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The Patagonian Orocline is the 90° bend in the southernmost Andes

between 50°S and 56°S. New paleomagnetic data indicate that the orocline is, at

least in part, the product of tectonic rotation. Field work in the Beagle Channel

region of southernmost Chile provides evidence for widespread left-lateral strike-

slip faulting in the internal zones of the mountain belt. Both arms of the Beagle

Channel are interpreted to be left-lateral strike-slip faults based on detailed study

of mesoscale strike-slip faults (Riedel shears) in coastal outcrops. Although

much of the evidence indicates Cenozoic brittle strike-slip faulting, Late

Cretaceous brittle-ductile strike-slip and oblique-slip shear zones and SI, LI

fabric trends in southern Cordillera Darwin indicate that a component of strike-

slip deformation accompanied Late Cretaceous deformation. Detailed mapping of

D 1 and D 2 structural trends in three separate areas in southern Cordillera Darwin

and the identification of an uplifted upper ophiolitic sequence on Isla Gordon
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immediately south of Cordillera Darwin suggest that the mid-Cretaceous Andean

orogeny involved the transpressional inversion of the Rocas Verdes marinal basin.

Progressive transpression appears to have been the dominant deformational

regime in the region for the last 120 Ma years. This conclusion is supported by

quantitative analysis of southern South America-Antarctic Peninsula relative

motion for 150-0 Ma that indicates a significant strike-slip component of relative

motion has existed between southern South America and the Antarctic Peninsula

since the Early Cretaceous opening of the South Atlantic. A new model is

proposed that integrates the development of strike-slip faulting and the structural

evolution and uplift of the southernmost Andes with the rotational development of

the orocline. The Patagonian Orocline appears to be the product of broad

interplate shearing accommodated by strike-slip faulting, block rotation and

contraction and is probably continuing to evolve today. The uplift of the

Cordillera Darwin metamorphic complex may have been due to hinged unroofing

in a transpressional restraining bend setting.
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CHAPTER 1

INTRODUCTION

This dissertation focusses on two major issues regarding southernmost

Andean orogenesis: the tectonic development of the Patagonian Orocline and the

structural evolution of the Cordillera Darwin massif in Tierra del Fuego (Figure

1.1). Field research was carried out during five austral summers in southernmost

Chile during 1988-1992. Research methods were multidisciplinary and included

field mapping, detailed structural analysis, petrographic work, remote sensing

analysis, paleomagnetic study and computer-based plate motion studies. The

objectives of the research were the following: (1) to undertake a paleomagnetic

study of Cretaceous sediments from the Andean magmatic arc on Peninsula Hardy

to determine if tectonic rotation has been responsible, at least in part, for creating

the 90° structural bend in the southernmost Andes, (2) to document the evidence for

strike-slip faulting in the Beagle Channel region and to compile and synthesize all of

the evidence for strike-slip faulting and continental rotation from the entire southern

Andean region for the purpose of determining the importance of strike-slip faulting

in Mesozoic-Cenozoic southern Andean orogenesis and for developing a possible

model of how the Patagonian Orocline formed, (3) to conduct detailed field work in

the western Beagle Channel region to determine the relative importance of

contraction, extension, and strike-slip faulting in the Mesozoic-Cenozoic structural
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Figure 1.1. Study areas in the southernmost Andes.
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evolution of Cordillera Darwin, (4) to make a 20kilometer structural transect from

the marginal basin terrane on Isla Gordon across the northwest arm of the Beagle

Channel and into the Roncagli valley and metamorphic core of Cordillera Darwin

(Figure 1.1) to determine the structural relationship between Cordillera Darwin and

the Rocas Verdes marginal basin terrane to the south, and (5) to determine in a

quantitative way the relative motion history between southernmost South America

(SSA) and the Antarctic Peninsula (AP) during the last 90 Ma and to considerhow

the relative motion between the two continents has influenced the tectonic evolution

of the Scotia Arc as a whole and in particular, the southernmost Andes. The

dissertation is divided into five parts that address the objectives described above and

present the results of the research.

Part 1 is a paleomagnetic field study undertaken in 1988 on

Peninsula Hardy near Cape Horn (Figure 1.1). Neocomian volcaniclastic

sediments were sampled to determine their paleomagnetic declination directions.

The results strongly indicate that the magmatic arc and volcaniclastic sedimentary

rocks deposited on the arc have been rotated by 90° in a counterclockwise sense

since the mid-Cretaceous. Keith Klepeis helped collect the paleomagnetic samples

and analyze the samples in the lab. Wulf Gose and lan Dalziel offfered critical

analytical and editorial assistance. All three people are included as co-authors.

Part 2 is a study of the evidence for strike-slip faulting in the

southern Andean region. The study presents new evidence for brittle and ductile

strike-slip and oblique-slip faulting from the Beagle Channel region and also

combines a regional lineament study, compilation and synthesis of previously

documented evidence for strike-slip faulting and crustal rotation in the southernmost
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Andean region, and indirect evidence for strike-slip faulting based on consideration

ofregional map patterns and Mesozoic-Cenozoic relative plate motions. The study

indicates that strike-slip faulting has played a major role in the tectonic evolution of

the southernmost Andes. A new model is presented for the development of the

Patagonian Orocline that proposes that the orocline formed largely as a result of

interplate crustal shearing accommodated by strike-slip faulting, counterclockwise

rotation and crustal contraction.

Part 3 is a quantitative study of southernmost SSA-AP relative plate

motions since Gondwana break-up. The study focusses largely on the last 90 Ma

of interplate motion that is well constrained by marine geophysical data from the

South Atlantic and Indian oceans. The UTIG PLATES software system was

utilized to plot continental positions through time (synthetic flowlines) and to

calculate components of interplate motion. The results indicate that since the

opening of the south Atlantic, SSA the AP have moved westerly relative to Africa

but that SSA has rapidly outpaced the AP resulting in a significant component of

SSA-AP left-lateral relative motion. Since 45 Ma, north-south SSA-AP divergent

relative motion is predicted and this is consistent with the mid-Tertiary development

of continental exension leading to sea-floor spreading in the western Scotia Sea.

This study places quantitative limits on how SSA-AP relative motion has been

temporally and spatially partitioned in the Scotia Arc region. Tung-Yi Lee ran the

PLATES software and lan Dalziel offered critical guidance. Both are included as

co-authors.

Part 4 is a field study of an upper ophiolite occurrence on Isla

Gordon directly south of Cordillera Darwin (Figure 1.1). The study focusses on
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the documentation of the internal stratigraphy, metamorphic grade and tilted

structure of the mafic complex and the general structural geology of the transect

across Isla Gordon. The results shed light on existing hypotheses for Cordillera

Darwin uplift and the original continuity of the Rocas Verdes marginal basin.

Tomas Swaneck and Lucho Farfan from the University of Chile acted as field

assistants and are included as co-authors.

Part 5 is a study focussing on the frontal structure of southern

Cordillera Darwin. Detailed structural, lithologic and metamorphic data from three

separate map areas are presented. A study focussing on detailed mapping and

kinematic analysis of a suite of deformed granitoids in southeastern Cordillera

Darwin is also presented. The data from all three mapping studies provide

indications of the mid-late Cretaceous deformationregime that existed in the Beagle

Channel region. A progressive transpressional model for Cordillera Darwin

orogenesisis is proposed that appears to best fit the data from this study. However,

the results from this study combined with the results from previous studies do not

yet lead to a single unifying model for the structural evolution of Cordillera Darwin

that is consistent with all geologic data. At this time, two different general

hypotheses for explaining the late Cretaceous-Tertiary structural evolution of

Cordillera Darwin appear most consistent with the data; the extensional

metamorphic core complex hypothesis and the transpressional restraining bend

hypothesis. Resolving this issue will require additional work.

The research described in this dissertation connects with several

other ongoing projects that concern southernmost Andean orogenesis. These

include Keith Klepeis' (UT Austin) field-based structural studies on the north side
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of Cordillera Darwin, Matt Kohn and Frank Spear's (RPI) thermobarometry and

At/At geochronology studies of Cordillera Darwin, Sam Mukasa and Chuck Stern

(U. Michigan) U-Pb studies of intrusive units in the southernmost Andes and on

South Georgia, and Jamie Austin's (UT Austin) multichannel seismic studies of the

fiords and seaways at the southern tip of the continent. In all of these studies lan

Dalziel has played a major role as advisor and/or principal investigator. Taken

together, these projects constitute an impressive multidisciplinary effort to

understand the tectonic evolution of the southernmost Andes and the western Scotia

Arc.



CHAPTER 2

THE PATAGONIAN OROCLINE: NEW
PALEOMAGNETIC DATA FROM THE ANDEAN

MAGMATIC ARC IN TIERRA DEL FUEGO, CHILE

INTRODUCTION

Between latitudes 50°S and 56°S the trend of the Andean Cordillera

changes abruptly from a southerly direction to an easterly direction. This bend

connects the main Andean belt in southern Chile and Argentina to the submarine

ridges and emergent continental fragments of the North Scotia Ridge (Figure 2.1)

and was named the Patagonian orocline by Carey (1955). A longstanding problem

that has confronted workers trying to resolve the tectonic evolution of the

southernmost Andes and their relation to the Antarctic Peninsula-Scotia arc region

has been determining whether the Patagonian orocline formed as a curved orogen,

is a non-rotational arc that contains offset domains bounded by parallel, left-lateral

strike-slip faults, or whether the bend is the product of orogenic rotation [Marshak,

1988].

Previous studies of bends in orogenic belts have demonstrated the

utility of paleomagnetic analyses to determine the sense, magnitude, and timing of

oroclinal bending [Eldredge et al., 1985, and references therein, Beck, 1987].

7
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These studies are based on the assumption that bending of an orogen results in

progressive variations in paleomagnetic declinations around the bend. Comparison

of paleomagnetic declinations from rocks collected around the bend with

declinations obtained from stable cratonic rocks of the same age can provide sense

and magnitude of rotation. Studies by Dalziel et al. [1973] and Bums et al. [l9Bo]

utilized paleomagnetism to address the problem of oroclinal bending in the

southernmost Andes. Both studies concluded that some counterclockwiserotation

of the southern tip of the South American continent has occurred since the Late

Cretaceous, although the studies differed on the amount of rotation. Unfortunately,

neither study presented data thatpass modem confidence "filters" for datareliability

[Beck, 1987].

In this study we present new paleomagnetic data from rocks of the

Lower Cretaceous Andean magmatic arc on Peninsula Hardy in extreme southern

Chile (Figure 2.1). Our results strongly indicate that the Patagonian orocline is the

product of approximately 90° of counterclockwise crustal rotation since the mid-

Cretaceous.

GENERAL GEOLOGY

Southernmost Andes

Southernmost South America can be subdivided into four broad

lithotectonic provinces; from southwest to northeast: 1) the Patagonian batholith, a

Late Jurassic to mid-Tertiary magmatic arc province, 2) the Rocas Verdes basin, a

collapsed marginal basin of Late Jurassic to Early Cretaceous age, 3) the
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metamorphic hinterland, a multiply deformed uplifted metamorphic belt that was

formerly the continental margin of the Rocas Verdes basin, and 4) the Late

Cretaceous to Tertiary foreland fold and thrust belt of the Magallanes basin foredeep

(Figure 2.1).

With the onset of Gondwana break-up in the Middle to Late

Jurassic, southernmost South America has experienced a complex sequence of

Mesozoic and Cenozoic tectonic events that is the focus of ongoing study and will

only be briefly summarized here (For a more thorough review of the structural and

tectonic evolution of the region see Dalziel, [1989]). The oldest rocks in the region

consist of Paleozoic to lower Mesozoic metasediments and metavolcanics that are

interpreted as an ancient accretionary prism complex formed along Gondwana's

Pacific margin [Forsythe and Mpodozis, 1979, Dalziel, 1982, Dalziel and

Forsythe, 1986, ]. Initial Gondwana break-up resulted in the extrusion of large

volumes of Kimmeridgian to Tithonian silicic volcanics and contemporaneous

intrusion of anatectic granites associated with regional extension [Dalziel et al.,

1974, 1987; Mukasa et al., 1988]. During Late Jurassic-Early Cretaceous time the

Rocas Verdes marginal basin lay inboard of a young volcanic arc [Katz, 1973,

Dalziel et al., 1974, Bruhn and Dalziel, 1977, DeWitt, 1977, Bruhn et al., 1978,

Dalziel, 1981, Mukasa et al., 1988]. This basin was floored in part by quasi-

oceanic crust and received up to 6 kilometers of sedimentary and volcanic infill

[Dalziel et al., 1974, Dott et al., 1977, Winn, 1978]. During the mid - Cretaceous

the marginal basin was closed and inverted as the arc collided or was "rewelded" to

the continent. This event, the main phase of the Andean orogeny [Dalziel and

Palmer, 1979] resulted in intense shortening, regional metamorphism, uplift of the
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southernmost Andes and the development of a downwarped foreland basin,

(Halpern, 1973, Nelson et al., 1980, Dalziel, 1989). Following marginal basin

inversion, shortening propagated into the foreland resulting in the development ofa

foreland fold and thrust belt during Late Cretaceous to Early to mid-Tertiary time

[Winslow, 1982]. Recent work [Dalziel and Brown, 1989] also suggests that

during latest Cretaceous - Paleogene time part of the metamorphic core zone of the

cordillera experienced tectonic denudation. Finally, a through-going strike-slip

fault system that now cuts across the southernmost Andes may have initiated during

the mid - to Late Cretaceous and evolved during the Tertiary associated with the

development of the Scotia plate and the final separation of South America from

Antarctica [Barker and Burrell, 1977, Winslow, 1982].

Peninsula Hardy

Peninsula Hardy is principally composed of volcanic and intrusive

igneous rocks, pyroclastic deposits and thick turbidite sequences. Except for a

series of Miocene extrusive rocks most of the datedrocks on Peninsula Hardy are

Upper Jurassic to Lower Cretaceous based on fossil evidence and are interpreted as

a magmatic arc assemblage [Suarez and Pettigrew, 1976, Suarez et al, 1985]. The

Hardy Formation is the name given to a 1300 m thick succession of Upper Jurassic

- Lower Cretaceous volcaniclastic rocks and interbedded lava flows found on

Peninsula Hardy [Suarez and Pettigrew, 1976]. The rocks are gently folded and

metamorphosed to zeolite or prehnite-pumpellyite grade. Both intensity of
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deformation and metamorphism increase northwards towards the continent [Bruhn

and Dalziel, 1977].

Data from five different sites from the south coast of Bahia

Scotchwel, one from the coast southeast of Bahia Scotchwel and one from the

coastline south of Bahia Schapenham (Figure 2.1) are presented here. Sample

lithologies from these sites consist of thinly laminated mudstones, tuffaceous

siltstones, greywackes, and a massive pyroclastic unit. Examination of thin

sections of these units reveal that quartz, plagioclase, lithic fragments, calcite,

metamorphic chlorite, fossil fragments, clays, pyroxene, and various opaques are

the principal constituents for these rock types.

METHODS AND PROCEDURES

Two of us (WDC and KAK) spent four weeks on Peninsula Hardy

in May of 1988 collecting samples for a paleomagnetic study. Peninsula Hardy

was chosen because of the low metamorphic grade of the fossiliferous rocks found

there and because it is located on the less deformed outer arc of the Patagonian

orocline oceanward of the ophiolitic complexes of the Rocas Verdes back-arc basin.

A variety of rock types were sampled including fine and coarse-grained sedimentary

rocks, a mafic sill, volcaniclastic breccias, debris flow deposits, and a massive

pyroclastic unit. Only those rocks that could provide an indication of paleo-

horizontal were sampled. Almost all sampling sites were located along coastal areas

where access and good rock exposure were available. Most paleomagnetic samples
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were drilled in the field but, owing to difficulties with the drilling equipment, some

oriented hand samples were also taken.

The remanent magnetization was measured with a cryogenic

magnetometer. All samples were progressively thermally demagnetized in five to

eight steps. The field in the cooling region following thermal demagnetization was

less than 3 gammas. Throughout the experimental procedure the samples were kept

in a magnetically shielded room where the magnetic field was approximately 100

gammas. The data were analyzed by calculating linear trends in orthogonal vector

projections. Of the 94 samples, only two samples from site 593 were rejected from

the analysis because their direction differed from the site mean by more than 2

angular standard deviations.

EXPERIMENTAL RESULTS

The NRM directions of all samples point westerly with steep

negative inclinations. The NRM intensities are of the order of 10~6 - 10“8 A

Upon progressive thermal demagnetization most samples retained 60% or

more of their NRM intensity up to about 400°C. Above this temperature, the

intensities of most samples decreased markedly upon approaching the magnetite

Curie point (Figure. 2.2, sample 5162-3). Some samples contain a distinctive

hematite component (Figure. 2.2, sample 593-10). The directions changed very

little during demagnetization up to 570°C. At higher temperatures, the directions

started to scatter. Vector component diagrams confirm the predominance of only

one component of magnetization with an occasional minor overprint which is
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readily removed by heating to 150° or 200 °C. This holds true for both the finer -

grained sediments sampled at sites 5161, 5162 and 5181 and the coarser - grained

sediments at sites 5191, 551, 593, and 5182 (Figure. 2.3).

The directions of characteristic remanent magnetization (ChRM)

were calculated with the aid of vector component diagrams, typically encompassing

the temperature range from 150° to 570° or 600°C. However, because most

samples contain one dominant component of magnetization, it makes little

difference for the statistical analysis whether one uses the directions at a particular

demagnetization step or the ChßM's. Figure 2.4 illustrates this point for the data

from site 593. It compares the mean directions and two statistical parameters for

each demagnetization step with the corresponding values obtained using the ChRM.

Only minor variations are observed in the temperature range from 250° to 600°C.

The other sites show a similar behavior.

