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P Basle, November 1980

Structural geology of the Cordillera Darwin - collisional-style
orogenesis in the southernmost Chilean Andes!)

By Eric P. NELsON?), [AN W.D. DaLzIEL?) and ALAN G. MILNES?)

ABSTRACT

Recent cruises of the U.S. National Science Foundation’s Research Vessel Hero in the fjords of
southern Tierra del Fuego (Chile) have allowed preparation of the first relatively detailed geologic and
structural maps of the Cordillera Darwin, the southernmost, E-W trending, mountain range of the
Andes. The Cordillera Darwin represents a structural culmination, unique in the southern Andes, where
pre-Late Jurassic basement rocks mainly of sedimentary origin, but now strongly deformed and
regionally metamorphosed. are exposed. They are stratigraphically overlain by a cover of Upper Jurassic
silicic-intermediate volcanic rocks (Tobifera Formation) and Lower Cretaceous clastic sedimentary
rocks. occurring north and south of the main range. Basement and cover are cut by an early suite of
granitic plutons (now gneisses) intersected by swarms of basic dikes (now amphibolites). Earlier work has
shown that, during the Early Cretaceous, the area lay on the passive continental margin of an opening
marginal basin of western Pacific type. i.e. in an extensional geotectonic environment. In the mid-
Cretaceous this changed to compressional and the basin terrain (oceanic crust and thick flysch cover)
became deformed and thrust against the continental margin to the north, which in turn suffered intense
deformation and metamorphism. The effects of this “early Andean™ orogeny are well documented in the
Cordillera Darwin and are described in detail. Three phases of penetrative ductile deformation can be
distinguished, all predating a second period of granite intrusion (isotopically dated at 80-90 my). Major
fold structures developed during phases D, and D,. together with parasitic minor folds, exlension and
intersection lineations, and axial planar and transposition foliations in complicated patterns similar to
those found in the deeper zones of the Alps and other collision-type orogens. Although the basement was
completely remobilized. relict pre-Late Jurassic structures were found in places. During D,-D,,
metamorphic grades locally reached high amphibolite facies in basement and cover rocks alike. Tectonic
evolution during this period shows an initial strong northward vergence (D,) changing through a
complicated conjugate zonal geometry (D,, with large recumbent south-facing folds in places) to a weak
southward vergence (D;). Comparisons with the Central Alps and with the western North American
Cordillera reveal some striking similarities but also significant differences in structural style and tectonic
evolution.

ZUSAMMENFASSUNG

Geologische Aufnahmen wihrend zweier Kreuzfahrten des US-amerikanischen Forschungsschiffs
Hero (1977, 1978) in den Fjorden und Kanilen von Siid-Feuerland (Chile) haben die Zusammenstellung
der ersten detaillierten strukturgeologischen Karten der Region ermoglicht. Das Gebiet ist von der
Cordillera Darwin. der siidlichsten, E-W verlaufenden Hochgebirgskette der Anden, dominiert. Die
Cordillera Darwin stellt eine Kulmination dar, wo als einzige Region in den siidlichen Anden das
prajurassische Grundgebirge iiber ein grosseres Gebiet aufgeschlossen ist. Dieses Grundgebirge besteht

') Lamont-Doherty Geological Observatory contribution No.3021.

?) Lamont-Doherty Geological Observatory of Columbia University, Palisades, New York 10964,
USA.
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aus stark deformierten und metamorphen Para-Serien und wird von einer oberjurassischen bis unterkre-
tazischen Bedeckung iiberlagert. Die Bedeckung ist im unteren Teil aus michtigen sauren bis intermedii-
ren Vulkaniten (Tobifera-Formation), im oberen Teil aus klastischen Sedimenten aufgebaut, die heute in
zwei Zonen nordlich und sudlich der Hauptkette aufgeschlossen sind. Vor Beginn der Anden-Orogenese
waren alle Serien zuerst durch eine Reihe von granitischen Plutonen und dann Scharen von basischen
Gingen intrudiert. Wihrend der Unterkreide befand sich das Gebiet am passiven Kontinentalrand eines
Randbeckens, dhnlich den Randbecken im heutigen westliche Pazifik.

In der Mittleren Kreide wechselte das geotektonische Regime von krustaler Ausdehnung zu
Kompression, wobei die Beckenunterlage (ozeanische Kruste und Flysch) gegen und iiber den im
Norden liegenden Kontinentalrand geschoben wurde. Dieser (heute die Cordillera Darwin) wurde dabei
stark deformiert, metamorphisiert und in ein Gebirge vom «Kollisionstypus» umgewandelt. Hauptge-
wicht dieser Arbeit liegt bei der Beschreibung dieser - fiir die Anden sehr uncharakteristischen -
Orogenese. Drei Phasen penetrativer duktiler Verformung D,-D; koénnen unterschieden werden, alle
frither angelegt als eine zweite Generation von Granitplutonen mit radiometrischen Altern von 80 bis 90
Mio. Jahren. Grossraumige Strukturen (Uberschiebungen, liegende Falten) entwickelten sich nur
wihrend der Phasen D, und D,, zusammen mit parasitiren Kleinfalten, Lineationen und verschiedenen
Schieferungstypen. Trotz dieser intensiven Uberprigung bleiben stellenweise Anzeichen von noch
fritheren - prdjurassischen - Strukturen im Grundgebirge erhalten. Wihrend D,-D, erreichte die
Metamorphose in gewissen Gebieten obere Amphibolitfazies. Eine Rekonstruktion der tektonischen
Entwicklung zeigt wihrend D, eine starke nordvergente Bewegung, wihrend D, eine komplizierte
Kinematik in konjugierten Zonen und wihrend D, eine schwache siidvergente Tendenz. Vergleiche mit
den Zentralalpen und dem Westen von Nordamerika ergeben teils auffallende Ahnlichkeiten, teils auch
bedeutende Unterschiede im strukturellen Stil und in der tektonischen Entwicklung.

