallel
and converge with an angle of about 30-45°.
Anticline-syncline pairs above flat-lying faults occur
in the Cerro Toro Formation, southeast and north-
west of the Lago Mordenskald. They are interpreted
1o be the result of a ramp-flat transitions-systam
{Fig. 3g). Locally, the orientation of the fold-axis
ahove these ramp-flat surfaces difier up to 60" from
the regional arientation. The wavelength of the
ramp-flat-folds are restricted to a 10-150 m range.

FAULTS: OCCURRENCE AND KINEMATICS

Allinvestigated faults are brittle or brittle-ductile
and steeply dipping. Subhorizontal faults are rare.
Complex fault systems include sirike ship, reverse
and normal faults. The following description of the
faultz s in chronological order and refers to the time
of the intrusion of the Paine granite. In order to
interpret the kinematics of the faults by domains of
compression andtension (fault plain solutions, Table
2} and principal stress axis the authors use the
program Faultkin written by Allmendinger el al.
(1993), taking the fault plane and lineations for
calzulation.

PRE-INTRUSIVE FAULTS
NNW- to MNE- striking reverse faulls. North-

northwest striking faults, dipping to the southwest or
northeast occur frequently, Either southwest-dipping

faults with an orientation subparallel to the axial
planes of the large-scale folds or conjugate sets of
the southwest- and northeast-dipping faulls are
exposed (Fig. 3b). Bending ar separation of the
layers between these laults indicate upward mave-
ment of the enclosed rocks. They formed during
compression with a nearly horizontal o (Table 2).
The intersection ling of the conjugate faults ara
parallel to subparallel to the regional fold axes,
plunging gantly to the MNW. In some cases it can be
observed that these faults disect the small- and
large scale regional folds (Fig. 5a). Therefare, the
faults are the continuation of the crustal shortening
by folding. Hance the stress onentation during
faulting does not change significantly after folding.

Lago Skottsberg-fault zone At the eastern shore
of Lago Skottsberg (Fig. 2), a fault zone defines the
contact between lhe Punta Barrosa and the Cerro
Tore formations. It cuts pre-existing folds and
conjugate fault systems as described above. An
Oligocene ‘external gabbro' body (29 Ma) that
intruded at this place into the Punta Barrosa
Formation, is disectad.

The fault zone is characterized by the formation
of anew foliation (5.}, which overprinted the ragional
axial plane cleavages (s ) of both Cretaceous
formations (Fig. 5b) The zone of intensively foliated
rocks has a width of about 300 m and is wall
presarved at the western lake shore of Lago
Skottsherg. The toliation strikes o the north or MW,
dips nearly vertical or steeply to the west and 15
parallel to the bedding planes (s} of the Punta
Barrosa and Cerro Toro formalions. The bending of
the axial plane cleavage s, which is obligue 1o the
bedding planes s,, points to a left-lateral sense of
shearwith a strong component of high-angle normal
faulting (Fig. 5b), dropping the western block down.
Therefore, the present situation reveals a divergent
strike-slip fault. However, there is ficld evidence,
that shear localization in the above descnbed
bedding-parallel zones does not represent the
responsible siress system, directly. In shale-domin-
ated series near the Lago Skoltsberg faull zone
small-scale faults with the same trend but opposite
dip oceur. These faulls are not bedding-parallel and
dip with 60-75" to the east. The sense of movement
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TABLE 2. STRUCTURAL AND MAGMATIC EVENTS IN THE TORRES DEL PAINE REGION.