The site means, based on the characteristic remanent magnetization,

and the statistical parameters are listed in Table 2.1. All sites yield good results as

evidenced by the small circles of confidence and the large values forFisher's

precision parameter k. For all but one site the ChRM directions cluster better

without structural correction. The variations in bedding attitudes at a given site are

too small to make the improvement statistically significant at the 90% confidence

level with the exception of site 593 where the improvement is significant at the 95%

level. The F-test can also be applied to the means of the site means because the tilt

corrections for the sites are different. The test shows that the in situ site means

group better at the 99% significance level. Thus the observedmagnetization was
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Figure 2.2: Relative change in intensity during thermal demagnetization. Sample
5162-3 is dominated by magnetite and sample 593-10 contains both magnetite and
hematite.
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Figure 2.3: Vector component diagrams. Squares are the projection onto the North-

East plane, crosses are in the Up-Horizontal plane. Numbers indicate the

demagnetization temperature in °C. Data are uncorrected for bedding tilt.
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Figure 2.4: Comparison of the mean direction and two statistical parameters from
site 593 for each demagnetization step with the corresponding values based on the

characteristic remanent magnetization (heavy dashed lines).
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acquired after the folding event. The in situ directions of the characteristic

remanent magnetization of all sites are shown inFigure 2.5.

AGE OF MAGNETIZATION

Based on paleontological evidence, the age of the Hardy Formation

ranges from Late Jurassic through Early Cretaceous [Suarez and Pettigrew, 1976],

a time span characterized by frequent geomagnetic reversals [Harland et al., 1982].

Because the sampling sites cover over 300 meters of stratigraphic section probably

representing a large span of time, one would expect both normal and reversed

polarity directions of magnetization if samples carried a primary depositional

remanence. However, all samples are normally magnetized suggesting

remagnetization as was indicated by the fold test Because of the consistent normal

polarity, we consider it likely that the Hardy Formation was remagnetized during

the Cretaceous normal polarity superchron (118-83 Ma). This is also the time of

the Andean orogeny with associated regional metamorphism, deformation and

batholith emplacement that is interpreted to have occurred between 105-90 Ma

[Halpem, 1973, Dalziel and Palmer, 1979, Herve et al., 1984, Biddle et al., 1986,

Mukasa et al., 1988, Dalziel, 1989]. Thus we interpret the magnetization of the

Hardy Formation as a thermoremanent magnetization acquired by heating and

cooling during the middle part of the Cretaceous.
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DISCUSSION

The mean direction of our seven sampling sites, uncorrected for

bedding tilt, has a declination of 265.8°, an inclination of -72.6°, and a circle of

confidence of a95 = 4.2°. As a reference pole for cratonic South America we use

the Cretaceous pole calculated by Castillo et al. [1991] which is based on 11

determinations (87.6°5, 31.0°E, 395 = 3.3°). The reference pole yields an expected

direction for Peninsula Hardy of D= 355.9° and I=-70.7°. Comparison of the

observed and expected directions implies a counterclockwise rotation of the

sampling area of R = 90.1°±11.9° using the method of Beck [l9Bo] and Demarest

[1983] (Figure 2.6). The flattening of the inclination which corresponds to a

change in latitude, is F = 1.9°±3.7° and is not statistically significant.

Although our sampling area is limited to Peninsula Hardy, we

believe that the counterclockwise rotation of Peninsula Hardy was not an isolated

block rotation but part of a regional rotation involving at least the magmatic arc and

perhaps the entire orogen. Previous tests for oroclinal bending from other parts of

the southernmost Andes [Dalziel et a1,1973, Bums et al., 1980] do suggest, at least

qualitatively, counterclockwise rotation of the southernmost Andes since the mid-

Cretaceous. We believe that the overall 90° change in physiographic and structural

trend in the southernmost Andes and the 90° counterclockwise rotation of Peninsula

Hardy are not coincidental.

The large counterclockwise rotation suggested by the

paleomagnetic data has important implications for Scotia arc evolution and

Gondwana reconstructions between South America and Antarctica. Removal of the
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TABLE 2.1. Summary of paleomagnetic data from Peninsula Hardy

Figure 2.5: Equal area projections of the directions of the characteristic remanent

magnetization without structural correction. Circles are in the upper hemisphere.

TABLE 1. Summary of Paleomagnctic Data From Peninsula Hardy (55.5°S, 291.8°E)

Site Lithology N R D, deg /, deg k 0,5 Latitude Longitude

5161 Mudstone/Siltstone 18/0 17.82 246.6 -71.9 97.0 3.5 -34.5 329.4

17.82 264.3 -67.0 93.5 3.6
5162 Mudstone/Siltstone 12/0 11.67 290.5 -69.5 33.1 7.7 -51.1 355.2

11.63 344.1 -70.9 30.0 8.1
5181 Mudstone/Siltstone 13/0 12.90 251.4 -70.8 115.1 3.9 -35.0 333.1

12.88 279.4 -63.4 99.6 4.2
5191 Siltstone/Sandstone 14/0 13.88 271.8 -73.2 105.6 3.9 -45.7 339.4

13.85 288.4 -56.1 86.2 4.3

551 Sand/Silt/Mudstone 18/0 17.36 256.1 -69.1 26.7 6.8 -34.9 337.8

17.08 257.5 -84.0 18.4 8.3

593 Sand/Silt/Mudstone 9/2 8.88 278.9 -73.0 66.7 6.4 -48.5 342.9

8.65 337.5 -63.1 23.1 10.9

5182 Pyroclastic Deposit 8/0 7.74 266.3 -76.4 26.7 10.9 -46.5 331.1

7.74 235.4 -59.8 26.7 10.9

Mean 7/0 6.97 265.8 -72.6 212.1 4.2 -42.5 337.8

6.72 286.5 -70.6 21.5 13.3

N is the number of samples used/rejected; R is the resultant vector, D is declination; / is inclination; k is

Fisher's precision parameter; (Xo< is the radius of the circle of 95% confidence; Latitude and Longitude are

the latitude and east longtiude of the corresponding virtual geomagnetic pole. For each site, the data in the

first line arc without structural correction, the data in the second line are with structural correction applied.
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Figure 2.6. Comparison of Hardy pole with mean Cretaceous reference pole for
South America [Castillo et al.

,
1991].
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rotation from the southernmost Andes creates an approximately rectilinear trend for

the magmatic arc prior to the Late Cretaceous. This disagrees with some previous

workers' interpretations that there was an original cusp or indentation along the

active margin in the area that later marked the zone of separation between the South

America and Scotia plates [Griffiths and Barker, 1972]. If southernmost South

America was not bent originally then Gondwana reconstructions must allow for

lateral overlap or adjacency between the northern Antarctic Peninsula and

southernmost South America or somehow fit the Antarctic Peninsula so that it lines

up at the southern end of the Andean Cordillera [Figure 2.7; Norton and Sclater,

1979, Lawver and Scotese, 1987, Grunow et a1.,1987]. It is possible, however,

that an originally curved magmatic arc was tectonically straightened during opening

of the Rocas Verdes basin during the Middle to Late Jurassic and subsequently

oroclinally bent after magnetization during basin closure. This is in keeping with

the possible reentrant in the Pacific margin of the Gondwana craton noted by Dalziel

[1982; see Figure 2.6].

An important question that cannot be answered at this time is

whether oroclinal bending was the product of marginal basin closure during the mid

- Late Cretaceous Andean orogeny or of Cretaceous-Tertiary strike-slip tectonics

and Scotia plate development, or both. We believe that the bending probably

started sometime during or after the Andean orogeny or post-100 Ma (following

regional metamorphism on Peninsula Hardy and acquisition of secondary

magnetization) and probably ceased prior to the development of the Scotia Plate at

approximately 35 Ma. This minimum age for rotation is based on the following

considerations. The northeast trending continental margin southeast of Cape Horn
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Figure 2.7. Late Jurassic Gondwana reconstruction (Grunow etai, 1987).
Dashed line shows approximate position of Gondwana cratonic margin. Results
from this study raise questions regarding the correct fit between Antarctica and

South America (circled area).
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is today approximately parallel to the northeast trending extinct spreading center in

the middle of the Scotia Sea, from which it presumably rifted [Tectonic Map of the

Scotia Arc, 1:3,000,000, BAS (Misc.) 3, Cambridge, British Antarctic Survey,

1985]. It seems likely that if the southern Andes had continued to rotate in a

counterclockwise sense while the Scotia plate spreading center was active [35 -10

Ma; Barker and Burrell, 1977] then the continental margin and spreading center axis

would have lost their parallelism. Likewise, we feel that it is unlikely that the

oceanic crust of the Scotia plate was coupled to the southern tip of South America

and might have rotated with it.

The opening of the South Atlantic along the South Atlantic ridge

began at approximately 130 Ma and led to the westward transport of South America

relative to Africa [Lawver et al., 1985]. This time marked the onset of the closure

of the Rocas Verdes basin and the Andean orogeny and it is believed that mid-

Atlantic spreading resulted in forward motion of the South American plate in a

mantle reference frame, as well as increased convergence rates along the Pacific

margin which were accommodated by collapse of the basin [Dalziel, 1986]. The

separation of East Antarctica from Africa along the Southwest Indian Ridge began

in the Late Jurassic and led to the southwestward transport of Antarctica relative to

Africa and ultimately to the southward transport of Antarctica relative to South

America [Lawver et al., 1985, Lawver, personal communication]. Thus since the

time of the initial development of the America -Antarctic ridge, South America and

Antarctica have diverged obliquely with a left-lateral component of separation (left

lateral because their westerly vector components of motion relative to Africa have

different magnitudes, South America has been moving more directly westward and
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far faster than Antarctica's westward motion). We feel that this left-lateral oblique

continental separation ultimately led to the opening of the Scotia Sea but must have

been preceded by a transpressional continental wrenching system that later became

transtensional before actual sea floor spreading began.

Thus we conclude that the Patagonian orocline probably formed

during a time of complex regional tectonics during and/or after the Andean orogeny

and preceding the opening of Drake Passage and represents a passive response to

marginal basin closure and the development of a transpressional regional left-lateral

shear system. It is interesting to note that similar tectonic conditions that led to the

development of the Patagonian orocline may exist today east of southernmost South

America where Burdwood Bank is under transpression [Ludwig and Rabinowitz,

1982] and the Falkland Trough is "zippering shut" from west to east. The tectonic

processes occurring today in Burdwood Bank and the Falkland Trough may be a

continuation of the tectonic processes that led to the closure of the Rocas Verdes

basin and the counterclockwise rotation of the southernmost Andean magmatic arc.

Published in the Journal of Geophysical Research,
Vol. 96, No. 810, 16,061-

16,067, 1991, American Geophysical Union.

W. Dickson Cunningham, Keith A. Klepeis, Wulf A. Gose and

lan W. D. Dalziel



CHAPTER 3

STRIKE-SLIP FAULTS IN THE SOUTHERNMOST
ANDES AND THE DEVELOPMENT OF THE

PATAGONIAN OROCLINE

INTRODUCTION

One of the longest rectilinear mountain belts on earth is the southern

Andean Cordillera that runs for over 3800 kilometers in a north-south direction

between latitudes 18°S and 50°S. In the far south between 50°S and 56°S the Andes

gradually lose their rectilinearity and change their north-south trend to an east-west

trend. This 90° bend in the southernmost Andes is commonly referred to as the

Patagonian orocline (Figure 3.1). The Patagonian orocline is both a physiographic

and a structural bend where rock units gradually change their strike by 90° from

north to south. The orocline is a major tectonic feature over 1000 kilometers in

length covering 300,000 square kilometers.

Paleomagnetic studies of the Patagonian orocline by Dalziel et al.,

(1973), Bums et al., (1980), and Cunningham et al., (1991) have established that

the orocline is, at least in part, a secondary bend due to counterclockwise tectonic

rotation. Rotation of the southernmost Andes was first proposed by Wegener

(1929) who suggested that the southern tip of South America "lagged behind" as

South America drifted westward relative to Africa. More recent theories on the

origin of the orocline have similarly proposed that the orocline is a product of

26
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FIGURE 3.1 Modem setting of thePatagonian orocline. Thick black arrows are

absolute plate motions, lined arrows are relative plate motions. Plate motions are in

cm/yr (Pelayo and Wiens, 1989). Focal mechanisms are from Forsyth (1975).
500 and 3000 m bathymetric contours are shown. Inset box in lower left comer

shows major lithotectonic provinces in southernmost Andes. MH - Metamorphic
Hinterland, RVMB - Rocas Verdes Marginal Basin, CS - Canal Smyth, SM -

Straits of Magellan, PB - Peninsula Brunswick, ID - Isla Dawson, PA - Punta

Arenas, SA - Seno Almirantazgo, TDF - Tierra Del Fuego, LD - Lago Deseado, CD

- Dordillera Darwin, IG - Isla Gordon, IH - Isla Hoste, BC - Beagle Channel, CV -

Carbajal Valley, IE - Isla De Los Estados, PH - Peninsula Hardy, CH - Cape Horn,
DR - Diego Ramirez islands.
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regional-scale drag due to broad left-lateral shearing between the South America and

Scotia-Antarctic plates (Carey, 1958,Hamilton, 1964, Winslow, 1982). However,

despite the history of common thought on the origin of the orocline, previous

studies have not addressed the detailed internal structure of the orocline and the

means by which crustal rotation might have occurred.

The orocline concept was first proposed by Carey (1955) for those

sections of mountain belts that have been secondarily bent. Marshak (1988)

expanded the orocline concept by distinguishing different types of oroclines and

their different kinematic evolutions. Included in Marshak's summary is the concept

of a strike-slip orocline, defined as an orocline formed either by drag adjacent to a

strike-slip fault, by sigmoidal bending of cover strata above a basement wrench

fault, by affine movement on a series of parallel strike-slip faults or by a

combination of these processes. If previous interpretations of the Patagonian

orocline as a large-scale drag-related feature are correct, then the orocline can be

classified as a strike-slip orocline using the definitions of Marshak (1988).

Recent field work in the Beagle Channel region of the southernmost

Andes provides strong evidence for extensive strike-slip faulting and

transpressional tectonics in the internal zones of the mountain belt. Although

Tertiary strike-slip faults have previously been identified in the southernmost

Andean foreland by Winslow (1982), the new data indicate that strike-slip faults

occur in all parts of the mountain belt and suggest that a component of strike-slip

deformation was present during both mid-Cretaceous and Tertiary orogenesis. The

purpose of this paper is to present the evidence for strike-slip faulting in the internal

zones of the southernmost Andes, to discuss the importance of strike-slip faulting
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in southern Andean orogenesis, and to integrate the field data with the existing

paleomagnetic data to suggest that the development of the orocline is strike-slip

related.

TECTONIC SETTING OF THE PATAGONIAN OROCLINE

The Patagonian orocline is located in a tectonically complex region

(Figure 3.1) where the South America, Scotia and Antarcticaplates meet. The triple

junction between these three plates is unstable and diffuse, although it is commonly

shown to be where the Straits of Magellan/Lago Fagnano fault system (Figure 3.2)

intersects the Chile Trench at 52°S (Forsyth, 1975; Tectonic Map of the Scotia Arc,

1:3,000,000, British Antarctic Survey, BAS Misc. 3, 1985). The plate boundary

separating the South America and Scotia plates is generally considered to be the

Straits of Magellan fault system on land, whereas east of South America the

northern margin of the North Scotia Ridge is considered the plate boundary (Pelayo

and Wiens, 1989). In the western Scotia Arc region, the boundary between the

South American and Antarctic plates is the Chile Trench, whereas the boundary

between the Antarctic and Scotia plates is the Shackleton Fracture Zone (Barker,

1970, Forsyth, 1975, Pelayo and Wiens, 1989). Absolute and relative plate

motions (Figure 3.1) indicate that the South American plate is moving more rapidly

westward relative to Africa than either the Scotia or Antarctic plates. Thus a zone of

left-lateral relative motion separates the South American plate from the Scotia plate

and the Scotia plate from the Antarcticplate.



FIGURE 3.2 Major known or proposed strike-slip faults in the southernmost
Andes. Large black arrows indicate regional left-lateral shearing between the South
American and Scotia-Antarctic plates. Wavy pattern indicates exposures of

metamorphic basementreactivated during mid-Cretaceous-Tertiary orogenesis.
Inset map shows locations of subsequent figures in the chapter.
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GEOLOGIC HISTORY

A number of studies have been undertaken to examine the tectonic

history of the southernmost Andes and the Scotia Arc region in general (for a

thorough review of previous studies see Dalziel, 1989). Briefly, the major events

in the geologic history of the southernmost Andes are the following: 1)

development of a wide late Paleozoic-early Mesozoic accretionary complex along

the Pacific margin of Gondwana that today forms the continental basement to the

southernmost Andes (Forsythe, 1982, Dalziel, 1982, Davidson et al., 1987), 2)

widespread Middle to Late Jurassic continental extension and silicic volcanism

associated with Gondwana break-up (Bruhn and Dalziel, 1977, Gust et al., 1985,

Uliana et al., 1986, Dalziel et al., 1987, Kay et al., 1989), 3) continued extension

and development of a marginal basin partly floored by quasi-oceanic crust that lay

inboard of an active volcanic arc in the latest Jurassic-Early Cretaceous, the Rocas

Verdes basin (Katz, 1973, Dalziel et al., 1974, Dalziel, 1981), 4) inversion of the

Rocas Verdes basin and the collision of the volcanic arc with the continent,

resulting in shortening and regional metamorphism (the Andean orogeny) during

the mid-Cretaceous (Nelson et al., 1980, Dalziel, 1985), 5) development of a

foredeep (Magallanes basin) and fold and thrust belt during the mid-Cretaceous to

Tertiary (Winslow, 1982, Biddle et al., 1986), 6) tectonic denudation in the

metamorphic hinterland during the Late Cretaceous-early Tertiary (Dalziel and

Brown, 1989) and, 7) regional strike-slip faulting and rifting of Antarctica from

southernmost South America from the Late Cretaceous to the Present (Winslow,

1982, Barker and Burrell, 1977). The southernmost Andes can be divided into
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four broad lithotectonic provinces: the Magallanes foreland basin, the metamorphic

hinterland, principally the basement-cored uplift of Cordillera Darwin, the Rocas

Verdes marginal basin and the Patagonian batholith that forms the roots of the

volcanic arc (Figure 3.1).