Introduction

The Cordillera Darwin is the highest part of the E-W trending Andean cordil-
lera in Tierra del Fuego. It is situated in the southwestern part of Isla Grande de
Tierra del Fuego, adjacent to the Argentine frontier (Fig. 1). The Cordillera Darwin
has several peaks over 2000 m, notably Monte Darwin (2438 m) and Monte Shipton,
the highest (2469 m). An extensive ice cap, which covers the high peaks, limits rock
exposure and makes access on foot difficult. The region is also completely uninhab-
ited, so traversing by boat along the almost continuously exposed walls of an
extensive network of fjords is at present the most efficient way to study the geology.
For comparison of size, the area of the Cordillera Darwin is approximately the same
as that of the combined Valais and Bernese Alps in Switzerland.

The first scientific studies were made by Charles Darwin in the course of the
voyage of H.M.S. Beagle in 1836. While travelling by open boat along the fjord now
known as the Canal Beagle (Fig. 1), Darwin recorded many accurate observations
concerning the basic lithology and structure of the rocks (DARWIN 1890). The first
extensive study of the geology of the Cordillera Darwin was not made until 1929
when E.H. Kranck visited southern South America with a Finnish expedition.
Shortly afterwards he published an outstanding monograph containing detailed
accounts of many outcrops, land traverses, and field relations, as well as petrograph-
ic descriptions (KrRaNCK 1932). Both DARWIN and KRANCK noted that the metamor-
phic grade of many of the rocks in the Cordillera Darwin, which in places contain
garnet and amphibole, is considerably higher than that encountered elsewhere in
the southern Andes. KrRaNCK called these high grade rocks the “Central Schists” of
the Cordillera Darwin. He also noted that granitic rocks, both deformed and
undeformed, are common in the Cordillera.
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Fig. 1. Index map showing areas underlain by pre-Jurassic basement rocks (/ined), early Cretaceous
marginal basin rocks (dotred) with ophiolites (black), and the Patagonian Batholith. *Batholith” includes
numerous individual plutons yielding radiometric ages between 150 and 10 my b.p. as well as some roof

pendants of pre-Late Jurassic basement. UE=Ultima Esperanza area; SC = Sarmiento ophiolite
complex: /E =Isla de los Estados; /G = Isla Grande de Tierra del Fuego: CB = Canal Beagle.

In the past twenty years reconnaissance studies have been undertaken by
geologists from the Empresa Nacional del Petroleo and the Instituto de Investiga-
ciones Geologicas of Chile, and also by scientists from various Australian, British,
Japanese and United States institutions (DALZIEL & CORTES 1972; HALPERN 1973;
KAtz 1973). In the course of two recent cruises with the United States National
Science Foundation’s Research Vessel Hero, we have spent a total of ten weeks
studying the Cordillera Darwin (NELSON et al. 1977 and in press). We have mapped
virtually all the coastlines with the exception of an area in the southwest restricted
by the Chilean authorities. In addition we have made some inland traverses, and
one of us (EPN) has spent several weeks making a detailed study of the inner part of
Bahia Parry in the northeastern part of the Cordillera (Plate). The mapping, at a
scale of 1:100,000 using base maps supplied by the Empresa Nacional del Petroleo,
has resulted in preparation of the first relatively detailed geologic and structural
maps and cross sections of the Cordillera Darwin.
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The purpose of this paper is to give an account of the geologic structure and
history of the Cordillera, to relate it to the tectonic setting of the southern Andes as a
whole, and to comment briefly on the nature and significance of the overall tectonic
style in comparison with other orogenic belts, notably the Central Alps and the
cordillera of western North America.

Geologic and geotectonic setting

The Cordillera Darwin is a structural culmination that exposes a large area of
pre-Late Jurassic basement rocks. These rocks are almost entirely surrounded by
younger Mesozoic volcanic and sedimentary rocks. A complex history of deforma-
tion and metamorphism and at least three episodes of igneous intrusion are record-
ed. These events reflect the interaction of lithospheric plates along the evolving
Pacific continental margin of Gondwanaland and, later, of South America over the
past 200-300 million years (Table). The following is a summary of the geologic
history of events in the region in chronological order as they pertain to the evolution
of the Cordillera Darwin.

Late Paleozoic to Early Mesozoic

The western portion of the basement complex south of 49°S latitude appears to
represent an accretionary prism that was developed along a convergent segment of
the Late Paleozoic to Early Mesozoic Pacific margin of Gondwanaland (BARKER,
DALzIEL et al. 1976; DE WiIT 1977; FORSYTHE 1978; DaLzIEL & FORSYTHE 1978;
ForsYyTHE & Mpobpozis 1979). The presence of volcanic rocks in the basement
terrain of the Cordillera Darwin indicate that this region was near the Late Paleo-
zoic to Early Mesozoic arc. The basement complex throughout southern South
America underwent at least one phase of deformation prior to uplift and erosion in
the Triassic or Early Jurassic (DALZIEL & CoORTES 1972; DaLzieL & ErLLioT 1973;
FORSYTHE & Mpropozis 1979).