Agpe Btrugtures Magmatic svents Crientation Kinamatica
20.4+08 Intrusion of the
Ma) ‘exlernal gabbros’
Faolds, light fo open
faliation s, . b = 330-360:0-10
Reverse faults, 20NW-Z5NESD-B55YY Heverse faults, lop
conjugate 50- BOSE 1o 1he sl
Conjugaln lauls,
12p ko Ihe east and
ta the west
Lago Skottsberg- O-10MWITOSW, Probably roated
Naull 2o will Taliation s paraliel bedding plang comvEngamnl
sorike-Slip [siniswal-
rrwnrsn), raposed as
divergan slnke-shg laul
[sinistral-noamal)
Lago Gray laull zone Malic dikes 1o LGFZ  LGFZ 30-40ME/BS-TEEW LGFZ: cormnirgent
with faliation 5, {age uncatan) faun sirike-shp
[sinistral-reverse)
Lage Mordenskjokd Mahc dikes, i by LNFZ  LNFZA0-50ME/B0-B05E LNFZ; sbrie£lig
faui zone [age uncestaen) (dautral) with a compa-
nanl of high-angle normal
faulting
1222 Intrusion o the Laccohih
Ma Paing granie nearly harizomal base

Strikar slip lauls

Malia dikes & 1o thar
faults, Some dikes show

105-11SBERBEW-TOMNE
dikes: 115-1355E

Binistral wilkh a shight
companen of nommal

Compression-dominated

an-echalon bahaviowr  mosily steaply dipping Tauking

Strikg-5hp lauits Mafic dikes I 10 tha BS0ENS-T05 Simigtral, with a slight
faults, Some dikes show otampared al
en-gchelon bahaviour normal faulting

Hio Faine Lault 2ane D-SMWIHEW Dwangant sirika-sip

taule (sinistral ormal)
Malic dikes A0-GOMNE
masily steaply dipping
Mormal laulls AQ-SONETO-BI5E Haormal faults
Monmal laulis 20-3I0MWHED-BONE MNarmal laulls

Transtiension-tension
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FIGE. 5. m= WNW-striking roverse Ll overprinting small- scale regional folds. West of Rio Paine: b- Lago Skottsberg-fault zone: the bending
of the regional {oliation 5., which is obligue to the bedding planes s, poants 1o a lefl lateral sense of shoar. 5, s paalilel o 5 W
of Lago Skottsberg; ¢- Lage Grey-Faull zone. The bending of the regional foliation & which is oblique 1o the bedding planes s,
points to a lef-lateral sense of shear. s, is parallel to 5,. East of Lago Grey, d- Isoclinally folded neptunic dike. Southern bank ol
Lago Grey; e- Striae at east-striking sinistral stoke-ship llt, Morfhwest of Laga Pehos; - southeast-lrending left-lateral strike-slip
laull, Morthwest of Lago Pehos, g- Nofheast-tranding moderately dipping normal faults, Val Ascencio: h- ClIff, pointing to a
MNorheast-irending steeply dipping normal fault (in the foreground). River follows older NNW-trending Bl Cascada Paing

is characterized by left lateral sirike slip kinematics
with strong component of high-angle reverse faulting,
in which the eastern part moved above the western
part. Therefora, the authors suspect thal the LSFZ is
a left lateral strike-slip fault zone with a strong
component of high-angle reverse faulting. In places
inwhich s _is nearly verlical, the 5, planes rolated in
the s, planes and feigns normal fault kinematics. An
inlerpretation as a large scale 'flower structure' is
not probable. A flower structure would also show
reverse kinemaltics in the case of fault planes, which
dip, to the west. Those structures are not developed
in the mapped araa,

To the south of the LFSZ the foliation rotates

northwest. This is probably due to a bending at the
younger Lago Mordenskjold-fault zone. To the norih,
the Lago Skottsberg-fault zone is truncated by the
Torres del Paine granite. There are no field or air
photograph evidences, that the faull was active
after the emplacement of the laccalith.