FIELD EVIDENCE FOR STRIKE-SLIP FAULTING IN THE
SOUTHERNMOST ANDES

Brittle Faults in the Beagle Channel Region

The western end of the Beagle Channel and the connecting

northwest arm of the Beagle Channel constitute an important geologic boundary in

the southernmost Andes separating high-grade continental metamorphic rocks in

Cordillera Darwin from lower-grade marginal basin metabasites and volcaniclastic

sedimentary rocks on Isla Gordon and Isla Hoste (Figure 3.3). The significance of

the channel as a lithological boundary was first remarked upon by Darwin (1846)

and later by Kranck (1932) who suggested that the channel marked a "tectonic

slide". Nelson et al., (1980) proposed that the Beagle Channel may mark a zone of

long-lived crustal weakness initiated during extensional development of the Rocas

Verdes basin and reactivated in the mid-Cretaceous phase of arc-continent collision.

More recently, Dalziel and Brown (1989) suggested that the channel hides a low-

angle extensional detachment fault. In the last two years I have completed four

months of fieldwork in southern Cordillera Darwin and on Isla Gordon studying

the structural evolution of southern Cordillera Darwin, the closure history of the

Rocas Verdes basin and the tectonic significance of both arms of the Beagle

Channel. The results of my research indicate that strike-slip faulting has played an

important role in the structural evolution of the Beagle Channel region.
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The strongest evidence for strike-slip faulting in the Beagle Channel region

is the occurrence of numerous brittle mesoscale faults with strike-slip offsets in

coastal outcrops along the northwest and southwest arms of the Beagle Channel

(Figure 3.4). These faults appear to be most abundant along the channel coastlines

however, they occur throughout the coastal ridges up to the highest elevations.

More than 400 separate faults were measured for this study. Some of the faults cut

Upper Cretaceous plutons and are therefore Late Cretaceous or Tertiary in age. The

faults have near vertical dips and fall within two separate strike trends. Left-lateral

faults are oriented between N4SE and S4SE, whereas right-lateral faults are oriented

between N3OW and N3SE (Figure 3.5). Fault zones are characterized by thin

quartz seams, gouge, anastomosing fractures and splays and brecciated material.

Fault sense is usually clear, because coastal outcrops of metamorphic rocks in

almost all areas visited are cut by Cretaceous mafic dike swarms (Nelson et al.,

1980) that have subsequently been cut by the brittle faults. The faulted dikes

provide clear offset indications because their three dimensional orientations as well

as the fault plane orientations can be measured. In addition, many outcrops show

local drag associated with fault motion that indicates sense of displacement. Fiber

slickensides were observed where the faults cut granitic plutons (15% of the faults

measured) and in 90% of the cases had near horizontal plunges. The faults have

offsets ranging from millimeters to several kilometers, with the larger faults

apparently playing a major role in the local geomorphology. Many side fiords,

valleys, and ravines appear to follow fault zones that are visible incoastal outcrops.

Orientations of the mesoscale faults in the coastal outcrops are

consistent with their being synthetic and antithetic Riedel shears (Riedel, 1929,) to a
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FIGURE 3.3 Generalized geologic map of southern Cordillera Darwin and the
western Beagle Channel region. Line pattern in continental orthogneisses,
paragneisses unit is accurate representation of SI foliation trends in southern

Cordillera Darwin. D 2 backfolds mapped by Nelson et al., (1980) are shown. U
or D (up or down) indicates relative uplift on either side of major faults determined

by comparisons of metamorphic grade on either side of faults.
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FIGURE 3.4 a,b,c: Left-lateral mesoscale strike slip faults cutting pegmatitic (a)
and mafic dikes (b,c) in outcrops along the northwest arm of the Beagle Channel,
d: View looking northwest of the northwestarm of the Beagle Channel. Riedel

fractures in coastal outcrops suggest that the fiord hides a major strike-slip fault.
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Figure 3.4 continued.



37

larger left-lateral strike-slip fault that underlies both arms of the Beagle Channel

(Figure 3.6). In addition, foliation trends, contacts and fold axes in the western

Beagle Channel region locally appear to be dragged in a left-lateral sense adjacent to

the northwest arm of the Beagle Channel (Fig. 3.3, Bruhn and Dalziel, 1977). The

amount of strike-slip displacement along the northwest arm is unknown because

only the Late Cretaceous plutons of the Beagle suite granites (Nelson et al., 1980)

are common to both sides of the channel. Although Dalziel and Brown (1989)

report localities where they observed normal displacements on shear surfaces

parallel to the channel, brittle dip-slip normal faults were not identified in this study.

The southwest arm of the Beagle Channel is linear for over 150

kilometers and also appears to represent a metamorphic boundary separating

epidote-amphibolite grade metabasites on Isla Gordon from greenschist and lower

grade rocks on Isla Hoste to the south (Suarez et al., 1985). Mesoscale fault

geometries from the south coast of Isla Gordon suggest that the southwest arm of

the Beagle Channel is a left-lateral strike-slip fault (Figure 3.5). However, only

reconnaissance geologic mapping has been completed on the south side of the

channel (Suarez et al., 1985) and it is not clear how lithologies correlate on either

side of the channel nor the amount of displacement that has occurred along the fault.

Ductile Strike-slip Faulting in the Beagle Channel Region

Several previous studies have discussed the possibility of a

component of left-lateral strike-slip faulting during mid-Cretaceous orogenesis in

the southernmost Andes. Bruhn and Dalziel (1977) and Bruhn (1976) reported that

a significant strike-slip component of deformation in the mid-Cretaceous occurred
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FIGURE 3.5 Great circle projections of mesoscale fault data from the Beagle
Channel region. Separate plots for sinistral versus dextral fault data are shown,
except for plot in upperrow second from right where sinistral and dextral data are

combined. S - Sinistral, D - Dextral, N - number of measurements, CD - Cordillera
Darwin.
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FIGURE 3.6 Schematic diagram of observed coastal strike-slip faultsand their

Riedel shear geometrical relationships to a larger proposed strike-slip displacement
zone under the Beagle Channel. Inset shows geometric relation of faults and folds
to left-lateral wrench fault combined schematically with strain ellipse and principal
strain directions, contraction, C, and extension, E

.

R - synthetic Riedel shear, R' -

antithetic Riedel shear, P - synthetic P shears, Y - Y shear or principal displacement
zone, T - tension fractures or normal faults, al - inferred principal stress axis.
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along discrete shear belts including the northwest arm of the Beagle Channel and

the northwest end of the Straits of Magellan. These comments were based on

observations of foliation intensifying and swinging into parallelism with these

lineaments (I.W.D. Dalziel, pers. comm., 1992). Winslow (1982) reported the

prevalence of subhorizontal slickensides on Tertiary high-angle faults and

Cretaceous mylonitic foliations in narrow subvertical shear zones although the

locations of these structures was not discussed.

Recent field mapping in southern CordilleraDarwin in three separate

coastal zones bordering the Beagle Channel has revealed the presence of steeply

dipping to vertical mylonitic fabrics that strikeparallel to the trend of the fiord. The

mylonitic fabrics are found in silicic tectonites thatcomprise part of the Mesozoic

cover sequence or in mid-to upper Cretaceous granitoids that intrude the cover

sequence. In the silicic tectonites the mylonites are part of the regional S 1 foliation

(Nelson et al., 1980) that is mid-Cretaceous in age based on undeformed upper

Cretaceous plutons that cut the unit (Halpem, 1973, Mukasa et al., 1988). The

mylonitic fabrics in the granitoids are found in discrete ductile shear zones that are

believed to be Late Cretaceous based on consideration of pressure-temperature-time

histories for Cordillera Darwin established by Kohn (1991). Stretched quartz

lineations within the plane of foliation plunge shallowly or are horizontal (Figure

3.7) in the three separate coastal zones. Sense of shear was determined in many

cases to be left-lateral based on S-C fabrics, mica fish, fractured and displaced

feldspar grains, rotated porphyroclasts and preferred orientation of recrystallized

quartz (Figure 3.8). Where the stretching lineations plunge more steeply in the
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FIGURE 3.7 Equal area contour plots of poles to S 1 foliation (top row) and LI

stretching lineations (bottom row) for three separate map areas along the northwest
arm of the Beagle Channel. Horizontal to shallowly plunging stretching lineations

suggest a component of ductile strike-slip shearing during the mid-Cretaceous

Andean orogeny. N = number of measurements, contour interval = 2.0%/l% area.

IG - Isla Gordon, IH - Isla Hoste.
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FIGURE 3.8 Ductile, left-lateral kinematic indicators from sheared granite,

southern Cordillera Darwin. A) S-C mylonite, B) o feldspar poiphyroclast.



43

western study area, a north-side-up dip-slip component is also indicated. No

lineation data were taken from the more highly deformed basement units. The

fabric data are taken from outside of the zone where kilometer-scale backfolds and

down-dip stretching lineations have been documented in central southern Cordillera

Darwin (Nelson et al., 1980). Horizontal to near horizontally plunging axes of

small-scale D 2 folds of the S 1 fabric that were measured in the silicic tectonites in

the three coastal zones reported here indicate a near coaxial relationship between D 1

and D 2 structures for these areas and no major reorientation of the LI stretching

lineations. On the basis of the fabric data the mylonites appear to record a left-

lateral strike-slip and oblique-slip mid-Cretaceous shearing event. They do not

indicate margin-perpendicular shortening or extension.

Recent field work in the interior of Cordillera Darwin and on Isla

Gordon indicates that ductile strike-slip deformation is largely restricted to the

Beagle Channel corridors whereas to the north and south the deformation was of a

more pure shortening mode characterized by ductile shearing, folding and reverse

faulting. Thus, there appears to have been a partitioning of ductile strike-slip strain

along the northwest arm of the Beagle Channel. Away from this zone contractional

deformation was dominant. This partitioning of shortening versus strike-slip

displacement is a common occurrence in transpressional deformation zones (Mount

and Suppe, 1987, Woodcock, 1990, Holdsworth and Strachan, 1991).
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PHOTOGEOLOGIC EVIDENCE FOR STRIKE-SLIP FAULTING IN
THE SOUTHERNMMOST ANDES

Regional lineament study

The southernmost Andes are cut by numerous lineaments, many of

which are fiords and seaways. Many of the region's lineaments are suspected to be

major faults but have never been ground-studied. A lineament study using aerial

photographs, two SPOT images and one Landsat image covering a large area of the

southernmost Andes was completed for this study (Figure 3.9). The purpose was

to see if the lineament trends in the region have a statistical pattern and to determine

their tectonic significance. Ninety four lineaments over 15 kilometers long each

were identified and plotted on a rose diagram (Figure 3.9). The lineaments occur in

2 major statistical clusters around N7OE and N6OW and a lesser cluster between

NIOW and N3OE. When all lineaments are plotted on the same map some

lineament-bounded blocks are defined whereas others are less well defined but

suggested (Figure 3.9). Some of the lineaments are known strike-slip faults (Table

3.1) whereas other parallel lineaments are suspected of being strike-slip faults. The

three lineament clusters have angular relationships consistent with the Riedel

fracture model for a left-lateral system (Figure 3.6). If this comparison is valid, the

northeast striking lineaments represent R shears, the north-striking lineaments

represent R' shears and the northwest striking lineaments represent P shears. In

this context, the lineaments would then be synthetic and antithetic to a regional-scale

left-lateral crustal shearing phenomenon.
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Strike-slip faults on Isla Hoste

A mosaic of 1:60,000 aerial photographs was used to study

lineament trends on western Isla Hoste (Figure 3.10). Western Isla Hoste has

never been geologically mapped due to its remoteness. Photogeologic analysis for

this study and limited reconnaissance study by Suarez et al., (1985) indicate that the

region consists mainly ofplutonic rocks that form part of the Patagonian Batholith.

The island has been completely glaciated and the ice has only recently receded in

many parts (there is still a remnant icecap on Peninsula Cloue) thus leaving behind

polished, relatively vegetation-free exposures. Faults, fractures and joints are well

exposed and very visible on aerial photos. Prominent lineaments one kilometer or

greater in length were traced and located on Figure 3.10. There are two principal

sets of lineaments, a N6O-80E set and a NOE-N2OE set. All of the lineaments are

singular fractures that do not appear to belong to visible joint sets. Some are over

40 kilometers long and clearly cut vertically through variable topography. Some of

the lineaments have been ground-checked and identified as faults by Suarez et al.,

(1985) although their displacement sense was not identified. Some of the faults

appear to have minor steps, push-ups and pull-aparts along their length. Adjacent

blocks often appear to be broken into dominos. The angular relationship between

the two dominant spikes on the rose plot is similar to the theoretical synthetic and

antithetic Reidel fault angular relationship associated with an east-west trending left-

lateral fault system (Figure 3.6). This angular relationship is also the same as

occurs between the mesoscale faults measured along the northwest arm of the

Beagle Channel suggesting that the lineaments are strike-slip faults and related
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FIGURE 3.10 Lineament map of western Isla Hoste, southernmost Andes

prepared from a mosaic of 1:60,000 aerial photographs. Upper right-hand comer

shows rose diagram statistical plot of 226 lineaments identified in survey and

plotted on map.



TABLE 3.1. Previously documented strike-slip faults in the southernmost Andes.
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Fault Modem

Activity
Fault

Length
Evidence forStrike-Slip

Displacement
Sense of

Displacement
Amount of

Displacement
References

Straits of Magellan/
Seno Almirantazgo/
Lago Fagnano

yes 600 km+ offset lithologic contacts,
earthquake focal mechanism

solutions, abundant
geomorphic evidence
including landslides, scarps,
sag ponds, truncated stream

meanders, linear truncation of

vegetation and offset stream
and glacial landforms

left-lateral 80 km+ at
western end

[Winslow,
1982]

Gutenberg and Richter
[1954]; ATa/z [1964];
Forsyth [1975];
Fuenzalida [1976];
Winslow [1982]

Rio San Juan yes 30 km+ linear truncations ofriver
meanders

left-lateral unknown Winslow [1982]

Isla Dawson unknown 30 km+ rotated Tertiary fold axes left-lateral unknown Winslow [1982]

Lago Deseado Valley unknown 50 km+ fracture geometries, synthetic
and antithetic splays

left-lateral unknown K. Klepeis (personal
communication, 1992)

Carbajal Valley unknown 80 km+ strike-slipreactivation of
thrust faults, local drag of
fold orientations adjacent to
faults, Eocene sedimentation
patterns

left-lateral unknown Caminos et al. [1981]

North Scotia Ridge yes 1500 km earthquake focal mechanism

solutions
left-lateral unknown,

possibly as

much as

1500 km

Ludwig and
Rabinowitz [1982];
Pelayo and Wiens

[1989]

Fuegian Terrace
offsets

unknown 100 km+ bathymetric offsets of the

Fuegian Terrace
left-lateral unknown Herron et al. [1977];

Winslow [1982]
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shears. The N6O-NBOE set parallels the southwest arm of the Beagle Channel and

the western segment of the northwest arm of the Beagle Channel and may be part of

a regional arrayof parallel strike-slip faults.

PREVIOUSLY IDENTIFIED STRIKE-SLIP FAULTS IN THE
SOUTHERNMOST ANDES

Strike-slip faults are well documented in the southernmost Andean

foreland fold and thrust belt (Table 3.1) where they are found within the cordillera

(e.g., Lago Deseado fault, Winslow, 1982, Klepeis, in prep.) and near the

topographic mountain front (e.g., Rio San Juan and Isla Dawson faults, Winslow,

1982). Quaternary evidence for strike-slip activity is present along the Straits of

Magellan fault system and the Rio San Juan system (Winslow, 1982). The

structural link between the active left-lateral North Scotia ridge plate boundary east

of Tierra del Fuego and left-lateral strike-slip faults on Tierra Del Fuego is poorly

understood. Recognition of strike-slip faults in the region and the amount of

displacement they record is made difficult by the near parallelism between faults and

lithologic strike trends.

EVIDENCE FOR STRIKE-SLIP FAULTING FROM REGIONAL
MAP PATTERNS AND RELATIVE PLATE MOTIONS

The principal event attributed to the mid-Cretaceous Andean orogeny

in the southernmost Andes is the closure and inversion of the Rocas Verdes

marginal basin (Dalziel et al., 1974, Nelson et al., 1980). The mafic units of the

marginal basin's crustal floor are bounded by discrete vertical shear zones (Bruhn,

1979, Dalziel, 1981) and the ophiolitic complexes appear upfaulted and essentially

autochthonous (De Wit, 1977, Saunders et al., 1979). Deformation of the marginal
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basin was heterogeneously distributed in cover sediments and rock assemblages

flanking the basin. Low-angle thrust faults have not been documented from

anywhere south of the Beagle Channel although most mapping there has been

largely reconnaissance in nature. Instead, that region appears to be structurally

dominated by folding, high-angle faulting and steeply dipping metamorphic fabrics

(Suarez et al., 1985). An examination of aerial photographs of Isla Milne Edwards,

where the Tortuga ophiolite complex is located, reveals that there are several N7OW

trending linear faults that bound the upfaulted ophiolites ("Tortuga Fault", Figure

3.2). Katz (1964) and Suarez et al., (1985) have also mapped these faults and

show their possible continuity with other faults they have identifiedto the west and

east. The kinematic history of these faults has not been determined. Because these

faults are linear over variable topography they are suspected to be strike-slip or

oblique-slip faults in the marginal basin basement. It is likely that the inversion of

the Rocas Verdes basin was not purely contractional but rather transpressional due

to strike-slip or oblique-slip faulting of the basin floor with a partitioned reverse

component of deformation that was largely accommodated by shortening of the

cover sediments and folding and crustal shearing in the basement of southern

Cordillera Darwin. This conclusion was also reached by Bruhn (1976).