Mid-Mesozoic (Late Jurassic to Early Cretaceous)

Following uplift and erosion of the basement complex, silicic to intermediate
volcanism and plutonism occurred in the Late Jurassic throughout much of southern
South America. This igneous activity was associated with widespread normal
faulting and thus BRUHN et al. (1978) have compared the Late Jurassic tectonics of
the region with the Cenozoic Basin and Range tectonics of western North America.
However we believe that this comparison represents only one possible analogy, and
that the origin of the Late Jurassic volcanism remains problematic. Jurassic isotopic
ages in the Patagonian Batholith (Fig. 1.; HALPERN 1973) along the Pacific margin
do, however, suggest subduction of Pacific ocean floor at this time.

In latest Jurassic and earliest Cretaceous time, a marginal basin of uncertain
width developed within this volcanic terrain and separated an active calc-alkaline
peninsular or insular arc to the west from the rest of the continent (KATz 1973;
DaALziEL et al. 1974a). The marginal basin was floored in part by oceanic crust and
received detritus from the volcanic arc on the Pacific side and from the continent on
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the Atlantic side (DALzIEL et al. 1975; WINN 1978). The southern edge of the
Cordillera Darwin is a major crustal boundary (herein called the Canal Beagle line)
separating the southernmost exposures of pre-Late Jurassic basement rocks from the
northernmost exposures of Lower Cretaceous ophiolitic rocks that formed the
basement of the marginal basin. Thus the present Cordillera Darwin lay at the
passive continentward flank of the marginal basin during the Early Cretaceous.

Late Mesozoic-Cenozoic

During the mid-Cretaceous both the marginal basin and the adjacent continen-
tal margin were uplifted and deformed. This deformation is most intense along the
continental flank of the marginal basin, decreases in intensity toward the magmatic
arc, and is probably absent in the arc itself. Calc-alkaline plutons in the Patagonian
batholith pacificward of the marginal basin terrain (Fig. 1) range in age from Late
Jurassic to Neogene (HALPERN 1973) and probably indicate continuation of subduc-
tion throughout this time. Lack of systematic geochronology on the rocks of the
batholith, however, precludes precise definition of this subduction in time and space.

Mid-Cretaceous deformation and uplift of the southern Andean cordillera was
accompanied by the development of a foreland basin (or foredeep), known as the
Magallanes basin, on the Atlantic side of the Cordillera (Scott 1966; URIEN
& ZUMBRANO 1973; NATLAND et al. 1974). Coarse detritus derived from the uplifted
terrain arrived in the Magallanes basin earlier in the north (Coniacian to Campa-
nian in the Ultima Esperanza area) than in the south (Maestrichtian in the Tierra
del Fuego area) (M.A. WINsLOw, pers. comm.). Deposition continued in the
Magallanes basin throughout most of the Cenozoic. Deformation in the foreland
occurred from Late Cretaceous through Neogene affecting progressively younger
foreland sediments and migrating atlanticward from the Cordillera (WINSLOW. in
press).

Beginning in the mid-Tertiary, the region south of 49°S latitude was dissected by
left-lateral transcurrent faults. These faults appear to have developed to accommo-
date the complex Cenozoic to Recent evolution of plate boundaries in the Scotia Sea
region (BARKER & GRIFFITHS 1972; FOrRsYTH 1975; HERRON et al. 1977).

Tertiary deformation on the Atlantic (foreland) side of the Andes has been
classically referred to as “Andean” (GROEBER 1952). DALzZIEL & CORTES (1972),
however, used the term to refer to all the tectonic events occurring since mid-
Cretaceous and related to the building of the present mountain chain. In keeping
with this usage, the mid-Cretaceous deformation in the Cordillera Darwin will be
referred to here as “early Andean”.

General geology of the Cordillera Darwin

A general description of the geology of the area based on our recent mapping
will be given first. The deformation associated with closure of the marginal basin
will then be analyzed in more detail. Finally an interpretation of the tectonic
evolution of the region will be presented.

A major unconformity separates an Upper Jurassic and younger volcanic and
sedimentary cover sequence from an older basement terrain. This unconformity has
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been recognized elsewhere in the Andes south of 49°S latitude and is also exposed
in the Cordillera Darwin (KRANCK 1932; CESPEDES, unpubl. report of the Empresa
Nacional del Petroleo; DALZIEL et al. 1970; DarLzieL & ErrioT 1971, 1973). A major
problem in the Cordillera Darwin has been the distinction between basement and
cover rocks because of their similar lithologies, and because both have been strongly
affected by various periods of Andean deformation and metamorphism. Nonethe-
less, in the northern slopes of the Cordillera Darwin, we have been able to recognize
the basement-cover contact as a clear unconformity at four localities. The contact
along the southern edge of the Cordillera can be distinguished only on the basis of
lithologic correlation because the degree of deformation and metamorphism is more
intense here than in the north.

In addition to the variably metamorphosed basement and cover terrains, two
felsic plutonic suites and a suite of mafic dikes are exposed in the Cordillera Darwin.

Basement complex (rock unit 1, see Plate)

The basement complex is exposed only in the central portions of the Cordillera,
and is completely surrounded by cover rocks (Plate). The basement lithology is
predominantly graphitic phyllite and schist. These rocks are gneissic and occasional-
ly migmatitic where local metamorphic grade attains amphibolite facies. The
predominantly pelitic rocks contain variable concentrations of silicic layers a few
millimeters to a few centimeters thick. The silicic layers are of two types: a) metasilt-
stone and metatuff and b) irregular pods and lenses of vein-type quartz of secondary
origin. The prominence of secondary quartz veins in the basement complex and
their absence in the cover complex helps distinguish the two complexes.