Wilson (1983) and Skarmeta and Castelli (1997)
described this faull as the prolongation of the '‘Rio
Mutria fault'. The Rio Mutria fault was first mapped
by EMAP geologists (A. Canon’; Cortéz, 1964), and
was descnbed by them 1o place the Punta Barrosa
Formation (formerly described as Erezcano Form-
ation, later named as Zapata Formation and re-
defined in that area as Punta Barrosa Formaltion by

11863 Reconocimiento geolagico al oeste de 1a Sierra Toro v la Peninsula Ultima Esperanza (Unpublished), Empresa

Macional del Petrales, 41 p. Puntas Arenas, Chila.
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Wilson (1983) over the Cerro Toro Formation, The
Rio Nutria faultindicates reverse fault kinematics, in
which the weslern part was thrust onto the eastern
part. Theirinterpretation was based on ohservations
of localities ¢a. 35 km farther south, west of Lago
Tore. A reinterpretation of the present left-lateral
Lago Skotisberg fault, with a strong component of
high-angle normal faulting, as part of a left lateral
fault with a strong component of high-angle reverse
faulting is probable (see above). This kinemalics
differs significantly from that observed at the RHio
Mutria type locality.

Lago Grey-fault zone and the antithetic Lago
Nordenskjold-fault zone. Lago Grey is situated at
alarge fault systemin the Punta Barrosa Formation,
here namedthe Lago Grey-fault-zone (LGFZ). Atthe
weslemn lake and in oculcrops south of the lake the
regional axial plane cleavage (s,) was bent and a
new foliation was formed (s, Fig. 5c). S, strikes
NNW-SSE and dips steeply (65-787) 1o the south-
wasl. The zone in which two foliations axist is more
than 1 km wide and strikes NNW-SSE, i e., parallelto
the bedding planes s . The bending of 5 , in addition
to the small-gcale tolding and tha lineation perpen-
dicular to the fold axis, indicate left-lateral sense of
shearwith a strong component of high-angle reverse
taulting, in which the northwestern part was thrust
anto the southeastern part (Fig. 5c). Therefore, the
Lago Grey-Fault zone is a convergent strike-slip
faull, indicating deformation under transpressive
conditions. Hare iscclinally tolded neptunian dikes
occur (Fig. 5d). In addition, s, parallel faults south of
Lago Grey cut andesitic to basaltic dikes and dis-
play the same kinemalics as s, and the Lago Grey-
fault zone. Tao the south, the LGFZ has a probable
continuation as indicated by the fault-parallel Rio
Grey, covered by alluvial sediments (Fig. 2).

At the Lago Grey-fault zone, south of the steep
slopes of the Caordillera del Paine, a large-scale
northeast-trending fault zone developed. This fault
zone is parlially covered by the Lake Lago Norden-
skjold, and here named Lago Nordenskjold-fault
zone (LNFZ). The fault zone is composed of a
syslem of faults, probably displaced by a transfer
tault, located below the Lago Nordenskjald (Fig. 2).
To the west, at least two branches exist (Fig. 4).
Kalz (1982) first described the faull zone as a single
fault. Based on the observation that two folds, one
of each side of the Lago Nordenskjold, originally
belonged to one fold, Katz (1962) described the

LMFZ as a right lateral sirike-slip fault zone with a
moderate component of high-angle normal faulting.
Kalz (1962) postulated that the northwestern par
was the downthrown side, whereas the present
study reveals the downthrown side to be the south-
eastern part. Along the western branches of the
LNFZ, south of Lago Skoltsberg, the faull shows a
dawnward jump' of the southeastern par. In addition,
the LNFZ cuts and bends the Lago Skottsberg-fault
zone, indicating a right lateral movement of up to
200 m. Therefora, the authors conclude that the
LNFZ is a right lateral strike-slip fault zone with a
compenent of high-angle normal faulting. The au-
thors interpret the LMFZ as an antithetic branch of
the Lago Grey-fault zona. Smallertaults of the same
orientation and kinematics occur south of the Torres
del Paine granite and west of the Lago Grey-fault
zone, In very rare cases, small-scale faults of the
same trend show |eft-lateral sense of movements.

Large morphological depressions accur west of
theinvestigated area (e.g.. Lago Azul, Laguna Amar-
ga). They form NNW-trending large scale valleys.
Hence they are very similar to the Lago Gray-Lago
Mordenskjeld system,.