The en echelon geometry of metamorphic basement exposures

within the cordillera south of 52°S (Figure 3.2) may indicate that strike-slip faulting

was important in controlling the location of basement uplift within the orocline.

The large exposure of metamorphic basement on Peninsula Brunswick is adjacent

to the Straits of Magellan strike-slip fault system whereas the Cordillera Darwin
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basement uplift is between the Straits of Magellan/Seno Almirantazgo/Lago

Fagnano strike-slip fault system and the Beagle Channel strike-slip fault system.

Another, more regional, consideration for a significant strike-slip

component to the Andean orogeny is that during the time of the Andean orogeny

South America and the Antarctic Peninsula were still connected and partially

juxtaposed adjacent to each other (Grunow et al., 1991) however, there is no record

of a similar mid-Cretaceous orogenic event in the northern two-thirds of the

Antarctic Peninsula (Dalziel and Cortes, 1972, Katz, 1973, Dalziel, 1989). This

implies that a fundamental break separated mid-Cretaceous transpression in the

southernmost Andes from a separate plate kinematic regime along the northern

Antarctic Peninsula. When the South Atlantic opened at approximately 130 Ma

(Numberg and Muller, 1991), the South American plate began to move rapidly

westward relative to the African plate while the Antarctic plate was moving in a

southwesterly direction relative to the African plate (Figure 3.11, Norton and

Sclater, 1979). Between 130-100 Ma 30° of clockwise rotation of the Antarctic

Peninsula relative to East Antarctica caused some degree of clockwise rotation of

the northern tip of the Antarctic Peninsula relative to southernmost South America

and left-lateral interplate motion (Grunow et al., 1991). Since 100 Ma East

Antarctica and the Antarctic Peninsula have been apparently locked together and

moving as one plate (Watts et al., 1984, Grunow et al., 1991). Since 100 Ma, the

westerly component of Antarctica's southwesterly vector of motion relative to

Africa has been smaller than South America's westerly vector of motion relative to

Africa. Thus between South America and Antarctica a left-lateral component of

interplate shear has also existed since 100 Ma. Computerized plate reconstructions
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FIGURE 3.11 Spreading history of the Southwest Indian Ridge and south Mid-

Atlantic ridge from 130 Ma to Present. Row lines mark directions of relative

motion between South America and Africa and Antarctica and Africa.
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and calculations of relative flowlines indicate that since 100 Ma South America-

Antarctic Peninsula relative motion has been dominated by left-lateral interplate

shearing with a lesser component of north-south divergence.

CASE FOR CRUSTAL ROTATION IN THE SOUTHERNMOST
ANDES

Review of paleomagnetic data

Three separate studies have been conducted to determine whether the

Patagonian orocline is the product of rotation or is a primary (unrotated) bend.

Dalziel et al., (1973) and Bums et al., (1980) sampled Jurassic and Cretaceous

intrusive and volcanic units from a variety of locations within the orocline while

Cunningham et al., (1991) sampled volcaniclastic sediments on Peninsula Hardy

(Figure 3.1). All three studies found strong evidence for crustal rotation. Some of

the results from Dalziel et al., (1973) and Bums et al., (1980) do not pass all

modem confidence filters as discussed by Beck (1988). However, the data from

both studies still suggest that the orocline at least in part is the product of mid-

Cretaceous or youngercounterclockwise rotation. Cunningham et al., (1991) have

presented strong data indicating that up to 90° of counterclockwise rotation has

occurred on Peninsula Hardy since the mid-Cretaceous. Figure 3.12 presents a

compilation of rotated paleomagnetic declination directions for different sites within

the orocline. The data suggest that a gradual increase in crustal rotation has

occurred from north to south within the orocline. Sites south of the Beagle Channel

show rotation values up to 125° that are difficult to explain except that local block

rotation adjacent to strike-slip faults may have exceeded the overall regional rotation

of the orocline. Although it seems certain that the orocline is a product of tectonic
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rotation, clearly more data are needed to better constrain the spatial and temporal

rotation history and to determine the existence and geometry of individually rotating

blocks.

The orientation of the Scotia Sea magnetic anomalies and the

possibility that the northwest Scotia Sea floor has rotated

Careful reexamination of magnetic anomaly trends southeast of Cape

Horn indicates that for the three different ridge segments that correspond to the

continental margin between the Diego Ramirez islands and Isla De Los Estados

there is a general fanning of anomaly trends from near north-south directions for the

oldest anomalies just southeast of the continental margin to northeast-trending

extinct spreading centers in the center of the Scotia Sea. A 16°, 22° and 24° angular

difference exists between oldest anomolies and spreading center segments going

from southwest to northeast respectively (Figure 3.13). This angular difference

may simply be due to a nearby pole of rotation for the Scotia Sea spreading centers.

An alternative explanation is that during spreading (approximately 30-6Ma) there

was continuous rotation of the oceanic crust that was coupled to the rotating

continental orocline. This idea is supported by the lack of similar rotation of the

oldest anomolies relative to the central spreading center on the opposite (southeast)

side of the spreading centers (i.e., there is an asymmetry in anomaly trend on either

side of the spreading center). In fact, anomalies on the southeast sides of the

spreading centers appear to show opposite senses of rotation (Figure 3.13; Tectonic

Map of the Scotia Arc, 1:3,000,000, British Antarctic Survey, BAS Misc 3, 1985).

If the sea floorhas been rotated, then it took 24 million years to rotate between 16



FIGURE 3.12 Paleomagnetic evidence in support of a rotation history for the

Patagonian orocline. Paleomagnetic declination directions indicate
counterclockwise rotations from expected northerly directions.
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FIGURE 3.13 Western Scotia Sea magnetic anomalies and the possible evidence

forrotation of the northern Scotia Sea floor. Diagram shows angular discordance
between extinct spreading centers in the Scotia Sea and the oldest magnetic
anomalies on either side.
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and 24° indicating an approximate rate of rotation of 1° of counterclockwise

rotation/Ma.

PROPOSED MODEL FOR THE DEVELOPMENT OF THE
PATAGONIAN OROCLINE

The direct evidence for strike-slip faulting in the southernmost

Andes consists of the following: 1) Mesozoic fabric data that indicate Mesozoic

horizontal or oblique shearing within steep to vertical foliation zones immediately

adjacent to the Beagle Channel, 2) post-metamorphic Late Cretaceous to Cenozoic

brittle strike-slip faulting now identified throughout the region, 3) regional

indications of left-lateral shearing including dragged structures and offset

lithological belts, 4) modem strike-slip earthquakes within the southernmost Andes

and along the North Scotia Ridge and Shackleton Fracture Zone, and 5) Quaternary

geomorphological evidence for left-lateral displacement along several major fault

lineaments. Other important, but less direct evidence in support of strike-slip

faulting in the southernmost Andes consists of: 1) the widespread existence of

lineaments in the region that are statistically consistent in orientation with the Riedel

model for left-lateral shearing, 2) plate tectonic considerations that indicate that

since the initial opening of the South Atlantic, a left-lateral interplate shear zone

must have developed between southernmost South America and the Antarctic

Peninsula to accommodate their differential plate motions, and 3) basic geometrical

considerations of crustal rotation of brittle crustal blocks that necessitate strike-slip

motion between rotating blocks (Garfunkel and Ron, 1985, Nur et al., 1986).
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Based on the existence of regional strike-slip faulting, rotation of the

southernmost Andes and consideration of relative plate motions through time, a

general model for the temporal and spatial developent of the Patagonian orocline is

proposed in Figure 3.14. The model includes but does not focus on the important

contractional history of the southernmost Andes (a subject beyond the scope of this

report). The model proposes that when the South Atlantic opened an initial break

developed within the Andes-Antarctic Peninsula region that accommodated the new

rapid westward motion of South America relative to Antarctica and the clockwise

rotation of the Antarctic Peninsula. It is likely that the break occurred within the

Rocas Verdes marginal basin, a preexisting weakness that penetrated the Andes-

Antarctic Peninsula belt It was this initial break and tectonism in the Rocas Verdes

basin that precipitated the transpressional inversion of the basin and the mid-

Cretaceous Andean orogeny. With continued opening of the South Atlantic and

westward motion of South America relative to Antarctica, transpression continued

and new strike-slip faults developed through time as the transpression deformation

zone migrated northwards. The northwards stepping of the strike-slip faulting

coincided with rotation of the initial faults from northwest strikes to east-west

orientations whereupon they accommodated pure strike-slip displacement.

Presumably the interplate shear zone was wide enough in a north-south direction

for deep-seated east-west shear stresses to be present at least as far north as the

Canal Smyth region today (Figure 3.14). Thus new strike-slip faults oriented at an

angle to the regional east-west convergence direction have continued to form

progressively northwards to accommodate the shear stresses within the broad

interplate shear zone (the shear stresses diminish northwards toward the boundary
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of the interplate shear zone). Individual blocks bounded to the north and south by

left-lateral strike-slip faults have rotated with the faults that bound them. These

large individual blocks are probably internally fractured into more complex smaller

block geometries as suggested by the regional lineament study (Figure 3.9).

Although some faults such as the Straits of Magellan fault appear to record large

left-lateral displacements (Table 3.1), regional shear strain has probably been

accommodated along many faults each accommodating a fraction of the total amount

of shear strain. Structural trends within larger fault-bounded blocks also show

deflection of strike trends near the fault zones or local drag of structures adjacent to

the block boundaries (Figure 3.3, Winslow, 1982, her Figure 15.8). The model

shows the upper crustal brittle response to the interplate left-lateral shearing only.

At depth under ductile conditions, shearing, compressive deformation and rotation

may be more diffuse and less partitioned. Recent multi-channel seismic surveys

have imaged unusually strong horizontal reflectors deep beneath the Beagle Channel

region and continental shelf off the southern tip of the continent at 8-13 seconds

two-way travel time(>2okm)(Jervis et al., 1988). These reflectors may represent

horizontal zones of mechanical detachment that bound rotating "flakes" above

(Oxburgh, 1972, Sylvester, 1988). Deep horizontal detachment horizons may also

be root zones for the large strike-slip faults in the region (Oldow et al., 1990).

Implications of the model

The implications of this model are many, and include the following:

1) Bending of the southernmost Andes has been accommodated along left-

lateral strike-slip faults that have cut across the southernmost Andes and divided the
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orogen into separate blocks that have rotated in a counterclockwise sense with the

faults that bound them. The Patagonian orocline is an example of a strike-slip

orocline using the definitions of Marshak (1988).

2) Distributed crustal shearing has affected the entire region with the greatest

strike-slip shearing occurring in the south. Thus, the southern tip of the continent

(south of 52°S) has been dragged or has "lagged behind" as Wegener (1929)

originally proposed.

3) There appears to have been a northward diachroneity of transpression

from the initial South America-Antarctica break zone in the mid-Cretaceous towards

the Canal Smyth region today. Winslow (1982) reports that the youngest units

involved in shortening in the Magallanes basin are middle Eocene in the southeast,

post-middle Miocene in the northwest and Pliocene in the north. At the southern tip

of the continent, early Cretaceous convergence associated with Pacific margin

subduction was followed by mid-Cretaceous transpression and marginal basin

inversion, then Tertiary strike-slip faulting and finally Tertiary transtension and sea

floor spreading in Drake Passage. With continued rotation regions of pure

convergence appear to have become transpressional, then pure strike-slip then

transtensional.

4) Northward diachroneity of foredeep deposition in the Magallanes Basin

as discussed in Biddle et al., (1986), coincides with the northward growth of the

orocline, suggesting that development of the orocline and the Magallanes Basin on

its inner side are closely related both temporally and spatially.

5) The extensional event that Dalziel and Brown (1989) have proposed to

explain the uplift of Cordillera Darwin may be related to the development of
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transtension in the region and the eventual opening of Drake Passage. Some of the

broad fiords in the region may represent pull-aparts that are linked by strike-slip

faults. Conversely, it is possible that the fission-track data (Nelson, 1982) and

structural and metamorphic relationships Dalziel and Brown (1989) cite in favor of

extension can be explained by a time progression of transpression followed by

strike-slip faulting. Deep-seated crystalline rocks as are exposed in Cordillera

Darwin are commonly exposed in restraining bends and other transpressional

uplifts (Wilcox et al., 1973, Findlay, 1979, Mann et al., 1985, Burkart et al.,

1987, Cobbold and Davy, 1988). Cordillera Darwin does occupy a restraining

bend setting between the left-lateral North Scotia ridge and the obliquely convergent

Chile trench (and on a more local scale between the Straits of Magellan/Lago

Fagnano left-lateral strike-slip fault and the Beagle Channel left-lateral strike-slip

fault system).

6) The opening of the Drake Passage and the development of sea floor

spreading in the western Scotia Sea are consistent with the model. By 30 Ma, the

southern tip of the continent had become a transtensional regime. The Shackleton

Fracture Zone is the western boundary to the Scotia Sea transtensional pull-apart.

7) Because of counterclockwise bending of the orocline, Pacific margin

subduction is progressively slower and more oblique towards the south. This is

reflected in the general decrease in Quaternary volcanic activity towards the south

and in the increasingly primitive magmas with lesser amounts of intra-crustal

contamination reported in the most southerly volcanic centers (Futa and Stern,

1988). Oblique subduction may result in additional strike-slip deformation in the

upper plate to accommodate the non-orthogonal component of plate convergence
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along the Pacific margin (Beck, 1983). However, the oblique convergence is not

the principal cause of the bend in the southernmost Andes but rather a consequence

of it.

8) The possibility that the Scotia Sea floor is coupled to the South American

continent and has also been rotated has several important implications. If the

oceanic crust of the northern Scotia Sea has rotated, then the orocline has continued

to rotate up until at least 6 Ma and is probably continuing to evolve today. In

addition, if deep interplate shear stresses have caused the Scotia sea floor to rotate

then they may have also rotated the extinct spreading centers within the Scotia plate

in a counterclockwise sense. If so, then the spreading centers may have rotated to

an orientation that was not tensional, thus turning them off. This may explain why

the Scotia Sea spreading centers mysteriously became extinct at approximately 4Ma

(Barker and Burrell, 1977). Extension between the South America and Antarctica

plates may have "jumped" to the young transtensional pull-apart basins along the

South Scotia Ridge (Pelayo and Wiens, 1989).

9) There is a basic structural asymmetry to the Patagonian orocline. The

inner concave side has been the main depocenter for orogenic sedimentation and has

experienced the greatest amount of shortening. Conversely, the outer convex side

appears to have been shortened less and has been dissected by abundant strike-slip

faults. There is no evidence for tangential extension in the outer parts of the

orocline as might be expected with crustal bending presumably because

throughgoing strike-slip faults that formed during rotation and segmented the

orocline into separate blocks have themselves rotated and have accommodated the

extension along their strikes. This explanation has been proposed by Marshak
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(1988) for the Makran belt in Pakistan and is likely to be a common structural

phenomenon during the progressive development of a strike-slip orocline

Published in Tectonics
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Vol. 12, No. 1, 169-186, 1993, American Geophysical

Union.



CHAPTER 4

SOUTHERNMOST SOUTH AMERICA-ANTARCTIC
PENINSULA RELATIVE PLATE MOTIONS SINCE

GONDWANA BREAK-UP: IMPLICATIONS FOR THE
TECTONIC EVOLUTION OF THE SCOTIA ARC REGION

INTRODUCTION

A longstanding problem in the interpretation of the tectonic evolution

of the Scotia arc region (Figure 4.1) has been constraining the relative motion

history between southernmost South America (SSA) and the Antarctic Peninsula

(AP) over the past 150 Ma. Modem plate reconstructions based on paleomagnetic

and geologic data (e.g. Grunow et al., 1991) indicate that the northern tip of the AP

was laterally juxtaposed adjacent to the southern tip of SSA along its Pacific margin

prior to 150 Ma, forming part of Gondwana's active convergent margin (as first

suggested by de Wit, 1977). In the southernmost Andes a mid-Cretaceous

orogenic event, the first compressional phase of the the Andean orogeny, resulted

in polyphase deformation, regional metamorphism and the collapse and inversion of

the Rocas Verdes marginal basin (Dalziel et al., 1974, Nelson et al., 1980). In the

northern two-thirds of the AP, this orogenic event is not recorded (Dalziel and

Cortes, 1972; Dalziel and Elliot, 1973; Katz, 1973; Barker et al., 1992) suggesting

that by mid-Cretaceous time a fundamental break separated the future AP from the

future southern tip of SSA. The nature of this break and the relative motion history
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Figure 4.1. Simplified tectonic map of the Scotia Arc region, southern South
America and part of the Antarctic Peninsula showing major plate boundaries and

representative earthquake focal mechanism solutions (Pelayo and Wiens, 1989).
Numerical constraints on displacement on some plate boundaries are referred to in
text. Stars mark points that were used to generate South America-Affica and
Antarctic Peninsula-Africa flowlines. Open spreading ridges are active, dashed
ridges are extinct. Triangle in lower left comer shows north-south and east-west

vectorcomponents of 790 km of Shackleton Fracture Zone displacement
Abbreviations are: SAM - South America, AP - Antarctic Peninsula, NSR - North

Scotia Ridge, SSR - South Scotia Ridge, SG - South Georgia, SO - South Orkney
Block, SFZ - Shackleton Fracture Zone.
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of the separating continents since Gondwana breakup has not been quantitatively

constrained previously and has remained speculative.

Three separate paleomagnetic studies of the Patagonian Orocline, the

90° bend in the southernmost Andes, have documented that the orocline is, at least

in part, the product of counterclockwise rotation (Dalziel et al, 1973; Burns et al,

1980; Cunningham et al., 1991). It has long been suspected that bending of the

southernmost Andes is related to large-scale left-lateral shearing between the South

American and Antarctic continents within the Scotia Arc (Wegener, 1929; Carey,

1955; Hamilton, 1964; Winslow, 1982; Cunningham, 1993). However, the

relative plate motion scenario that would produce the bending has not been

constrained.