The basement complex also includes lesser but significant amounts of quartzitic
schist and greenstone, probably representing quartz sandstone or chert and interme-
diate or basaltic volcanic protoliths respectively. A preliminary Rb/Sr whole rock
isochron on pelitic and quartzitic schists from Bahia Plischow (Plate) gives a
minimum age of 224 + 38 my for the basement complex (HERVE et al.. in prep.).

The volcanic horizons suggest that the original sediments of the basement
complex were probably deposited near a magmatic arc. The lithologies present in
the basement complex are similar to those in other pre-Jurassic basement terrains in
southern South America. Taken together these basement terrains can be interpreted
as representing part of the Late Paleozoic to Early Mesozoic Pacific margin of
Gondwanaland (DU Tort 1937; DALZIEL, in press).

Cover complex (rock units 3 and 5, see Plate)

The cover complex consists of a predominantly volcanic sequence overlain by a
clastic sedimentary sequence. The predominantly volcanic unit is generally referred
to as the Tobifera Formation in English literature (THOMAS 1949; see DALZIEL et al.
1974b and WinsLow 1980 for discussion). It is extensively present in outcrops and in
the subsurface in the Tierra del Fuego region (NATLAND et al. 1974. Fig.25). The
clastic sedimentary sequence in the Cordillera Darwin was originally named the
Monte Buckland Series for exposures along Seno Keats in the north (Plate), and the
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Yahgan Formation for exposures just south of the Cordillera (KrRANCK 1932). There
is considerable variation in thickness of the cover sequence both along and across
generally E-W regional lithologic trends. The cover rocks from northern and
southern exposures in the Cordillera are described separately because the lithologies
and the degree of deformation and metamorphism are most variable transverse to
the range.

Northern cover rocks: There are two main cover units on the northern side of the
Cordillera Darwin. The lower unit consists of dominantly silicic volcanic rocks
usually characterized by a thin sedimentary sequence near the base. This sedimen-
tary sequence usually includes a basal conglomerate horizon which varies from a
diamictite to a very coarse, clast-supported conglomerate. The conglomerate clasts
are predominantly volcanic, but some basement components (with clear deforma-
tional fabrics) are intermixed in places. The main part of the volcanic unit is highly
variable and consists of well-bedded tuff, flow-banded rhyolite, massive rhyolite,
very coarse volcanic (vent?) breccia, and scoriaceous flows. Fine-grained to very
coarse-grained clastic intercalations are occasionally found. The lithology is very
similar to that found on Isla de los Estados along strike to the east (DALZIEL et al.
1974b, see Fig. 1).

The upper cover unit is comprised of fine to coarse-grained clastic sedimentary
rocks with a high component of volcanic detritus. The contact between the upper
and lower units was conformable where it was observed. Metamorphic grade in the
northern cover nowhere exceeds lower to middle greenschist facies.

Southern cover rocks: The southern cover rocks contain a greater proportion of
intermediate volcanic rocks than the northern cover rocks. These volcanic rocks,
now greenschists, are interlayered with a silicic volcanic unit, and occur mainly in a
zone separating the silicic unit and a clastic sedimentary unit (see Plate). The
greenschists are strongly deformed and volcanic breccias and occasional pillow
structures are the only primary textures preserved. These greenschists were pre-
viously interpreted as part of the ophiolitic complex of the marginal basin terrain
(KATz 1973; DALZIEL et al. 1974a). However the intermediate, rather than tholeiitic,
appearance of these rocks belies an ophiolitic association. As an alternative, we
suggest that the greenschists in the southern cover sequence could be subduction-
related calc-alkaline volcanic rocks, as suggested for similar rocks farther east by
BRUHN et al. (1978). Some contribution of more basic magmas related to tholemtic
volcanism in the marginal basin cannot be ruled out.

The clastic sedimentary sequence in the southern cover is lithologically similar to
that in the north, except for exhibiting a generally higher metamorphic grade (up to
amphibolite facies in places) and stronger deformation.

Intrusive rocks

KRANCK (1932) recognized two distinct felsic plutonic suites in the Cordillera
Darwin. A third intrusive suite, consisting of a swarm (or swarms) of mafic dikes,
intrudes the older of the two felsic suites and the basement complex, and is itself
intruded by the younger felsic suite. Because the older felsic suite and the mafic
dikes are both deformed whereas the younger felsic suite is undeformed, the
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relationship of these three suites to other rocks helps constrain the timing of defor-
mational events in the Cordillera.

Deformed plutonic suite (rock unit 2, see Plate): Felsic orthogneisses are exposed
in the central and southern portions of the Cordillera, and are usually surrounded
by basement rocks of medium to high metamorphic grade. The country rocks
intruded near the mouth of Seno Ventisquero, however, are possibly part of the
cover sequence (see Plate).

The orthogneisses consist of biotite granites and granodiorites (modal quartz
>20%). Minor phases consist of garnet and occasionally muscovite and amphibole.
Myrmekite and accessory allanite are common in these rocks. The gneisses are
weakly foliated to nearly mylonitic. The plane of foliation is defined by parallel
alignment of micas and, in more strongly deformed rocks, by the dimensional
preferred orientation of flattened feldspar and quartz grains.

The orthogneisses have yielded an Rb/Sr whole rock isochron date of
157 £7 my and an initial 8’Sr/8¢Sr ratio of 0.70875 + 0.0019 (26) (HERVE et al., in
prep.). The Middle to Late Jurassic isotopic date on these plutons is consistent with
the interpretation that they are the subvolcanic, plutonic equivalents of the volcanic
rocks of the Upper Jurassic Tobifera Formation in the cover complex. The silicic
(and probably peraluminous) nature of the orthogneisses together with their high
initial #7Sr/8Sr ratios are compatible with an origin either by crustal anatexis
(CHAPPELL & WHITE 1974) or by crustal contamination.