Mafic dikes of unknown age intruded into the
Cretaceous sediments parallel to the Lago Nord-
enskjald- and parallel to the Lago-Grey fault system.
Strike-slip and normal faults exclusively disected
thesa dikes.

POST-INTRUSIVE FAULTS

SE- and E- trending left-lateral strike-slip faults.
Moderate to steeply dipping, southeast- trending
faults are frequent. In contrast to the fault zones
described above, they are of minor geographic
extension. Larger ones are often overprinted by
weathering phenomena and form valleys, furrows
or deep trenches. In most cases, fault planes, bent
layers, and striae indicate left-lateral movemenlts
with a gentle component of normal taulting, in which
the southern part moves down to the east (Figs. Se,
f). The faulting is the resull of transtensional con-
ditions. In rare cases, small-scale faults of the sama
trend show right-lateral sense of movements. This
type of faulls crossculs the ‘external’ gabbros
northwest of the eastern end of Lago Nordenskjold
{Fig. 2). Southeast-trending left-lateral strike-slip
faults often cut the northeast-trending nght-lateral
faults described above.
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A remarkable feature i the intrusion of nu-
merous mafic dikes parallel to these faults. Some of
these dikes clearly show en-echelon structures (Fig.
3e). These structures are typical of regions with
extensional dynamics having a component of strike-
slip faulting (e.g., Nairn and Cole, 1981), Somea of
the dikes are cross-cut by southeast-striking dikes
and faults, pointing to an intrusion before Ihese
faults were active.

A few cast-trending, left lateral strike-slip faults
with a shight component of normal faulling are
exposed. Cross-cutting relationships indicate, that
these faults are youngerthan those described above,
Their trend deviates by ca. 207, This displays similar
kinematics as for the ESE-striking faulls and reflects
a clockwise rotation of the P {compression) and T
{tension) axes (Table 2).

RIO PAINE- AND VAL FRANCES-FAULT ZONE

Morthwest of the Lago del Toro al the western
and eastern river banks of the Rio Paine river a
gabbro sill is displaced along faults indicating a left-
lateral sense of shear with a moderale component
of high-angle normal faulting, inwhich the southwast
moved down, The faults strike to the north and dip
sleeply lo the weslt. To the north, some small faults
with the same orientation and sense of displacement
are observed. They are probably part of a large
scale fault zone, the Val Francés-fault zone (Fig. 2).
The faults of this zone show a slightly different strike
direction from the Rio Paine-fault zone, but have the
same sense of displacement. The Val Francés-fault
zone stnkes towards the NNW. Furrows, valleys.
outcrops, the MNW-trend of the western part of the
Lago Nordenskeld and the Valle Francés indicate a
continuation of the Val Francés-fault zone. The fault
zane clearly displaces and, therefore, post-dates
steeply dipping faults striking 120°. In addition, it
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displaces the northeast trending right-lateral Lago
Mordenskeld-fault zone (Fig. 2). Satellite images
and air photographs indicate, that the fault zone
displaces the Tores del Paine granite with the
same sense of shear. Therefore, this fault system
was active after the intrusion of the Paine granite.
The Rio Paing- and Val Francés-fault zones form
divergent strike-slip faults, formed in atranstensional
stress regime.

NE-trending steeply dipping normal faults,
northeast-trending normal faults form doerminant faul
systems in the investigated area. Thay ara parallal
to the Lago Mordenskjeld-fault zone. However, they
cross cul the western part and, therefore, post-date
the LNFZ, whichis interpreted as an antithetic branch
ofthe Lago Grey-fault zone. They are more frequent,
bul not restricted, to the region east of the Lago
Gray-tault zone. The faults can be observed directly
by crosscut relations and as strong lineaments in
salellite images and air photographs. In most ca-
ses, the single faulls show displacements of centi-
metres to tens of meters. The faults dip steeply 1o
the southeast. However, this type of fault probably
reactivales lhe Lago Nordenskjeld fault as indicated
by normal taults on both sides of the lake.