The Neogene opening of Drake Passage and sea floor spreading in

the western Scotia Sea were clearly related to SSA-AP relative plate motions but the

quantification of the relative motion through time has not been well established due

to decoupling along the North and South Scotia Ridges (NSR, SSR; Barker and

Lawver, 1988; Dalziel, 1989; Barker et ah, 1992). Likewise, the history of

eastward translation of South Georgia, a microcontinent that once formed part of

the Andes (Dalziel et al., 1975) but is now located 1600 km east of Tierra Del

Fuego in the South Atlantic, has never been kinematically explained largely due to

uncertainty in the amount of strike-slip motion on the North Scotia Ridge.

In this paper we attempt to shed light on these problems by

quantifying SSA-AP relative plate motion since Gondwana breakup using

computer-based plate reconstructions for SSA and the AP since 150 Ma.
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METHOD

We have computed synthetic flowlines for southernmost SSA relative to

Africa and for the AP relative to Africa for the interval 150-0 Ma (Figure 4.2). We

have chosen single points at -49.00°, -72.00° in SSA and at -72.00°, -65.00 on the

AP and used published finite rotation poles for SSA-Africa and AP-Africa (Table

4.1) to calculate and plot the locations of these points relative to a fixed Africa for

every 10 Ma. These points were chosen because they are from relatively stable

continental areas north and south, respectively, of the South America-Scotia and

Scotia-Antarctic plate boundaries between which SSA-AP motion is taken up in the

complex zone of multiple transform faults, compressional strain, block rotation and

sea-floor spreading that constitutes the Scotia Arc. We then compared the flowlines

to determine relative motion between the AP and southern SSA for 10 Ma intervals.

Total interplate motion and convergent, divergentand strike-slip components of the

total motion can be computed for any time interval.

The database used for the SSA flowline consists of magnetic

anomaly and finite pole calculations by Shaw and Cande (1990) for 0-84 Ma and

magnetic anomaly, Geosat altimetry and onshore geologic data used by Niimberg

and Muller (1991) for 118.7-150 Ma. No anomaly data and therefore no flow rates

are available for the interval 84-118.7 Ma corresponding to the Cretaceous magnetic

quiet interval and SSA and AP positions during this period (at 90, 100 and 110 Ma)

are linear interpolations.

The data base used for the AP flowline is the East Antarctica-Africa

magnetic anomaly data base and finite pole calculations from Royer and Chang
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Table 4.1. Finite rotation poles for South America-Africa and Antarctica-Africa that

were used to generate synthetic flowlines.

FINITE ROTATION POLES, ANTARCTIC PENTNSULA-AFRICA

VEflVLK) LAT. (+ °N> LONG. (+ °E) ANGLE. REFERENCE

6.0 16.58 -23.15 1.18 Lawver, 1991,unpublished
10.5 8.2 -49.4 1.53 Royer and Chang, 1991
20.5 10.7 -47.9 2.78 Royer and Chang, 1991
35.5 12.0 -48.4 5.46 Royer and Chang, 1991
42.7 17.1 -46.6 7.22 calculated from Muller et al., in press
50.3 10.3 -42,9 8.77 Royer et al., 1988
68.5 1.1 -41.6 11.84 Royer etal., 1988
73.6 -1.8 -41.4 13.47 Royer et al., 1988
80.2 -4.70 -39.7 16.04 Royer et al., 1988
84.0 -2.6 -38.1 17.91 calculated from Muller et al., in press

FINITE ROTATION POLES, SOUTH AMERICA-AFRICA

8.9 59.99 -38.89 3.13 Shaw and Cande, 1990
19.4 58.07 -37.42 7.04 Shaw and Cande, 1990

26.9 57.16 -35.34 9.98 Shaw and Cande, 1990
35.3 56.63 -33.91 13.38 Shaw and Cande, 1990

44.7 57.62 -32.07 17.58 Shaw and Cande, 1990

51.9 59.3 -31.59 20.08 Shaw and Cande, 1990

58.6 61.07 -31.49 22.30 Shaw and Cande, 1990

66.7 63.3 -33.45 24.77 Shaw and Cande, 1990

74.3 63.11 -33.81 27.93 Shaw and Cande, 1990

80.2 62.91 -34.19 30.97 Shaw and Cande, 1990

84.0 61.59 -34.15 33.5 Shaw and Cande, 1990

118.7 51.6 -35.0 52.92 Niimberg and Muller, 1991

126.5 50.4 -33.5 54.42 Niimberg and Muller, 1991

131.5 50.0 32.5 55.08 Niimberg and Muller, 1991
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(1991), Royer et al. (1988) and Muller et al. (in press) for the period 0-84 Ma.

Paleomagnetic data indicate that the AP was fixed to East Antarctica during that

period (Watts et al., 1984; Grunow et al., 1991). Between 150-90 Ma there is no

anomaly or pole of rotation data set for the AP, and relative motion is principally

constrained by geometrical incompatibilities with neighboring continental masses

(avoiding overlap) and by recent paleomagnetic data by Grunow et al. (1991) that

indicate 25-30° of clockwise motion of the AP with respect to East Antarctica

between 130-100 Ma. In addition, some geologic data help constrain the relative

positions and motion of the AP relative to SSA during the 150-90 Ma interval. As

noted previously, the lack of evidence for an equivalent mid-Cretaceous orogenic

event in the northern AP and evidence for a component of left-lateral shear in the

mid-Cretaceous orogenic event in Tierra Del Fuego (Bruhn and Dalziel, 1977;

Cunningham, 1993) suggest that the fundamental break between the two continents

had a left-lateral component of motion along it.

RESULTS

The flowline data for the last 150 Ma are shown in Table 4.2. Uncertainties

in the positioning of the AP relative to East Antarctica prior to 84 Ma make the data

from that period suspect. However, we tentatively include a9O Ma position based

on linear extrapolation of the 80-84 Ma flowline. The data indicate that during the

last 90 Ma SSA and the AP have had near-parallel westerly motion relative to a

fixed Africa but that SSA's rate of westerly motion in that reference frame has been

more rapid than the AP's rate (Figure 4.2). When the two flowlines are projected

into X-Y space (combining actual distance and azimuth for specific time intervals),
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the east-west strike-slip versus north-south divergent components of relative plate

motion can be calculated for any time interval by subtracting flowline interval

components (Figure 4.3). Although interplate divergence and strike-slip motion

were not exactly north-south and east-west, respectively, a north-south and east-

west coordinate reference frame was used to compute north-south and east-west

components of flowline segments because both flowlines are approximately

latitudinal for 90-0 Ma (Figure 4.3, Table 4.2). Overall, SSA - AP relative motion

has been dominated by left-lateral strike-slip interplate shear with a lesser

component of interplate divergence (2.54:1 strike-slip/divergence ratio) since 90

Ma. A plot of rates of left-lateral relative motion for each 10 Ma interval from 0-84

Ma (Figure 4.4) indicates that strike-slip interplate motion has been highest during

the last 40 Ma when average rates of left-lateral motion were approximately 40-50%

higher than the average rates of left-lateral motion for the 40-84 Ma interval.

Analysis of both flowlines at 1 Ma intervals for the period 30-50 Ma indicates a

rather sudden increase in north-south divergence and east-west strike-slip motion

between SSA and AP at approximately 42-46 Ma (Figure 4.5). Control points are

sufficient to generate confidence that this represents a real and important change

(Figure 4.2).

Prior to 90 Ma the AP flowline is suspect, although a 150 Ma

starting point has been chosen on the basis of the recent Gondwana reconstruction

of Grunow et al., (1991) that puts the northern part of the AP Pacificward of SSA.

A proposed flowline for the AP relative to a fixed SSA for 150-0 Ma is presented in

Figure 6 that incorporates the 150 Ma position from Grunow et al. (1991), the 90-0

Ma flowline data from Table 4.2, avoidance of continental margin overlap, and
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Table 4.2. Synthetic flowline data for southern South America and the Antarctic

Peninsula relative to Africa for 150-0 Ma.

FLOWLINE DATA FOR SOUTHERN SOUTH AMERICA
RELATIVE TO SOUTH AFRICA, 150-0 MA

Ma Latitude Longitude Distance (km) Azimuth

0 -49.00 -72.00

10 -49.92 -67.15 365 107.8
20 -50.91 -61.84 392 108.7

30 -52.01 -56.08 417 109.3
40 -52.95 -49.82 436 106.3
50 -53.47 -44.13 383 100.9
60 -53.43 -39.65 296 90.9

70 -53.02 -34.91 319 83.7
80 -52.82 -27.72 482 90.2
90 -52.40 -17.41 697 90.3

100 -51.25 -7.95 663 83.6

110 -49.34 0.90 661 73.9

120 -47.10 8.55 618 69.2
130 -46.58 12.44 301 80.4

140 -46.36 13.09 55 64.1

150 -46.18 13.30 25 38.8

FLOWLINE DATA FOR THE ANTARCTIC PENINSULA

RELATIVE TO SOUTH AFRICA, 150-0 MA

0 -72.00 -65.00

10 -72.39 -60.38 163 107.6

20 -72.57 -56.75 138 101.2

30 -72.72 -50.44 195 97.0

40 -72.78 -43.39 232 95.0

50 -73.16 -36.04 243 103.5

60 -73.10 -30.89 166 90.2

70 -72.83 -25.22 187 83.5

80 -72.12 -15.16 345 81.6

90 -70.11 2.96 580 77.3

100 7 ? 7 7

110 ? ? 7 7

120 ? ? 7 7

130 ? ? 7 7

140 ? ? 7 7

150 -48.33 34.35
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Cretaceous paleomagnetic data from Grunow et al., (1991). Although not

quantitatively well constrained for the 150-90 Ma interval, this flowline is is the

most conservative approximation based on available data. It implies a greater

component of divergent separation than the 90-0 Ma segment using the 150 Ma

starting point.

IMPLICATIONS

The results of this study indicate that, relative to Africa, SSA has

been outpacing the AP since 90 Ma in its westerly drift and this has led to a left-

lateral strike-slip sense of relative motion with a lesser divergent component of

relative motion between the two continents. Since 90 Ma, 1471 km of east-west,

left-lateral, strike-slip shearing and 578 km of north-south divergent motion have

been accommodated between the two continents across the Scotia Arc. Both

components of separation may have been accommodated in various locations by

different mechanisms. We believe that it is most likely that strike-slip and divergent

components of interplate motion were dominantly accommodated by: (1) sea-floor

spreading in the Scotia Sea and left-lateral motion along the Shackleton Fracture

Zone (SFZ), (2) by left-lateral and divergent motion along a proto-Shackleton

Fracture Zone that accommodated the initial separation of AP from SSA prior to the

development of the Scotia Plate, and (3) by internal deformation in SSA and within

some of the continental fragments that originally were a part of the active SSA-AP

belt but are now scattered around the periphery of the Scotia Plate (e.g., South

Georgia and the South Orkney block). We are not able to calculate how the total
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motion has been partitioned, but we can suggest some probable limits. We will

consider the partition of the motion backward in time.

45-0 Ma

The detailed flowline data for the 30-50 Ma interval indicate that

continental separation between SSA and AP that eventually led to sea-floor

spreading in the western Scotia Sea and development of the Scotia Plate accelerated

at approximately 42-46 Ma, when a sharp increase in north-south divergence and

east-west strike-slip motion occurred between SSA and AP (Figure 4.4b). It is

worth noting that the timing of this event coincides approximately with the initial

India-Eurasia collision (Patriat and Achache, 1984), the approximate age of the

bend in the Hawaii-Emperor seamount chain (Clague et al., 1989), and a

documented increase in spreading rates between Antarctica and Australia (Lawver et

al., 1992); and thus may be part of a larger global-scale plate reorganization event.

Calculations of SSA-AP relative motion are unaffected by the development of the

Scotia Plate. However, Scotia Plate-SSA and Scotia Plate-AP relative motion are

difficult to quantify. Moreover, although the western Scotia Sea floor appears to be

coupled to SSA along a passive continental margin southeast of Cape Horn

(Figures 4.1, 3.1), it is not coupled to the AP.

During the last 45 Ma components of east-west left-lateral and north-

south divergent interplate motion between SSA and AP have been accommodated

by the now extinct northeast-trending central and western Scotia Sea spreading

centers within the Scotia Plate. This motion has been tracked by the SFZ that forms

the western boundary to the SCO. Approximately 444 km of north-south
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separation and 695 km of east-west separation can be measured from the

southernmost tip of SSA southeast of the Diego Ramirez islands (Figure 3.1) to the

tip of the AP at Elephant Island (using the 3000 m bathymetric contour as the edge

of the continent, Figure 4.1). Because the flowline data indicate up to 933 km of

east-west, left-lateral interplate motion for the last 45 Ma (Figure 4.2) it appears that

approximately 75% of this motion has been accommodated by sea-floor spreading

parallel to the SFZ. Approximately 381 km of north-south divergence is indicated

by the flowline data since 45 Ma. However, at least 444 km has occurred based on

current separation parallel to the SFZ (Figure 4.1). This discrepancy may be due to

counterclockwise rotation of the southernmost tip of SSA that resulted in actual

northward displacement of the southernmost tip of SSA relative to Elephant Island

during the last 45 Ma, thereby increasing the north-south separation across Drake

Passage.

A smaller percentage of the total left-lateral interplate motion during

the last 45 Ma may also have been accommodated by counterclockwise rotation of

the southernmost Andes and the continuing development of the Patagonian

Orocline. If one assumes a rectilinear trend for the Patagonian Batholith/Pacific

margin prior to development of the orocline, then up to 500 km of eastward

displacement of the southern tip of the continent has occurred (Figure 4.1). If the

margin was originally curved then the amount of strike-slip motion that was

accommodated in the region was greater or less than 500 km. Based on

consideration of rotated paleomagnetic directions in SSA (Figure 3.12, Dalziel et

al., 1973, Burns et al., 1980 and Cunningham et al., 1991) and documented

evidence for left-lateral strike-slip faulting in the region (Figure 3.2, Table 3.1,
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Winslow, 1982; Cunningham, 1993), we interpret 500 km to be a best

approximation ofan upper limit for accommodation of left-lateral interplate motion

within the southern region of the South America continent. If 695 km of a

calculated 933 km of east-west left-lateral relative motion was accommodated by

northwest-southeast oriented sea-floor spreading in the western Scotia Sea, then up

to 238 km of east-west left-lateral strike-slip motion may have been accommodated

internally within SSA during the last 45 Ma.

The 933 km of left-lateral SSA-AP interplate motion between 0-45

Ma has important implications for the translation history of South Georgia (Figure

4.1). Because sea floor spreading in the Scotia Sea only began at approximately 30

Ma (Barker and Burrell, 1977), the modem NSR is not generally considered to

have been much older than 30 Ma in its role as the northern boundary to the Scotia

Plate (The fault system may be as old as 45 Ma because prior to actual sea floor

spreading significant displacements probably occurred as the continent extended

and fragmented, and the detailed flowline data for 30-50 Ma indicate an increase in

interplate east-west strike-slip motion at approximately 45 Ma, (Figure 4.5). Thus

if South Georgia was translated eastward relative to South America along the NSR

then it presumably occurred during the last 45 Ma. Because the Scotia Plate is in an

intermediate position between SSA and AP, we do not know when it began to

move as an independent plate and whether its motion was more linked to SSA or

AP motion relative to Africa. If the Scotia Plate has moved with the AP relative to

SSA, then up to 933 km of left-lateral interplate motion may have occurred along

the NSR (and, in this case, no interplate strike-slip motion occurred on the SSR)

during the last 45 Ma. Therefore, approximately 60% of South Georgia’s 1600 km



78

Figure 4.3. SSA and AP flowlines projected into X-Y space. Triangles compare

east-west versus north-south displacements for both flowlines for 45-0 Ma and 90-

OMa.
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Figure 4.4. Histogram plots of east-west strike-slip and north-south divergent
relative motion between southern South America and the Antarctic Peninsula for 0
90 Ma.
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Figure 4.5. Histogram plots of east-west strike-slip and north-south divergent
relative motion between southern South America and the Antarctic Peninsula for 30-
50 Ma.
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of apparent eastward displacement relative to SSA (Figure 4.1) can be accounted

for by motion along the NSR. If the Scotia Plate has moved independently of SSA

and AP since 45 Ma, then strike-slip motion has occurred on both the NSR and the

SSR and total east-west left-lateral motion is less than 933 km for the NSR. Thus

933 km appears to be an upper limit for strike-slip motion along the NSR and

suggests that approximately 40% or more of South Georgia's apparent 1600 km of

eastward translation relative to SSA must have occurred somehow prior to 45 Ma,

or that South Georgia's translation path involved a combination of strike-slip and

rift-drift motion, or that its restored original position must have been further east of

Cape Horn than originally proposed (Dalziel, 1981).

90-45 Ma

Between 90-45 Ma and prior to the development of the Scotia Plate,

up to 538 km of east-west left-lateral interplate motion and 197 km of north-south

divergent motion between southernmost SAM and the AP are indicated by the data

(Table 4.3). Oroclinal bending, strike-slip faulting and continental fragmentation in

the southernmost Andes were probably occurring at this time (Winslow; 1982,

Cunningham et al., 1991; Cunningham, 1993) and may account for a significant

fraction of the interplate strike-slip and divergent motion (Figure 3.14). Latest

Cretaceous-early Tertiary extension in the southernmost Andes, for which limited

evidence has been reported by Dalziel and Brown (1989), may have accommodated

some of the north-south divergent interplate motion. Continental deformation in the

southernmost Andes may have been related to a proposed left-lateral fault system

that existed between the future SSA and AP to accommodate separation of the AP
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from SSA and remove their latitudinal overlap (Cunningham et al., 1991; Grunow

et al., 1992). This system we call the proto-Shackleton Fracture Zone (Figure 4.6).