Mafic dike swarm: The characteristic sheeted appearance of the orthogneiss
bodies is produced by the alternation of gneiss and abundant mafic dikes. The dikes
are concentrated in the central and southern portions of the Cordillera and are
characteristically regularly spaced sheets 1-4 m thick. Although apparently concen-
trated within the orthogneisses (only one gneiss body, at Bahia Pliischow, seemed to
lack dikes), similar mafic sheets were also observed in the basement complex, where
they are generally concordant to compositional layering.

The basaltic dikes are now amphibolites composed of 60-80% amphibole,
20-40% plagioclase, with minor amounts of biotite, opaque oxides, sphene, and
garnet. The foliation of these rocks is defined by the preferred orientation of
amphibole and plagioclase, and is usually, but not always, parallel to the dike
margins.

The dikes were intruded after the Upper Jurassic granitic rocks (orthogneiss
complex) and before the mid-Cretaceous deformation recorded in the Cordillera
Darwin. The dikes may have been intruded during an episode of crustal extension
linked to the formation of the marginal basin. Alternatively, the mafic dikes could
represent mafic magmas that were cogenetic with the orthogneiss complex as
evidenced by their close association with it, or even as feeders, associated with the
intermediate volcanics present in the southern cover complex. More petrologic and
geochemical data are needed to distinguish between these hypotheses.

Undeformed plutonic suite (rock unit 6, see Plate): Undeformed plutonic rocks are
restricted to the central and southern portions of the Cordillera Darwin. The rocks
are biotite or occasionally hornblende tonalites and granodiorites, commonly with
minor muscovite. Isotopic whole rock and mineral ages from various plutons from
within this suite indicate that they range in age (minimum) from about 70 to 90 my
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old (HALPERN 1973, p. 2416). As the plutons discordantly intrude all formations and
D ,-D, structures (see below), their age indicates that the main deformation in the
Cordillera Darwin occurred in the mid-Cretaceous (see DALZIEL & PALMER 1979).

Undeformed plutons were not observed intruding D, structures, although a few
plutonic rocks of probable Late Cretaceous age along the Canal Beagle have D, or
younger deformation fabrics.

Structural geometry and sequence

Four generations of structures have been recognized in the Cordillera Darwin.
These are designated Dy, D,, D, and D, in order of decreasing age. The earliest (Dy
or pre-Andean) structures are restricted to basement rocks and the younger three
(D,, D, and D, or early Andean) are found in both basement and cover rocks. The
early Andean structures are more strongly developed in the south than in the north
and hence the basement structures (Dg) are best preserved in the north.

Distinction and correlation of structural fabrics is based on contrasts in structural
style and orientation, as well as their relative structural age. Structural style is
generally distinctive for a given phase, but can change with lithology or can vary
because of local conditions accompanying deformation. It is also possible that the
absolute timing of structural phases varies along or across regional structural trends
even though the relative age of structural events remains the same at any given
locality.

Fig. 2. D, folding of amphibolite sheet (originally a mafic dike) with axial plane foliation (§) visible in
granitic gneiss: northern Bahia Pia (lens cap for scale).
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Fig. 3. D, structures. a) S, crenulation cleavage in basement phyllite; Seno Agostini. b) D, fold in garnet-
bearing amphibolite (originally a mafic dike) within a granitic gneiss (note shape of garnets in hinge
zone): Bahia Pia.
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Dy structures: Pre-Late Jurassic structures have previously been recognized
elsewhere in the southern Andean Cordillera (KrRanck 1932; FERUGLIO 1949;
DaLzieL 1970; DarzieL & CorTEs 1972; FORSYTHE & ALLEN, in press). In the
Cordillera Darwin intense, pervasive, early Andean deformation and metamor-
phism have almost completely obscured any pre-existing (D) fabric in the basement
rocks. Rare pre-D, isoclinal folding of compositional layering (bedding?) and pre-D,
secondary vein-like quartz layers are the only remaining evidence of this earlier
basement deformation and metamorphism, except for the pre-depositional struc-
tures in components of the basal cover conglomerate mentioned above.

D, structures: The first phase of early Andean structures is characterized by a
strongly developed foliation (S,). S, varies markedly in character from south to
north; it is generally schistose and locally mylonitic in the southern cover rocks, but
in contrast, it is a slaty cleavage in the northern cover rocks. In the south the
foliation is subparallel to compositional layering and axial planar to isoclinal folds.
In the north the foliation is usually at a high angle to bedding and is axial planar to
open mesoscopic and macroscopic folds.

S, in the basement, usually consists of a phyllitic or schistose foliation in pelitic
lithologies, and in places it is a layering produced by quartz veins that are axial
planar to tight and isoclinal folds in more siliceous rocks. In the orthogneiss complex
and associated mafic dikes, S, is generally characterized by the mesoscopic align-
ment of fine-grained micas and coarse-grained feldspars and amphiboles. It is
usually parallel to the contacts of the mafic dikes but in places cuts across them,
indicating the presence of mesoscopic and macroscopic D, folds (see Fig.2 and
Plate, section EE’).

A pervasive lineation (L,) is commonly associated with S, in both basement
rocks, cover rocks, and deformed intrusive rocks. This lineation is usually an
elongation lineation defined by the parallel alignment of mineral grains, but in
places it is also an intersection lineation formed by the intersection of S, and pre-S,
surfaces. Small scale D, intrafolial fold hinges often parallel L,, which, although
reoriented somewhat by D, and D,, is usually at a high angle to regional lithologic
trends (compare Fig. 1 and Fig. 7).