In some places, they overprint the Lago Skotts-
berg- and Lago Grey-fault zones. Faults are verically
or subverlically dipping to the southeast. The fault
planes, bent sadimentary layers and sinae indicate
down to the south movements. Only few faults dip
maoderalely to the soulheasl {Fig. 5g). Often, water-
falls (Fig. 5h) mark them,

NNW-lrending steeply dipping normal or reverse
faults. These taults are vertical or dip steeply 1o the
northeast. Along the fault planes top-to-northeast
movemenls are obvious. Striae on the fault planes
are oriented nearly vertical.

STRUCTURAL AND KINEMATICAL EVOLUTION OF THE TORRES DEL PAINE FORELAND AND
THEIR RELEVANCE FOR MAGMA EMPLACEMENT

The resulls of the structural analyses indicate
the following relationships between kinematics,
dynamics, and magma emplacemeant (Table 2):

* The oldesl magmatic activity in the Torres del
Paine area is represented by ‘external gabbros'. Al
the Rio Paine, southeast of Lago Pehoe and south-

west of Laguna Amarga, large-scale folding of the
gabbros occurs. Biotites of the 'external gabbro',
located noriheast of the eastern end of Lago MNor-
denskjold, give an Oligocene age (29 Ma). Biotile is
of late magmatic i.e., hydrothermal origin.
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* The emplacement of the Paine gabbroic and
granitic magma clearly post-dates the folding,
reverse faults and most of the convergent sinistral
faults (e.g., Lago Skolisberg-fault zone). The rool is
spalially connected with the convergent strike-slip
Lago Grey-faull zone. The intrusion clearly pre-
dates all divergent strike-slip and normal faults,
which overprint the Lago Grey-fault zone. Therefore,
the intrusion must ba placed in the ime span after
activation of the Lago Skottsherg-fault zone and
before the sinistral strike-slip faults post-dating the
Lago Grey-fault zone. Therefore, the emplacement
of the gabbros and granites of the Torres del Paine
laccolith occurred during the change from compres-
sional to tensicnal tectonics.

«  Maostof the mafic dikes of the foreland post-date

the granite intrusion and intruded parallel o the
trend of the major fault systems. From structural and
cross-cutting observations the following chronology
can be obtained:

Dikes parallel to the Lago Grey- and Lago
Maordenskald-fault zane are probably the aldest
dikes observed. These dikes were cross-cut by
maost fault systems younger than the LGFZ.

Dikes parallel to the ESE-stnking simistral strike-
slip faults, which are often cut by these faults. En-
echelon structures indicate tensional stress during
emplacemeant,

ENE-striking dikes are the youngest dikes, ab-
served. They are parallel to subparallel 1o the strike-
slip faults, post-dating the granite intrusion. These
dikes were cross-cut by normal faults,

DISCUSSION AND CONCLUSIONS

Dwring Cligocene to recent times the foothills of
the Torres del Paine intrusive complex were affected
by a minimum of three magmatic pulses (axternal
gabbros, Torres del Paine Intrusive Complex, dikes).
Magmaltic aclivities are related to compressional
dynamics as well as o periods in which a change
from compressional to transtensional tectonics oc-
curred,

The Ohgocene ‘external gabbros' are the first
intrusions in the study area. Assignment of a tectonic
setting is not obvious based ontheir alkaline chemis-
try (e.g., Wilson, 1989). The Balmaceda pluton o
the south is of similar age as the external gabbros,
butdetailed work onits geotectonic setting is lacking.
However, north of the sludy area in the foothills of
the Miocene Fitz Roy pluton, comprassional dyna-
mics throughout Cretaceous to Miocene are sus-
pected (e.g., Coutand et al, 1999). Therefore,
emplacement in a compression dominated crusl is
probable for the external gabbros of the Torras del
Paine area.