Because the proto-Shackleton Fracture Zone would have had a northwesterly trend,

motion along it can be divided into an east-west left-lateral strike-slip component

and a north-south divergent component, as was done for the western Scotia Sea

spreading centers and the modem SFZ. Although it is impossible to quantify

motion along this proposed structure, it seems reasonable to suggest that it may

have accommodated a significant fraction of total SSA-AP relative motion for the

90-45 Ma period. The proto-Shackleton Fracture Zone may have also marked a

mid-Late Cretaceous tectonic boundary between deformation associated with the

Andean orogeny in the southernmost Andes and the relatively undisturbed northern

AP.

Pre 90 Ma

Prior to 90 Ma, relative motion between the two continents is poorly

constrained. However, we believe that some left-lateral strike-slip and north-south

divergent interplate motion occurred between the southern tip of SAM and the AP

along the proposed proto-Shackleton Fracture Zone to accommodate the clockwise

rotation of the AP relative to East Antarctica (Grunow et al., 1991). A large

component of interplate north-south divergence is also suggested by the flowline

data and was also geometrically required to remove the latitudinal overlap of the AP

with SSA so that SSA could become unbounded to the west and free to begin its

more rapid westerly drift relative to Africa. This may have been largely

accommodated by Late Jurassic-Early Cretaceous transtensional development of the
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Figure 4.6. Antarctic Peninsula motion relative to a fixed southern South America
for 150-0 Ma. 80-0 Ma relative motion is constrained by flowline data. 150-80 Ma
is mostconservative interpretation using starting position from Grunow et al.,
(1991). Triangles track Antarctic Peninsula flowline control point relative to

southern South America for every 10 Ma. Smaller map shows 50 Ma Antarctic
Peninsula-South Americareconstruction fromLawver et al.(in press) that shows
South America and Antarctic Peninsula continental borders and distribution of

continental fragments that filled space between southern South America and

Antarctic Peninsula prior to the opening of Drake Passage.
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Rocas Verdes marginal basin (Dalziel, 1981) and extension in the early Weddell Sea

(La Brecque and Barker, 1981)

In summary, approximately 1471 km of east-west left-lateral strike-

slip separation and 578 km of north-south divergence has occurred between SSA

and AP during the last 90 Ma (Table 4.3). Since 45 Ma, approximately 800 km of

northwest-southeast directed separation has been accommodated by sea-floor

spreading in the western Scotia Sea, accounting for 75% of the calculated east-west

strike-slip component of interplate motion and 100% of the north-south divergent

component of interplate motion. The remaining 25% of SSA-AP interplate strike-

slip motion could have been accommodated by strike-slip faulting and

counterclockwise continental rotation within SSA. Some interplate motion may

also have been accommodated within continental fragments that are now scattered

around the periphery of the Scotia Arc. Uncertainties with Scotia Plate-SSA and

Scotia Plate-AP motion make it difficult to quantify total displacement along the

NSR and SSR. However, an upper limit of 933 km of left-lateral strike-slip motion

is indicated for both ridges.

Prior to 45 Ma and the development of the Scotia Plate, most

interplate motion probably occurred within the SSA continent, between continental

blocks that later separated from SSA and the AP and were dispersed along the

periphery of the Scotia Arc, and along a proposed proto-Shackleton Fracture Zone.

SSA-AP interplate motion was accommodated by left-lateral strike-slip faulting,

counterclockwise continental rotation and continental extension. The proto-

Shackleton Fracture Zone may have separated mid-Late Cretaceous polyphase
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deformation in the southernmost Andes from relative tectonic quiessence in the

northern AP.

The data presented here match well with previous models of Scotia

Arc evolution and indicate that the Scotia Arc region can, at first order, be viewed

as a complication of SSA-AP relative plate motions. Formation of the Scotia Plate

was a passive response to the gradual pulling away of SSA from the AP. Increased

rates of east-west left-lateral and north-south divergent relative motion at

approximately 42-46 Ma led to continental separation and eventual sea-floor

spreading in the Scotia Sea. The results provide limits on how interplate SSA-AP

interplate motion has been temporally and spatially partitioned during the last 90

Ma.
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CHAPTER 5

UPLIFTED OPHIOLITIC ROCKS ON ISLA GORDON,
SOUTHERNMOST CHILE: IMPLICATIONS FOR THE

CLOSURE HISTORY OF THE ROCAS VERDES MARGINAL
BASIN AND THE TECTONIC EVOLUTION OF THE BEAGLE

CHANNEL REGION

INTRODUCTION

The southernmost Andes south of 50°S (Figure 5.1) can be

geologically distinguished from the Andes north of 50°S in several important

ways: (1) the southernmost Andes form an orocline where rock units and

structural trends change their strikes by 90° from north-south to east-west, the so-

called Patagonian Orocline (Carey, 1955; Cunningham et al., 1991), (2) the

southernmost Andes are cut by numerous strike-slip faults and terminate in the

transpressional South American-Scotia transform boundary east of Tierra del

Fuego (Winslow, 1982, Cunningham, 1993), (3) the southernmost Andes contain

a basement-cored massif named Cordillera Darwin that exposes the highest grade

metamorphic rocks in the Andes south of the equator (Nelson et al., 1980; Dalziel,

1989) and (4) the southernmost Andes contain mafic rock assemblages that are

interpreted to be upper ophiolitic sequences that once formed the floorof the Late

Jurassic-Early Cretaceous Rocas Verdes marginal basin (Dalziel et al., 1974). In

contrast, north of 50°S over a 4000 km length, the Andes are a rectilinear

87
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Figure 5.1. Regional map of southernmost South America. Black areas are

known mafic rocks interpreted as ophiolitic remnants of the Late-Jurassic-Early
Cretaceous Rocas Verdes marginal basin floor. Inset map in lower left comer

shows four principal lithotectonic provinces in southernmost South America. MH:

metamorphic hinterland, RVMB; Rocas Verdes marginal basin. Inset box in lower
right shows distribution of same lithotectonic provinces (with same map patterns)
in Beagle Channel region of southernmost Chile and location of study area on Isla
Gordon. PA: Punta Arenas, CH: Cape Horn, ICA: Isla Capitan Aracena, IN: Isla
Navarino.
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mountain belt without marginal basin-related ophiolitic rocks, high-grade

basement-cored uplifts and major east-west trending strike-slip faults. Thus

models for the Mesozoic-Cenozoic structural evolution of the Andes north of 50°S

must be modified before being applied to the southernmost part of the cordillera.

Southernmost South America can be subdivided into four broad

lithotectonic provinces; from southwest to northeast: (1) the Patagonian batholith,

a Late Jurassic to mid-Tertiary magmatic arc province, (2) the Rocas Verdes

basin, a collapsed marginal basin of Late Jurassic to Early Cretaceous age, (3) the

metamorphic hinterland, a multiply deformed, uplifted metamorphic zone that was

formerly the continental margin of the Rocas Verdes basin, and (4) the Late

Cretaceous to Tertiary foreland fold and thrust belt of the Magallanes basin

foredeep (Figure 5.1). The Patagonian batholith and Magallanes basin provinces

are continuous belts whereas the metamorphic hinterland principally consists of

the metamorphic complex of Cordillera Darwin and limited exposures of

metamorphic basement and metamorphosed cover rocks to the northwest and

southeast. The Rocas Verdes basin province consists of discontinuous exposures

of ophiolitic rocks and volcaniclastic turbidites that are interpreted to be the

sedimentary infill to the marginal basin.

In southernmost Chile the metamorphic core of Cordillera Darwin

is separated from the mafic rocks and volcaniclastic rocks of the Rocas Verdes

basin by the Beagle Channel and its connecting northwest arm (Figure 5.1).

Understanding the tectonic significance of the Beagle Channel and the structural

relationship between the high-grade rocks of Cordillera Darwin and the uplifted

mafic floor of the Rocas Verdes basin are fundamental questions for
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understanding southernmost Andean orogenesis. Previous studies of ophiolitic

rocks identified in the Tortuga and Sarmiento complexes (Figure 5.1) have

documented upfaulted ophiolitic blocks but not overthrust or obducted

(allochthonous) bodies. The ophiolitic rocks have generally been described as

vertically uplifted and semi-autochthonous (de Wit, 1977; Saunders et al., 1979;

Dalziel, 1981).

South of Cordillera Darwin, Suarez et al. (1985) have mapped in

reconnaissance style mafic rocks on Isla Gordon and Isla Hoste (Figure 5.1).

Dalziel and Brown (1989) proposed that the Beagle Channel that separates the

high-grade metamorphic rocks of Cordillera Darwin from the mafic rocks of Isla

Gordon and Isla Hoste hides a south-dipping detachment fault and that Cordillera

Darwin is the extensionally exhumed lower plate of a metamorphic core complex.

According to this hypothesis, Isla Gordon and the mafic rocks found there

represent the upper plate to the core complex and rocks on Isla Gordon can be

restored to a position above Cordillera Darwin prior to extension. If this

hypothesis is correct, then the geology of Isla Gordon should presumably reflect

the extensional unroofing event and the prior uplift of the mafic rocks.

With these ideas in mind, a field study was undertaken on Isla

Gordon during January, 1991 to study in detail the bedrock and structural geology

along a north-south transect from the south coast bordering the southwest arm of

the Beagle Channel to the north coast bordering the northwest arm of the Beagle

Channel (Figures 5.1, 5.2). The objectives of this study were to map in detail the

mafic rocks on Isla Gordon to determine: (1) how the rocks were uplifted, (2) the

level of metamorphism of rocks within the transect in comparison with the high-
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Figure 5.2. Simplified geologic map of Isla Gordon transect. K-Ar date is from

Suarez et al. (1985), At/At dates are from Kohn (pers. comm., 1992).
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grade rocks to the north in Cordillera Darwin, (3) the tectonic significance of both

arms of the Beagle Channel, and (4) the structural relationship of the Isla Gordon

block to the Cordillera Darwin block.

ROCK UNITS

Ophiolitic Rocks

A northwest-trending belt of metabasites crosses the center of Isla

Gordon (Figures 5.2, 5.3) and is interpreted to be the upperpart of a

metamorphosed ophiolitic complex based on the recognition of deformed pillow

basalts, sheeted dikes and gabbro. As elsewhere in the southernmost Andes, no

ultramafic rocks were identified. For the most part, the complex is bounded by

intrusions that cut the complex; therefore, the original areal extent of the complex

is unknown. The complex appears to be a part of a larger northwest-southeast

trending belt of mafic rocks that Suarez et al. (1985) have mapped to the southeast

of Isla Gordon on Isla Hoste.

At the top of the complex (Figures 5.3, 5.4) is a massive greenstone

unit with local greenschist layers (Jkgg) that is underlain by a separately mapped,

more homogeneous greenstone unit (Jkgn). Both units form dark green-grey,

blocky outcrops consisting of weakly to nonfoliated amphibolite. Principal

mineral constituents in both units are actinolite, hornblende, albite, dynamically

recrystallized quartz, epidote and magnetite. Albite is largely replaced by epidote

and chlorite, and is ragged-appearing. Schistosity in the greenschists is defined by

parallel alignment of actinolite. In the more massive greenstone units, amphiboles

are randomly oriented. Within the massive greenstone unit, amphibolite dike
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Figure 5.3. Geologic map of upper ophiolite complex on Isla Gordon. A-A' and

B-B' indicate locations of geologic cross sections in Figure 5.4. Stereonets of
poles to SI, stretching lineations, minor fold axes and strike-slip fault planes are

equal area, lower hemisphere plots.



Figure 5.4. Geologic cross sections to accompanyFigure 5.3.

94
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swarms occur in discrete sections.

Beneath the greenstone and greenschist units are tectonized pillow

basalts (Jkp) and a greenschist unit containing pillows and pillow fragments

(Jkgp). The pillow basalt unit is well foliated and the pillows are deformed into

elliptical boudin-like masses in a sheared amphibole/chlorite schist matrix (Figure

5.5a). The pillows are generally epidotized to a yellow-green color that contrasts

with the darker greenschists surrounding them. At the surface, pillows are

generally elongated parallel to foliation strike and are generally less than .5 meters

in length, although pillows up to a meter in length were observed. In cross section

the pillows are elongated down the dip of the foliation plane. The pillows

commonly have quartz concentrations at their ends, amygdaloidal calcite-filled

blebs, and random fractures and pitted zones in their interiors. Pillows occur

whole or in fragments. The pillows and sheared matrix surrounding the pillows

are composed largely of amphibole, albite, chlorite and epidote, with lesser

amount of quartz, calcite, biotite, garnet, ilmenite and sphene. In the tectonized

pillow basalt unit, pillows constitute approximately 50% of the rock, whereas in

the pillow fragment-bearing greenschist unit, pillows and pillow fragments

constitute approximately 25% of the rock.

Beneath the pillow-bearing units is an alternating sequence of

erosion-resistant quartzite and greenschist (Jks) underlain by a separately mapped

more homogeneous greenschist unit (Jkgs). The quartzite forms white-to-pinkish-

white massive outcrops that may represent metamorphosed chert layers or meta-

silicic tuffs. The width of the quartzite layers varies along strike and some layers

pinch out. In general, the quartzite layers are several centimeters to 2 m thick and
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contain a strong foliation defined by flattened quartz and parallel chlorite growth

and a good lineation defined by elongated quartz. Locally, the quartzite is

protomylonitic; thin sections indicate that the quartz is dynamically recrystallized

into elongate and flattened grains with sutured grain boundaries and a

crystallographic preferred orientation. Other minerals within the quartzites

include albite, epidote, sphene, garnet, white mica and actinolite. In between and

underlying the quartzite layers are well foliated greenschists containing actinolite,

albite, epidote, quartz and garnet.

Beneath the quartzite and greenschist layers is a mafic sheeted dike

complex (Jkd) and a gabbro (Jkg). Contacts between these three units were not

observed due to vegetative cover. The sheeted dikes are best observed along the

north coast of the SW arm of the Beagle Channel immediately east of Bahia

Fleurais (Figure 5.5b). The dikes are .2 m to 1 m wide, near-vertical and in

parallel arrangement. Locally, more silicic, tan-colored dikes constitute part of

the assemblage. Generally, the dike margins are well foliated and schistose with

foliation oriented parallel to the margins whereas dike interiors are massive and

relatively undeformed. The dikes are altered to amphibolites and more

intermediate-appearing members contain a greater proportion of plagioclase.

Beneath the dikes along the east coast of Bahia Fleurais is a fine-grained, non-

cumulus-appearing gabbro that forms massive, unfoliated grey outcrops.

Exposures of the gabbro are difficult to reach on foot due to cliff topography and

only one outcrop of this unit was visited. In thin section, the intrusion is highly
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Figure 5.5. a) Sheared pillowed basalts from the center of Isla Gordon, b) sheeted

dikes along the north coast of the southwest arm of the Beagle Channel.
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altered and contains amphibole, pyroxene partially replaced by hornblende, and

plagioclase partially replaced by amphibole, chlorite and calcite.

The metabasite belt on Isla Gordon has an internal pseudo-

stratigraphy that is similar to that documented for the Tortuga and Sarmiento

complexes (e.g., Stem and Elthon, 1979). However, on Isla Gordon less of the

sub-sheeted dike-gabbro stratigraphy is exposed and the complex appears to be

more intensely tectonized than the Tortuga or Sarmiento complexes.

Intrusive Units

A diorite containing large hornblende phenocrysts (Kdg) crops out

along the western edge of the transect where it forms a large mountain that bounds

the saddle between Bahia Romanche and Bahia Fleurais (Figure 5.2). This pluton

has a medium-grained groundmass surrounding larger hornblende crystals and is

slightly foliated (but not lineated) near its margins. It is undeformed in its

interior. Oligoclase, K-feldspar and hornblende are the principal minerals, with

lesser amounts of quartz, clinopyroxene, chlorite, white mica and clay products

replacing K-feldspar. The foliation within the pluton is consistent in orientation

with the foliation in the greenschists it cuts and thus may be tectonic instead of

magmatic in origin. The foliation is defined of by the planar alignment of

amphiboles and flattened mafic xenoliths. The pluton has a complex contact zone

several hundred meters in width that contains a heterogeneous assemblage of

homblendites, pegmatites, megacrystic amphibole-bearing gabbro and other

intermediate to mafic lithologies that have crosscut each other producing a

complex pattern of irregular blocks, dikes, breccias and apophyses. Inclusions of
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dark green amphibolite schists and rusty-colored sulfide-bearing schists are also

found within the contact zone and the intrusion itself. Mafic xenoliths found

within the intrusion are flattened parallel to the NW-SE country rock foliation

strike trend. This pluton has been dated by Suarez et al. (1985) by the K-Ar

method at 110 ± 2 and 108 ± 5 Ma.

A fine to medium-grained felsic pluton cuts the metabasite belt on

the high ridge east of Bahia Fleurais (Kggd). The eastern extent of this pluton is

unknown. This pluton is generally unfoliated and is a K-feldspar, quartz, albite,

muscovite, biotite, hornblende granitoid. K-feldspar phenocrysts dominate the

mineralogy and give the rock a knobby aspect. Chloritization is widespread and

visible in hand sample and thin section. The contact zone with the greenschists it

intrudes is highly silicified. The pluton postdates the metamorphism and

deformation of the metabasite belt but has not been dated.

A large intrusion of granodiorite (Kgd) covers much of the

northern half of the transect area and intrudes the metabasite belt to the south and

the turbidite and volcanic sequence to the north. This pluton is medium-grained,

undeformed and contains prominent exfoliation joints. The granodiorite has been

dated by Kohn (pers. comm., 1992) by the Ar-Ar method at 90.3 ± 4 Ma. The

pluton appears to pass into a more mafic phase along Bahia Romanche s

northernmost east coast and on the ridge tops east of Bahia Romanche where the

pluton shows a gradual petrological transition from granodioritic phases to diorite

to homblendite to gabbro. This transition appears to be within the same pluton

and is not a combination of several separate intrusions, although the same
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intrusion may have experienced separate magmatic pulses. The eastern contact of

this large intrusion is unmapped.