D, structures: D, structures, like D, structures are generally more penetrative in
the southern portion of the Cordillera Darwin. In the south-central portion of the
Cordillera macroscopic, tight, recumbent or near recumbent south-facing and south-
verging D, structures fold D, structures (see Plate, section CC’). Associated with
these nappe-like folds are tight to isoclinal, asymmetric parasitic folds. The parasitic
folds exhibit an axial planar crenulation cleavage (S,), and an intersection or
crenulation lineation (L,) that is subparallel to major D, fold hinges. In areas of
higher metamorphic grade, amphibole up to 1 cm long has grown subparallel to D,
axial planes and sometimes subparallel to L,.

Within the southern basement complex, S, is characterized by a crenulation or
strain-slip cleavage (Fig. 3a). In some places this cleavage completely overprints S,
(Fig. 4). In the northern part of the basement complex, S, intersects S, at a low
angle forming an anastomosing phyllitic cleavage similar to shear fracture cleavages
(SF-tectonite fabrics, RaAYMOND 1975). The main foliation along the north side of
the Cordillera is thus a combined S,/S, structure.
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deformation phases: Seno Contralmirante Martinez.

The interlayered orthogneiss-mafic sheet masses show mesoscopic folds of this
generation in the central and southern portion of the Cordillera (Fig.3b). One
steeply plunging macroscopic D, fold was observed in Bahia Pia (Plate, section FF’),
and can be traced for approximately 15 km to the north shore of the Canal Beagle.

D, structures: Third phase early Andean structures were recognized mainly in
basement rocks. being less well developed in cover rocks. These structures consist of
open crenulation style folds with axial planes that dip consistently northeast, with
locally a crenulation cleavage §,. and subhorizontal fold hinges. These structures
are developed in a distinct zone in the west central portion of the Cordillera (Fig. 7).
In the southern areas. D; structures are not easily separated from D, structures
because of the near parallelism of S, and S, or of §, and the axial planes of D, folds
(compare S,/S, in the north).

As mentioned above some D,(?) or younger fabrics were observed in plutonic
rocks along the Canal Beagle. Also, there is stratigraphic evidence of post-Cre-
taceous deformation in the foreland adjacent to the Cordillera Darwin (WINSLOW,
in press). Thus it is possible that post-D, deformation could have affected the
Cordillera Darwin and that these fabrics could be younger in the north than in the
south.

Faulting: KraNck (1932) and Katz (1973) envisioned major north-vergent,
south-dipping thrust faults along the northern margin of the Cordillera that juxta-
posed basement rocks over cover rocks. We found no conclusive evidence for major
thrust faults in the northern Cordillera, but we do believe that major northward
tectonic transport of basement has occurred as evidenced by overturned (D,/D,)
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folding of the cover with concomitant shearing and shortening in the basement
(Plate, sections AA’, DD’, FF’ and Fig. 8). This is suggested by the SF-tectonite
fabric (S,/S,) and regionally pervasive elongation lineation (L,) present in the
northern basement rocks. This does not preclude the possible existence of early
Andean thrust faulting further north, because our observations relate only to the
southernmost margin of the foreland. Also the basement-cover contact is coincident
with, or cut by major lineaments parallel to, transcurrent faults active in Late
Cenozoic time (HERRON et al. 1977). The lineaments could represent old thrust
faults reactivated during the Late Cenozoic, another structural style recognized
within the foreland (WINSLOW, in press).

In the southern part of the Cordillera Darwin, south-directed thrust faulting
appears to have been associated with major south-facing D, folds (Plate. sections
BB’, CC’). Mylonitic S, foliations in the southern cover rocks possibly indicate major
regional simple shear during D, but kinematic analysis is hindered due to reorienta-
tion of D, structures by later folding.

Transverse, post-D, high angle faults (see Plate) have offset, sheared, and
reoriented earlier structural trends in places (for example along Seno Martinez and
possibly along Bahia Yendegaia). Longitudinal high angle faults also effect earlier
structures, but these may have had a longer and more significant history (see
discussion of the Canal Beagle line below).

Structural analysis and interpretation

As mentioned above, the Cordillera Darwin is a structural culmination that is
unique in the southern Andes. It exposes deeper crustal levels in its central portions
and thus records localized uplift since the mid-Cretaceous. This uplift is documented
by the deposition of schistose and granitic detritus derived from the Cordillera in the
foreland basin beginning in the Late Cretaceous (FERUGLIO 1949; KA1z 1964). The
uplift may in part be the result of an important orogenic episode involving consider-
able crustal shortening and thickening due to the three local phases (D, to D;) of
early Andean deformation. Such a process has been documented along strike to the
east on Isla de los Estados (Fig. 1; DaLzIEL & PALMER 1979). Further uplift proba-
bly occurred on faults bounding the Cordillera to the north and south, although the
precise time of movement of these faults is unknown. The history of Cenozoic uplift
is still obscure.

The structural data in the Cordillera Darwin have been separated into fabric
domains within which mesoscopic structures are traceable and statistically homoge-
neous in orientation throughout the domain. Figure 5 presents orientation data from
domains where each set of structures is best developed. Figure 6 summarizes visual
means of point maxima of this data. The degree of homogeneity of structures of
each phase is variable for different domains depending on the amount of reorienta-
tion by younger phases of deformation. Analysis of orientation data and structural
cross sections leads to an interpretation of the kinematic history of the early Andean
deformation in this area (Fig. 8).