The emplacement of the ‘external gabbros' is
tollowed by comprassional and transpressional
tectonics, expressed by large scale folding and
faulting with subhorizontal EMNE- to cast-striking
shortening axes (Table 2). Shortening axes are
compatible with the relative plate velocities of the
Mazca- and the South-America plate.

The magmas of the Miocene Torres del Paine

laccelith used a pathway close to the Lago Grey-
Faull zene for ascenl and intrusion. It intruded
during a phase of kinematic changes from lefi-
lateral convergent strike-slip faulting to left-lateral
divergent strike-slip faulting. This marks the change
from transpressional to transtensicnal dynamics,
probahbly resulting from plate tectonic recrganization
duringthe Miocenea. The Chile ridge collided obliqualy
with western Tierra del Fuego about 14 Maage. The
triple point subsequently migrated northwards 1o its
present position at about 47°5 (Fig. 1). Conse-
guently, the southem tip of South America has
expenenced a rapid oblique convergence (EME-
WSW at about @ cm/yr) between Mazca and South
America plates, followed by slow frontal convergence
{east west al about 2 cm/yr) belween Antarctica and
South America {8.g., Couland ef al, 1989). The
triple point must have collided with the trench west
of the Torres del Paine region at about 12 Ma,
according to the data of Gorring et al. (1997). The
changeinconvergence raleis apassible mechanism
to produce a change from compressional to tensional
stresses. A similar scenaric has been described for
the central Andes (Scheuber, 18994; Taylor af al,
1998).

The 'magmaltic rool zone' of the Torres del Paine
intrusions possibly coincides with the intersachion of
the (subducted) Madre de Dios occanic transform
fault or fracture zone with the Lago Grey-Fault zone,
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when projecting its position dunng the time of mag-
ma ascent onto the continent (Fig. 1; Gornng at al.,
19971, The structural control of the upper plate by
subducted oceanic fracture zones s well known
from other regions {e.g., Carr, 1984). Although the
arca above the Madre de Dios fracture zone 18 not
characterized by a major fault zone at the present
surface, a structural inhomaogeneity in this region is
probable, as expressad by the present deaply ercded
morphology. Therefore, the magma ascent of the
Torres del Paine laccolith was possibly controlled
by the intersection of the LGFZ and the Madre de
Dios transformfault. The study does not reveal clear
avidence for the tectonic role of the northeast-
striking San Lorenzo-Balmaceda-Lineament. The
major structural elemants controlling the pathway
formagma ascentinthe studicd area are the 30"NW
striking LGFZ and probably the fossil oceanic Madre
de Dios TO°MNE striking transform faull. A hypothesis
1o explain the San Lorenzo-Balmaceda Lineament
(5LB) by authors' new data and published data on
the San-Lorenzo Bathaolith is a possible north-south
trending strike-slip (?) fault zone in the deeper crusl,

i3

This lower crustal zone enhanced magma ascent to
the upper crusl, inwhich the pathways are controlled
by NW-trending and NE-trending faults,

One of the main unresalved questions about
magmalic arcs concermns the mechanisms by which
large volumes of granitic melts intrude the upper
crust. The recognition that oblique plate convergence
may have been associated with voluminous granitic
magmalism, ¢.g.. in the Cretaceous plutons in Cali-
tormia (Glanzer, 1991), suggests that there is a
genetic link between sirike-slip tectonism and
granitoid emplacement. Theretora, observed diver-
gence of the 5LE as a possible strike-slip fault in the
lower and/or middle crust, and the upper faults
controlling magma ascent is possibly a function of
shear partitioning.

The numerous mafic dikes of the foreland intru-
ded mostly parallel lo faults and fault zones. They
are parallel to the LGFZ and younger faulls, There
fore, a genelic relationship with the mafic magmas
of the Paine laccolith is possible, although dike
formation outlastad the ascent of the Paine intrusion.
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