The oldest rocks in the transect area appear to be a sequence of

rusty-colored schists that crop out as a screen or septum within the large

granodiorite unit along the summit ridge east of Bahia Romanche. The schists are

pelitic appearing, contain garnet, biotite and muscovite, and show polyphase

deformation structures including multiple cleavage development and refolded

folds. Their internal structure was not studied in detail. They are very similar in

appearance to the basement schists on the north side of the Beagle Channel and

are believed to be a part of the deeper basement rock exposed to the north in

Cordillera Darwin that got caught up and preserved within the ascending

granodiorite mass. Thus they offer a glimpse perhaps of deeper continental

material that may lie beneath Isla Gordon.

North coast sedimentary and volcanic sequence.

A layered sequence of NW-striking moderate-to steeply SW-

dipping volcaniclastic turbidites, massive basalts, pillow basalts and hornblende

porphyries forms a continuous homoclinal stratigraphic sequence along the north

coast of Isla Gordon east of Bahia Romanche (Figures 5.2, 5.6). The turbidites

consist of alternating quartz-rich siltstones and mudstones that are mildly

metamorphosed, lending them a slatey to phyllitic appearance. The layers range

from 1 cm. to 3/4 m. in thickness and are internally finely laminated (Figure 5.7).

Graded bedding indicates that the sedimentary rocks are right-side-up.

Metamorphism reached lower to middle greenschist levels based on the presence
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Figure 5.7. Southwest dipping mid-Cretaceous volcaniclastic turbidites from the

north coast of Isla Gordon.
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of chlorite and biotite. These minerals define a metamorphic foliation that is

parallel to primary bedding. No cross-cutting cleavage or evidence for isoclinal

folding was observed in outcrop or thin section. Incipient boudinage appears in a

few layers, although it is possible that this could be an artifact of original soft

sediment deformation. The sedmentary strata are concordant with the volcanic

units above and below.

Black massive aphanitic flows or sills form two separate prominent

layers within the sequence. These layers form resistant cliffs, and appear

undeformed except for local discrete shear zones. Where the unit is sheared, the

rock has a knobby aspect with large amphibole crystals surrounded by a sheared

matrix of smaller, aligned amphibole grains and dynamically recrystallized quartz

grains. In thin section, the rocks are amphibolites principally containing

hornblende and andesine.

Two separate layers of megacrystic hornblende/actinolite-

dominated mafic rock occur within the sequence. These units are 50-100%

hornblende-bearing, with crystals up to three inches in length. Oligoclase and

clinopyroxene are the other principal minerals. Locally, the rock contains zones

that appear gabbroic. The rock shows no sign of foliation development or

regional metamorphism. The units appear to locally intrude the turbidites

however, their orientation is generally parallel to the strike-and dip of the

surrounding turbidites. The units are probably sills.

One layer of pillow basalt crops out on the north coast. The

pillows are only mildly deformed and still retain their shape and stacked

geometry. They appear right side up. Locally, the pillows are slightly brecciated.
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The entire sequence appears to be less deformed and

metamorphosed to a lower grade than the metabasite belt 4 km to the south. The

stratigraphic and structural relationship between the two sequences is unknown

because of the intervening granodiorite. However, the northern sequence can be

correlated with mid-Cretaceous volcaniclastic sediments of the Yahgan Formation

traced along strike from the type area on Isla Navarino (Figure 5.1, Katz and

Watters, 1966; Suarez and Pettigrew, 1976), that are interpreted to represent the

depositional infill of the Rocas Verdes basin at some level above the ophiolitic

floor.

METAMORPHISM

The high degree of alteration without foliation development within

the gabbro unit of the ophiolitic complex is believed to be due to ocean-floor

metamorphism similar to what has been described by de Wit and Stem (1976) and

Stem et al. (1976) for the Tortuga and Sarmiento complexes. Hydrothermal

ocean-floor metamorphism probably affected the upper units of the metabasite

belt on Isla Gordon also, however, the mineralogical and textural effects of this

event are difficult to distinguish because of later overprinting by regional

greenschist metamorphism and strong foliation development.

The metabasite sequence has experienced medium-to-upper

greenschist facies regional metamorphism based on the presence of metamorphic

chlorite, biotite and secondary hornblende. Small garnets were identified in

several different sections of the sequence and were analyzed by microprobe to

determine their compositions. In two cases the garnets were found to be high Fe-
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low Mn garnets (almandine). However, their host rocks contained textural

evidence indicative of static recrystallization due to nearby intrusions, thus the

garnets are not believed to be good index minerals for determination of regional

metamorphic grade. In two other locations within the metabasite belt, garnets

were identified in outcrop far from intrusive units. These garnets occur in a belt

of strongly foliated, quartz-rich tectonites within the mixed quartzite and

greenschist unit and in a quartz-rich subunit within the sheared pillow basalt unit

(Figure 5.3). Microprobe analyses indicate that the garnets have 1:1 to 3:1

FeO/MnO ratios, indicating a significant spessartine component. However, the

garnets from within the sheared pillow basalt unit had higher FeO/MnO ratios

from rim analyses (up to 7:1 FeO/MnO ratio), indicating a higher almandine

content with increasing garnet growth and presumably rising P-T conditions.

Thus these garnets indicate that during the final stages of metamorphism,

almandine garnet growth was favored and metamorphic conditions reached upper

greenschist levels.

In the north coast sequence, metamorphic chlorite and biotite occur

within the turbidites, indicating lower to middle greenschist-grade metamorphism.

Small rounded garnet grains also occur in distinct layers and are believed to be

detrital grains suggesting a high-grade metamorphic source rock was exposed

during mid-Cretaceous turbidite deposition. In one location, non-detrital euhedral

garnets that clearly grew within a quartzite unit were also observed. Electron

microprobe analyses of these garnets indicate that they have approximately 3.2

FeO/MnO ratios and are thus spessartine-rich minerals. These garnets grew

within quartz-rich layers adjacent to a mafic flow and their origin may be due to
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contact metamorphic effects. Kohn (1991) and Kohn et al. (in press) have

generated P-T-t paths for the Beagle Channel region, including a path for rocks

from the north coast of Isla Gordon, that indicate peak metamorphic temperatures

there did not exceed 300°C.

The pelitic schist screen that occurs within the granodiorite unit

(Figure 5.2) appears to be the highest grade metamorphic unit on Isla Gordon. It

contains abundant garnet and complex foliation and fold structures not seen in the

metabasite belt. The rock contains mineral assemblages and a structural style

similar to the basement schists seen north of the northwest arm of the Beagle

Channel in Cordillera Darwin.

STRUCTURAL GEOLOGY

A series of brittle, steep-to-vertical faults that strike within 30° of

east-west cut the plutons and metabasite belt (Figure 5.4) and are clearly visible

on aerial photographs. The faults are characterized by deformed zones up to 5

meters wide containing anastomosing fracture arrays, fault gouge and shattered

rock. The northernmost fault zone that cuts the metabasite belt (Figure 5.8)

contains oblique slickensides that plunge 39° at S7OE on the fault's 80° southwest-

dipping, NBOW-striking surface and offsets the massive greenstone/greenschist

unit in a left-lateral and south-side down sense. Three other near-vertical brittle

faults cut the metabasite belt and are interpreted to have a south side up

component of displacement based on stratigraphic relationships (Figure 4).

However, these faults are poorly exposed and slickensided surfaces and kinematic

indicators were not found thatcould confirm the south-side-up interpretation. The
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northernmost fault on the island has a linear trace across steep topography and is

thus interpreted to be a vertical fault that offsets the granodiorite/turbidite contact

sequence and other steep contacts within the north coast sequence by 150 meters

in a left-lateral sense (Figure 5.6). Due to dense vegetation, it is uncertain

whether this fault continues to the northeast coast and connects with a structure

beneath the Beagle Channel. The kinematic significance of two large faults

within the undeformed granodiorite was never determined because of poor fault

exposures. All of these large brittle faults clearly cut pre-existing lithologies and

rock structures and are thus "late stage" structures.

Brittle mesoscale faults were observed along the north coast of the

southwest arm of the Beagle Channel (Figure 5.9). Over thirty-five measurements

were taken of left-lateral and right-lateral strike-slip faults. These faults cut the

sheeted dike complex and the dikes make good marker units. The faults appear as

thin seams with light-colored quartz and gouge filling. Adjacent blocks and

foliation locally curve into or are deflected into the fault zone. In most cases, the

three dimensional orientations of the dikes and the faults can be measured, thus

fault offset is unambiguous. Offsets are generally 5 meters or less. In general,

left-lateral faults are found to strike between N3SE - N9OE, whereas right-lateral

faults are found to strike between NISE - NSOE. Between N3SE and NSOE, both

senses of movement occur. In general, the faults have Reidel R (synthetic) and R

(antithetic) shear geometries and are interpreted to be related to a larger left-lateral

fault hidden beneath the southwest arm of the Beagle Channel (Figure 5.9,

Cunningham, 1993).
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Figure 5.8. Brittle fault that cuts greenstone units and forms part of the northern

contact between the metabasite sequence and the granodiorite intrusion. Fault has

accommodated normal and left-lateral oblique displacement.
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Figure 5.9. Schematic illustration showing measured orientations of mesoscale

strike-slip faults in coastal outcrops along the north coast of the southwest arm of
the Beagle Channel that are interpreted to be synthetic and antithetic Riedel shears
to a larger strike-slip fault that underlies the southwest arm of the Beagle Channel.
Left insert shows equal area, lower hemisphere stereonets of sinistral and dextral

strike-slip faults. Right insert shows geometric relation of faults to left-lateral
wrench fault combined schematically with strain ellipse and principal strain
directions, contraction, C, and extension, E

.

R - synthetic Riedel shear, R' -

antithetic Riedel shear, P - synthetic P shears, Y - Y shear or principal

displacement zone, T - tension fractures or normal faults, al - inferred principal
stress axis.
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The broad belt of metabasites experienced significant shear strain

as indicated by sheared pillows and well developed foliation with quartz

stretching lineations in some units. A stretched pebble agglomerate identified

within the tectonized pillow basalt unit (Figure 5.3) contains elongated clasts with

6:2:1 axial ratios that are oriented parallel to the local stretching lineation. Shear

strain varies throughout the metabasite sequence from protomylonitic sequences

to massive weakly deformed sequences. In general, the greenschists, pillow-

bearing units and quartzites within the center of the belt show greater intensities of

shear strain than the greenstones and sheeted dikes.

In most units, foliation is best described as a schistosity

characterized by parallel alignment of chlorite, biotite, amphibole and flattened

quartz. Foliation trends are remarkably uniform in the central zone of the

metabasite belt where most units strike between N4OW-NBOW and dip steeply to

the southwest. Southeast of the central zone, regional foliation strikes more

northerly parallel to the east coast of Bahia Fleurais and then strikes northwest

again near the southwest arm of the Beagle Channel. Quartz stretching lineations

from the metabasite belt are generally steeply plunging and southerly trending

(Figure 5.3). Unfortunately, where stretching lineations were observed,

unambiguous kinematic indicators were not identified in outcrop or thin section.

The exposure of lower levels of the ophiolitic sequence to the southwest may

suggest a southwest-side-up or continent-vergent ductile shearing sense during

ophiolite deformation and metamorphism. However, uplift of the southwest side

of the sequence relative to the northeast side appears to be more a result of

younger brittle faulting and regional northeast tilting (Figure 5.4).
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Minor folds of quartz veins are locally present in the northernmost

massive subunits of the metabasite belt. Generally the folds are tight to isoclinal

with wavelengths between 2-15 cm. Fold axes generally plunge steeply (Figure

5.3). Prior to folding, the quartz veins were quartz-filled tension fractures that

formed oblique to the general trend of the foliation and were apparently buckled

during continued flattening and shearing. Some sheared pillow basalts have

curved quartz veins around them that look like folds, but are interpreted instead as

arcuate circum-pillow dewatering zones that are now quartz-filled. No large folds

were seen anywhere within the transect and no minor folds were observed that

appear to be parasitic to larger fold structures. Those map areas that contain

foliation symbols with opposite dips in close proximity to one another do not

contain fold hinges between the symbols. Instead, these areas contain steep-to-

vertical foliation attitudes that appear to gently fan around the vertical plane and

are both northeast or southwest dipping.

TIMING CONSTRAINTS

Rocks from within the ophiolitic complex on Isla Gordon have not

been radiometrically dated. However, the sequence is interpreted to be correlative

with ophiolitic rocks from the Sarmiento complex to the north (Figure 5.1) and

Larsen Harbour complex of South Georgia that have been dated by Stern et al. (in

press) and Mukasa et al. (1988) at 140±3 Ma and 150±1 Ma, respectively.

Regionally, the ophiolitic complexes cut uppermost Jurassic volcanic and

volcaniclastic rocks of the Tobifera Formation (Allen, 1980). On Isla Gordon,

deformation and metamorphism of the metabasite belt preceded the intrusion of
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the undeformed granodiorite dated at 90.3 ± 4 Ma by Kohn (pers. comm., 1992).

Because foliation trends within a wide marginal zone of the diorite unit are

parallel to foliation trends within the intruded metabasite belt, the diorite pluton

(108 ± 5 Ma) appears to have been intruded during or perhaps before the

metamorphic event recorded in the metabasites. The north coast turbidite and

volcanic sequence was deposited and deformed prior to the intrusion of the 90.3 ±

.4 Ma undeformed granodiorite that intrudes it. Thus on Isla Gordon,

metamorphism and ductile deformation of the ophiolitic rocks and sedimentary

and volcanic infill may have begun as early as 108 ± 5 Ma and ceased by 90 Ma.

However, brittle faulting and uplift of the metabasite sequence continued well into

the Tertiary, as indicated by Tertiary fission-track uplift dates on apatite from the

granodiorite intrusion (Nelson, 1982; Figure 5.10) and P-T-t data by Kohn (1991)

and Kohn et al. (in press).

DISCUSSION

Ophiolitic rocks on Isla Gordon constitute the upper part of an

ophiolitic complex comparable to those previously studied in Cordillera

Sarmiento (Stern et al., 1976), Cerro Tortuga (Elthon and Ridley, 1981) and

Larsen Harbour (Storey et al., 1977). Although the mafic rocks on Isla Gordon

were previously interpreted to be ophiolitic based on reconnaissance

investigations (Suarez et al., 1985; Dalziel and Brown, 1989), this study provides

the first detailed evidence in support of that interpretation. The Isla Gordon

complex is situated geographically between the Sarmiento and Tortuga complexes

and helps link the known regional occurrences of ophiolitic rocks into a semi-
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continuous belt (Figure 5.1). The existence of this belt helps sheds light on the

original continuity of the Rocas Verdes marginal basin floor before it was closed

and inverted in the mid- to Late Cretaceous.

None of the known ophiolitic rocks in the southernmost Andes

have been documented to be overthrust slices or klippe and only the upper

sections of ophiolitic stratigraphy (Coleman, 1973; Moores, 1982) are exposed.

Ultramafic rocks and serpentinites have not been identified in the region.

Ophiolitic rocks on Isla Gordon appear to be vertically uplifted in a manner

similar to the Sarmiento and Tortuga complexes and are gently tilted to the

northeast, exposing their deepest stratigraphic levels on the south side of the

island and higher level sedimentary and volcanic infill on the north side of the

island (Figure 5.10). Thus the sequence appears para-autochthonous. However,

the base of the complex is never seen and the large plutons on Isla Gordon may

have obliterated any thrust faults or other structures that could have

accommodated horizontal transport during closure of the marginal basin. Thus

the ophiolitic rocks on Isla Gordon could be allochthonous but at this time there is

no direct structural evidence in support of this.

There is little structural, lithologic or metamorphic similarity

between Cordillera Darwin and Isla Gordon. Within the Isla Gordon transect,

highest levels of regional metamorphism occurred in the center of the island

where upper greenschist level assemblages occur in the metabasite belt.

Metamorphism of the stratigraphically higher north coast sequence reached lower

to middle greenschist levels. Two kilometers to the north of the transect, along

the north shore of the northwest arm of the Beagle Channel, kyanite-grade
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continental orthogneisses and paragneisses occur in a series of inclined folds

(Figure 5.10). P-T-t paths for rocks on both sides of the channel indicate that

Cordillera Darwin rocks have been exhumed from 20-25 km depths, whereas

rocks from the north coast of Isla Gordon were metamorphosed at 8-12 km depth

(Kohn, 1991; Kohn et al., in press).

Brittle mesoscale strike-slip faults along the north shore of the

southwest arm of the Beagle Channel suggest that the fiord hides a larger left-

lateral strike-slip fault. Brittle mesoscale strike-slip fault data from the north

shore of the northwest arm of the Beagle Channel (Figures 3.5, 3.6; Cunningham,

1993) indicate that the northwest arm of the Beagle Channel has also

accommodated left-lateral strike-slip or oblique-slip motion. In coastal outcrops

on the north side of the northwest arm of the Beagle Channel directly north of the

transect, recent mapping has also identified near-horizontal stretching lineations

within steeply dipping L-S tectonites, indicating a strike-slip or oblique-slip

ductile history (Figure 3.7; Cunningham, 1993). No down-dip stretching

lineations or shallowly dipping fabrics have been observed in coastal exposures

along this section of the northwest arm of the Beagle Channel that might be

related to a low-angle detachment dipping beneath Isla Gordon. Thus despite the

profound metamorphic break across the northwest arm of the Beagle Channel that

indicates a north-side-up displacement history, structural evidence along the

channel north of this transect suggests that the proposed fault beneath the channel

accommodated a significant brittle and some ductile component of left-lateral

strike-slip displacement. Comparison of metamorphic grade on Isla Gordon with

metamorphic grade on Isla Hoste to the south (Suarez et al., 1985) also suggests



Figure
5.10.

Interpreted
block
diagram
of

northern
Isla
Hoste,
Isla

Gordon
transect

and

Roncagli
valley
of

southern

Cordillera
Darwin.
Map

information
from
Isla
Hoste
is

taken
from
Suarez
et

al.,

(1985).
Map

information
from

southern
Cordillera
Darwin
is

taken
from

unpublished
mapping
by
the

author.
Radiometric

dates
from
Suarez
et

al.