Strains associated with D, structures are greatest in the south and decrease in
intensity to the north. Where S, is not transposed or reoriented by later deforma-
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Fig. 5a. Mesoscopic fabric data from the Cordillera Darwin. Fabric domains: southern domains 1-16,
northern domains 17-37 (for stereograms, see Fig. Sb-d).

tional phases it dips predominantly south or southwest and commonly contains a
down-dip mineral elongation lineation (Fig. 5). D, phase strains are also greater in
the south than in the north, and display a conjugate geometry of D, fold axial
surfaces and foliations (Plate, sections CC’, DD’). Figure 5 shows that §, foliations
and D, axial planes dip north or northeast in the southern domains and south or
southwest in the northern domains. Central domains generally have steeper to
subvertical D, and D, structures (Plate). D, strains are weakest and have affected a
more restricted area than earlier phases (Fig. 7). D, axial planes and crenulation
cleavages have a very consistent northwest strike and northeast dip (Plate) which
approximately coincides with the attitude of S, in some southern areas.

Figure 8 illustrates a tectonic interpretation of the three phases of early Andean
deformation. A generally northward vergence during the D, phase, with strain
intensity increasing southward, is consistent with BRUHN’S (1979) “main phase”
deformation immediately to the east in Argentina and also with the D, and D,
phases of DALZIEL & PALMER (1979) still farther to the east on Isla de los Estados.
BRUHN interpreted his main phase as the beginning of obduction of the marginal
basin onto the continental margin. Generally this phase probably resulted in uplift
and relative northward translation of the marginal basin terrain with respect to the
stable craton, with strain concentrated near the boundary with, or in, the continental
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margin. In most domains the L, elongation lineation was usually down-dip within
S, and at a high angle to regional geologic trends (Fig. 7). We cautiously suggest
that this lineation can be related to the direction of tectonic transport when regional
tectonics are considered.

Large scale D, folding resulted in refolding of D, structures in the south and a
parallelism of D, and D, structures in the north (Fig. 8). This fan-like or conjugate
geometry possibly resulted in some uplift of the Cordillera Darwin relative to both
the foreland region and the marginal basin, although the rocks now exposed were
clearly quite deep during the D, phase. Garnet-staurolite grade metamorphism, in
part synchronous with the D, phase, indicates that the central portion of the
Cordillera was at depths of 10-20 km during this phase (GANGULY 1972).
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A southward vergence of folds during the D, phase indicates continued compres-
sion at a late stage, resulting in uplift of the craton relative to the deformed marginal
basin terrain. This was probably related to movement along a zone following the
Canal Beagle (the Canal Beagle line) as indicated by structural and metamorphic
features discussed below.

A pattern of strain broadly similar to that in the Cordillera Darwin has been
reported in the Porcupine Creek fan structure of the southern Canadian Rockies by
PRICE & GARDNER (1979). In both cases the reversal of regional vergence may be in
part related to a buttressing effect by the adjacent craton.
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Fig. 5d Mesoscopic fabric data from the Cordillera Darwin. Third phase structures.
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southern domains. In the stereogram for S;- L, the one symbol plotting away from the rest represents tie
domain in which rotation of D, fabrics along a younger fault has occurred.
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The Canal Beagle forms the southern boundary of the Cordillera Darwin, here
called the Canal Beagle line, and obscures a zone of long-lived crustal weakness and
a major boundary separating different crustal types. It follows the present northern
margin of the marginal basin terrain (based on crustal type), separating the south-
ernmost exposures of in situ continental basement from the northernmost exposures
of ophiolitic marginal basin crust. Thus the Canal Beagle line probably represents a
zone along which major normal faulting and rifting occurred during the Early
Cretaceous extensional formation of the marginal basin. Subsequently, during and
after the early Andean deformation (particularly D, and D, phases), strain was
concentrated along this same junction between marginal basin (partly ophiolitic)
and continental crust. This is evidenced by the variation in intensity of strain within
the Cordillera, and the close juxtaposition of schists with amphibolite grade (D, to
D,) mineralogy to the north against greenschist and lower grade rocks across the
Canal to the south. Also, D, and D, structures are warped downwards into the Canal
Beagle zone, indicating strong post-D, (? D;) movement along the line (Plate). Post-
D, uplift of the Cordillera relative to the marginal basin terrain has occurred,
representing a reversal of relative movement along this zone. Reactivation of this
fundamental boundary during Cenozoic time is also likely, although the evidence
for this 1s equivocal. The Canal Beagle line is subparallel to major faults along
which post-Miocene movement has been documented in Tierra del Fuego (HERRON
et al. 1977). The Canal Beagle line also marks the southern edge of a present-day
high mountain range, possibly indicating significant Quaternary differential move-
ment (? glacial rebound).

Discussion

Because the Cordillera Darwin exposes deeper crustal levels than surrounding
areas, this study of its geologic structure and history adds significantly to our
knowledge of the geotectonic setting and history of the Scotia Arc region as a whole.
The Late Mesozoic tectonics exhibited in the southern Andes (analogous to present
day Western Pacific tectonics) seem to be unique in the Andes except perhaps for
the extreme north (GaNsser 1973). The mid-Cretaceous reactivation (penetrative
deformation) of basement rocks that accompanied strong deformation and meta-
morphism of the cover rocks in the Cordillera Darwin has been as yet unrecognized
elsewhere in the Andes. Although the presence of basement rocks and their possible
reactivation has previously been suggested (KrRaNck 1932; KaTz 1964), this is the
first detailed study delimiting the extent of exposed basement and the degree of
reactivation.

The identification of basement lithologies in this study places important con-
straints on paleogeographic reconstructions of the Pacific margin of Gondwanaland.
Significant amounts of volcanic rocks in the basement complex, together with the
presence of other basement lithologies that are similar to latest Paleozoic-Early
Mesozoic fore-arc deposits west of the Patagonian Batholith (Fig. 1; see DALZIEL
et al. 1975; FORSYTHE & Mpopozis 1979), place the area of the Cordillera Darwin
in a near-arc (probably fore-arc) tectonic setting prior to the widespread (?)subduc-
tion-related Late Jurassic volcanism. It is hoped that ongoing, more detailed study
of the lithologic and stratigraphic relations in and around the Cordillera will thus
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give a greater insight into the geological history of the southern Andes prior to the
opening of the Early Cretaceous marginal basin.

Our observations on the deformation and metamorphism of the rock suites in
the Cordillera Darwin have resulted in a fairly complete picture of events subsequent
to formation of the marginal basin, during which the marginal basin was destroyed.
The overall structural style (thick-skinned tectonics, polyphase ductile deformation,
high-grade regional metamorphism, post-tectonic granite intrusion) is common to
many other orogenic belts, particularly ones resulting from continent/continent
collision. It is thus interesting to compare the Cordillera Darwin with one of the best
known of these collision belts, the Central Alps (DIETRICH 1976; MILNEs 1978).
Indeed the scales and structures of the two chains are similar. From the point of
view of structural style there seem to be two main differences between the two belts,
but it is difficult to decide whether these merely reflect differences of degree (that is
overall intensity of orogenic movement) or differences due to the fundamentally
different geotectonic settings. Firstly, the remnants of ocean floor and thinned
continental crust in the Central Alpine collision zone (the Pennine zone, see MILNES
1978) were completely shredded and dismembered, and interleaved with cover
rocks, before, or at an early stage, in the main phase of penetrative/ductile deforma-
tion. Even in areas where the pre-Triassic basement must have had similar mechani-
cal properties to the post-Triassic cover, thrust sheets developed which later suffered
polyphase deformation. In contrast, the Cordillera Darwin seems to show no such
mixing of basement and cover rocks prior to the main phases of ductile deformation
D,-D,. Basement and cover rocks were folded together, sometimes with the devel-
opment of large recumbent folds and ductile thrust faults of Alpine character, but
the surfaces affected were essentially stratigraphic, including the major pre-Late
Jurassic unconformity. Secondly, the relation in space and time of the three early
Andean fold systems leads to a tectonic synthesis (Fig. 8) which is remarkably un-
Alpine. Particularly the conjugate zonal arrangement during D, lacks even approx-
imate Alpine equivalents. It may be, however, that this reflects an overall lower
intensity of strain in comparison to the Alps, since a reversal of vergence similar to
our D,-D; relationship is now well documented (the late stage “back folding” of the
Western Alps, see STECK et al. 1979, HOMEwWOOD et al. 1980).

The southern Andean cordillera is not, however, a collision orogen between
major continental plates. Rather it represents a magmatic arc-marginal basin-
continental margin system whose tectonic elements have been heterogeneously
deformed and uplifted. The Antler and Sonoma orogens of the western North
American Cordillera are two deformed belts representing analogous magmatic arc-
marginal basin (or ocean) systems which have been closed out against the western
margin of the North American craton (BURCHFIEL & Davis 1972; SILBERLING
1973). However, the deformation associated with these orogenic events, although
not well-known in detail, is quite different in style. In general these orogens repre-
sent deformed marginal basin or oceanic sequences juxtaposed against relatively
undeformed continental shelf rocks. This juxtaposition occurred along narrow, low-
angle thrust zones (Roberts Mountains thrust, Golconda thrust) and involved no
known deformation of the underlying continental basement rocks (thin-skinned
tectonics).
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If a comparison is to be drawn with western North America it could be with what
have now been termed the “metamorphic core complexes” (ARMSTRONG & HANSON
1966; CoNeY 1979; Davis & CoNEeY 1979). These are localized regions in which
cover and basement rocks have been involved in ductile deformation and regional
type high grade metamorphism, as in the Cordillera Darwin, to a much greater
extent than surrounding areas. The core complexes of North America are scattered
over a distance of 2800 km (CoNey 1979, Fig. 1) along the Cordillera in various
tectonic settings (including both arc and back-arc situations). It is a major point of
debate, we believe, whether they form in a regional extensional tectonic environ-
ment (CoNey 1979; Davis & ConNey 1979) or in a compressional regime. The
orogenic phase in Cordillera Darwin was certainly compressional but it took place at
the end of a period of marked crustal extension (marginal basin formation). It
seems, therefore, that the different metamorphic core complexes could have had
different modes of origin and that the tendency to ascribe them all to the same
causes should be avoided. Indeed, increasingly abundant evidence seems to indicate
complex histories and variable modes of origin for different complexes of this type
(SNOKE 1979; KIETH et al., in press).

In summary, the ductile deformation and associated medium to high grade
metamorphism localized in the Cordillera Darwin occurred as a result of the closure
of an arc-marginal basin-continental margin system. The thick-skinned style of
ductile polyphase deformation involving both basement and cover, accompanied by
high grade metamorphism is broadly similar to the Alpine continental collision
zone, although significant differences exist. It is not, however, similar to the thin-
skinned tectonics of the Sonoma and Antler orogens, which represent closure of
analogous tectonic systems. The Cordillera Darwin is perhaps akin to metamorphic
core complexes, whose origins are enigmatic at best.
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