(1985)
and

Kohn
(pers.
comm.).

Fission-track
dates
from
Nelson
(1982).

115



116

that Isla Gordon has been uplifted relative to Isla Hoste. However, structural

evidence suggests that the channel hides a major left-lateral strike-slip fault

instead of a dip-slip fault. Thus the Isla Gordon block is interpreted to be

bounded by two major faults that have accommodated both north-side-up and left-

lateral strike-slip motion. It is uncertain whether these components of

displacement were combined as oblique-slip during the entire history of

displacement or whether they were temporally partitioned into north-side-up

motion followed by left-lateral motion.

If Isla Gordon represents the upper plate to the proposed Cordillera

Darwin metamorphic core complex, then its northeast regional tilt is consistent

with a large back-tilted upper-plate block, as is commonly observed in extensional

systems (Lister and Davis, 1989). Back-tilting occurs because the extensional

fault that dips beneath the upper plate tends to flatten with depth. The

southwesterly dips of the north coast sequence and southwestly dips mapped by

Suarez et al. (1985) in coastal rocks elsewhere along the north coast of Isla

Gordon do not support this model. However, local folding or faulting now

obliterated by the granodiorite may have caused the southwest dips within the

sequence in this transect and Kranck (1932) reports local folding in similar

turbiditic rocks west of the transect along the north coast of Isla Gordon. Within

Isla Gordon itself, the only clear structural evidence for down to the south

displacement is from the northernmost fault that cuts the metabasite sequence

(Figure 5.10) where high-angle extension and left-lateral displacement are

interpreted (Fig 5.8).
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The results from this study do not strongly support or contradict the

metamorphic core complex model for Cordillera Darwin (Dalziel and Brown,

1989). No strong evidence exists for major normal faulting and thick sediment

accumulation on the inferred upper plate, as is commonly observed in

metamorphic core complexes (Coney, 1980). Nor are extensional mylonitic

fabrics and regionally consistent down-dip stretching lineations (Malavielle, 1987)

observed on the inferred lower plate along the north coast of the northwest arm of

the Beagle Channel directly adjacent to the proposed detachment structure

believed to underlie the channel. However, Dalziel and Brown (1989) have

reported extensional structures elsewhere in the region, and the regional back-tilt

of the island, the profound metamorphic break across the northwest arm of the

Beagle Channel, and P-T-t and fission-track data that clearly indicate that

Cordillera Darwin has been uplifted relative to Isla Gordon are consistent with the

model. Thus more regional field study will be needed to resolve this issue. Of

particular importance will be further study of how contractional, extensional and

strike-slip motions have been temporally and spatially partitioned throughout the

region during closure and uplift of the ophiolitic floor of the marginal basin and

exhumation of the high-grade rocks of Cordillera Darwin.

Submitted to the Journal ofSouth American Earth Sciences, 12/16/92

W. Dickson Cunningham, Luis Farfan and Tomas Swaneck



CHAPTER 6

STRUCTURALINVESTIGATIONS ALONG THE BEAGLE
CHANNEL, SOUTHERNMOST CHILE: IMPLICATIONS FOR

THE TECTONIC EVOLUTION OF THE CORDILLERA
DARWIN METAMORPHIC COMPLEX

INTRODUCTION

This report summarizes the results of four separate geological field

studies conducted during 1990-92 along the southern boundary of the Cordillera

Darwin massif in the southernmost Andes of Tierra del Fuego (Figure 6.1). The

Cordillera Darwin massif is a 5000 square km uplift in the remote Patagonian

fiord region of southernmost Chile. The range is bordered to the south by the

Beagle Channel and to the north by Seno Almirantazgo, two major fiords in the

region (Figure 6.1). The range is uninhabited, without roads, and access to most

of the range is only possible by boat.

Cordillera Darwin is a unique geological element in the Andean

Cordillera for several reasons: (1) Cordillera Darwin exposes the highest grade

metamorphic rocks in the Andes south of Peru, (2) Cordillera Darwin has

experienced a complex history of basement reactivation and polyphase

deformation, (3) Cordillera Darwin is an east-west trending topographic

culmination in the southernmost Andes that has an icecap and elevations
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Figure 6.1. Location map of study areas along the southern boundary of the
Cordillera Darwin massif, southernmost Chile. Inset map in lower left comer

shows four major lithotectonic provinces in the southernmost Andes.

Abbreviations are: TDF - Tierra del Fuego,CD - CordilleraDarwin, BC - Beagle
Channel, SG - Seno Garibaldi, BY - Bahia Yendegaia, IC - Isla Cook, MH -

metamorphic hinterland, RVMB - Rocas Verdes marginal basin.
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averaging 1 km higher than adjacent sectors (Figure 6.2). Cordillera Darwin is

located on the outer bend of the Patagonian Orocline, as a segment of the Andes

that is now part of the Scotia Plate. Thus, Cordillera Darwin occupies a critical

linking position for studying both southern Andean orogenesis and Scotia Plate

evolution (Figure 6.2).

PREVIOUS GEOLOGICAL INVESTIGATIONS IN CORDILLERA
DARWIN AND THE SOUTHERNMOST ANDES

Cordillera Darwin takes its name from Charles Darwin who first

described the high-grade metamorphic rocks of central Tierra del Fuego during

the historic voyage of the H.M.S. Beagle in 1833 (Darwin, 1846). Darwin noted

correctly that the metamorphic grade of many of therocks in Cordillera Darwin is

significantly higher than that encountered elsewhere in the southernmost Andes,

or indeed in most of the Andes. Almost 100 years later, Kranck (1932) spent 5

months studying the geology of the southernmost Andes as part of a Finnish

scientific expedition to Tierra del Fuego and presented the first detailed

petrographic descriptions of the "central schists" of Cordillera Darwin. Kranck

also proposed that Cordillera Darwin contains a succession of north-vergent

nappes and shear zones similar to those of the western Alps.

Modern geologic investigations of Cordillera Darwin have

continued to be largely ship-based reconnaissance studies, and have contributed

significantly to understanding of Cordillera Darwin orogenesis. Katz (1964)

presented field evidence for north-vergent contractile structures in northern

Cordillera Darwin and later proposed that the Rocas Verdes ( green rocks )

assemblage (Dalziel and Cortes, 1972) south of Cordillera Darwin represents the
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loor of a marginal sea that was "welded to the continent" during the Andean

orogeny (Katz, 1973). Detailed field studies by Dalziel et al. (1974) confirmed

the marginal basin hypothesis and led to the recognition of a four-fold tectonic

subdivision of the southernmost Andes into a coastal magmatic arc province

(Patagonian Batholith), a marginal basin assemblage, the metamorphic core zone

of Cordillera Darwin, and a foreland fold and thrust belt (Magallanes Basin

foredeep; Figure 6.1).

Nelson et al (1980) spent 10 weeks studying most of the fiords that

surround and penetrate Cordillera Darwin and published the first semi-detailed

geologic map, cross sections and structural analysis of the range. Nelson et al

(1980) identified the principal lithologic units in Cordillera Darwin, interpreted

the basement-cover relationships and identified the structures associated with

separate phases of deformation. Nelson (1982) published fission track data

demonstrating late Mesozoic-early Cenozoic uplift of Cordillera Darwin. Halpem

(1973) presented regional geochronological data from southern Chile that

included some ages from Cordillera Darwin. Herve et al. (1981) presented a

compilation of new and old Rb-Sr ages for Cordillera Darwin that they used to

constrain the timing of the Andean orogeny there as mid-Cretaceous.

More recently, Dalziel and Brown (1989) have proposed that

Cordillera Darwin is a metamorphic core complex akin to certain North American

examples, notably the Shuswap complex in Canada (Figure 6.3). Dalziel and

Brown propose that the northwest arm of the Beagle Channel marks the locus of a

regional-scale detachment structure that accommodated extensional unroofing of

Cordillera Darwin following mid-Cretaceous shortening. Kohn (1991) and Kohn
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et al. (in press) investigated the P-T-t history of Cordillera Darwin and

documented the rapid uplift of Cordillera Darwin during the Late Cretaceous-

early Tertiary.

Field studies in the marginal basin province south of Cordillera

Darwin have also generally been reconnaissance in nature, excepting the work of

Bruhn (1979) and Andrews-Speed (1980) who presented some semi-detailed

structural mapping of contractile structures on Isla Navarino and Isla Hoste

(Figure 6.1), respectively. Suarez et al (1985) published a geologic map with

accompanying text for the islands south of Cordillera Darwin that includes a

summary of isotopic ages forplutonic and volcanic rocks in that region.

Geological investigations of the Magallanes foredeep include

stratigraphic studies by Natland et al. (1974), structural studies of the foreland

fold and thrust belt by Winslow, (1982), and a comprehensive study of the

sedimentological and structural evolution of the basin by Biddle et al. (1986).

Several geological studies of the transition between the metamorphic core and the

Magallanes Basin have been completed (Wilson, 1991, Klepeis, 1993) or are in

progress (K. Klepeis, pers. comm., 1993; L. Rojas, Empresa Nacional de Petroleo,

pers. comm., 1992).

Outstanding Problems in Cordillera Darwin Orogenesis

A number of major geologic problems are unresolved in Cordillera

Darwin and their solution remains critical to understanding southern Andean

orogenesis and Scotia Plate evolution. Perhaps the most significant is the problem

of how Jurassic-Cretaceous sedimentary and volcanic deposits were brought down
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to mid-crustal depths and metamorphosed to upper amphibolite facies and then

brought back up to the surface to be exposed today. Similarly, the tectonic cause

of rapid uplift in Cordillera Darwin during the Late Cretaceous is debated. In

addition, the structural significance of the Beagle Channel and the structural

relationship between the high-grade metamorphic rocks of Cordillera Darwin and

the low-grade metamorphic rocks of the Isla Gordon block to the south (Figure

6.1) have not been firmly established. The importance of strike-slip faulting in the

orogenic history of the massif has not been well documented. Finally, it is

unknown why the massif has significantlly higher elevations than surrounding

regions (Figure 6.2).

Project Objective and Methods

The overall purpose of this project was to gain a better

understanding of the uplift history of southern Cordillera Darwin and the tectonic

significance of the Beagle Channel through detailed mapping of rock units and

major structural elements. Related objectives were to better understand the

closure history of the Rocas Verdes marginal basin, to investigate the importance

of strike-slip displacement during Mesozoic-Cenozoic orogenesis, and to assess

the validity of the metamorphic core complex hypothesis for Cordillera Darwin

uplift. Four weeks were spent mapping the Timbales Peninsula in the western

Beagle Channel region during February and March, 1990 (Figure 6.1, Plate 1).

Three weeks were spent mapping the bedrock geology along the east flank of the

Roncagli Glacier, southern Cordillera Darwin and a 10 km long coastal strip east

of the Roncagli Glacier along the north coast of the northwest arm of the Beagle
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Channel during February, 1991 (Figure 6.2, Plate 2). Two field seasons were

spent in the Punta Yamana region of southeastern Cordillera Darwin; one month

was spent in January, 1990 mapping the general geology of the Punta Yamana

region and six weeks were spent in January-February, 1992 mapping in detail the

distribution and internal structure of a suite of granitic intrusions (Figure 6.2,

Plates 3,4, 5). These areas (Plate 6) were chosen for field study for several

reasons: (1) they border the Beagle Channel and thus are favorable for studying

the structural significance of the channel and the frontal structure of southern

Cordillera Darwin, (2) they contain large exposures of Mesozoic metamorphosed

cover rocks and plutons that lack the older basement structures and thus are ideal

for studying Mesozoic-Cenozoic orogenesis, (3) they contain large areas of

accessible ice-free terrain, (4) they have not previously been studied in detail, (5)

they are accessible by boat for transport in and out of the field, and (6) the Chilean

naval authorities permitted me to work there.

All field work was done by foot. In the Timbales and Yamana

regions, the Chilean Navy provided accommodation in their small surveillance

posts there (named PVS Timbales and PVS Yamana, respectively, Plates 1,3). In

the Roncagli region, a central base camp was established at the foot of the glacier

(Plate 2). In all three regions, separate satellite camps were established within a

one-day trek from the basecamp/surveillance post in order to map more distant

areas. Approximately 20 square kilometers were mapped at both the Timbales

and Roncagli regions. The area mapped in the Yamana region encompasses 40

square kilometers. All areas were mapped at 1:60,000 scale using aerial

photographs as basemaps. Reliable topographic maps of the region do not exist.
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Mylar overlays were used with the aerial photographs to record field data. Rock

samples were taken for petrographic and kinematic analysis.

All three regions are characterized by rugged glacial topography

with steep valleys, cliffs, hanging valleys and aretes. Many of the peaks have

small remnant glaciers and snowfields. The map areas contain several large

valley glaciers including the Roncagli and Holanda glaciers (Plates 2,3) that

terminate near sea level. All three map areas are exposed to high winds and wet

weather that generally blow down the Beagle Channel from the west. The

Timbales Peninsula receives especially severe weather because it is exposed

directly to the Pacific Ocean via Bahia Cook (Figure 6.1). In general, at Timbales

it rained 85% per cent of the time, at Roncagli 70% and at Yamana 60%. Rock

exposure is excellent along the coastlines, above treeline (>5OO m), adjacent to

glaciers and along ridge crests. Rock exposure is poor in the forests and boggy

ground that generally is found between the coastlines and treeline. In all three

regions, attempts were made to map a continuous area. Blank areas on the

geologic maps represent areas either devoid of outcrop or not visited due to

inaccessible terrain, ice or snow, coastal cliffs or dense forests.

Petrographic studies were conducted for kinematic analysis of

tectonites, for lithologic description and for estimating temperature conditions for

quartz and feldspar recrystallization textures. Statistical analysis of structural data

was conducted using the Stereonet 3.0 Macintosh plotting program developed by

Richard Allmendinger.
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Summary of Regional Geology

Important Rock Units

The oldest rocks in the southernmost Andes are polydeformed

medium- to high-grade metasedimentary and metavolcanic rocks that form the

metamorphic basement (Dalziel, 1982). The most extensive exposures of

basement rocks are found in Cordillera Darwin where phyllites, amphibolite-grade

schists and gneisses that display up to four phases of deformation (Nelson et al.,

1980) form part of the central core to the range. Pennsylvanian-Permian age

fusilinid limestones that have been found in the basement at 50° S latitude

(Cecioni, 1955; Forsythe and Mpodozis, 1979), poorly defined Rb/Sr whole rock

isochron age data (Halpem, 1973; Herve et al., 1981), and crosscutting field

relations suggest that the basement rocks are Paleozoic to lower Mesozoic.

Previous workers have interpreted the basement rocks to be a former subduction

complex that was present along the Pacific margin of Gondwana during pre-

Middle Jurassic time (Dalziel and Forsythe, 1978; Forsythe and Mpodozis, 1979).

Unconformably overlying the basement rocks throughout

southernmost South America is a voluminous sequence of submarine rhyolitic

volcanic and volcaniclastic rocks of Middle to late Jurassic age known as the

Tobifera Formation (Thomas, 1949; Dalziel et al., 1974). In Cordillera Darwin,

the Tobifera Formation has been metamorphosed to upper amphibolite levels and

commonly contains mylonitic shear zones. The age of the Tobifera Formation is

best documented by stratigraphic evidence (overlying and interbedded

fossiliferous lithologies; Natland, 1974; Biddle et al., 1986) and by isotopic age
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data from occurrences further north in Chile (Gust et al., 1985) that indicate that

the main period of Tobifera volcanic activity occurred between 160-150 Ma. The

Tobifera volcanics represent one of the major submarine silicic volcanic

sequences in the world and are interpreted to have been a product of western

Gondwana breakup and the ensuing opening of the South Atlantic and South

Indian Ocean during the Late Jurassic Early Cretaceous (Bruhn et a1.,1978; Gust

et al., 1985; Dalziel et al., 1987; Hanson, 1988; Kay et al., 1989).

A 700 km long, discontinuous belt of mafic volcanic and intrusive

rocks ofEarly Cretaceous age passes immediately south of Cordillera Darwin and

has been interpreted to be an ophiolitic belt representing a collapsed and inverted

marginal basin, the so-called Rocas Verdes basin (Figure 1; Katz, 1973; Dalziel et

al., 1974; Bruhn and Dalziel, 1977; de Wit, 1977; Bruhn et al., 1978; Dalziel,

1981). Although a complete ophiolite stratigraphy as defined by the 1972 Penrose

Conference has not been observed, field and geochemical studies suggest that the

rocks represent oceanic crust that has been uplifted and exposed during marginal

basin inversion associated with the mid-Cretaceous Andean orogeny (Dalziel et

al., 1974; Dalziel, 1981). Ophiolitic rocks from the Sarmiento and Larsen

Harbour compexes yield U-Pb dates of 140.7+0.7 Ma and 150+lMa respectively

(Stem et al., 1992: Mukasa and Dalziel, inprep.).

Volcaniclastic turbidities and mafic volcanic rocks of Early

Cretaceous age form a continuous belt adjacent to the Rocas Verdes complex and

are known as the Yahgan Formation (Kranck 1932; Hoffstetter, 1957; Winn,

1978). The Yahgan Formation consists of alternating volcaniclastic sandstone,

shale and conglomeratic sequences that are interpreted to be the sedimentary infill
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of the Rocas Verdes marginal basin (Dalziel et al., 1974; Winn, 1978, Suarez and

Pettigrew, 1976; MacDonald and Storey, 1988). Belemnites and ammonites date

the Yahgan Formation as Early Cretaceous (Hoffstetter, 1957; Dott et al., 1977).

Three separate igneous rock suites have been identified in

Cordillera Darwin, an orthogneissic suite called the Darwin granites, a mafic dike

swarm that cuts the Darwin granites, and a younger and generally less deformed

granodioritic suite known as the Beagle granite suite (Kranck, 1932; Nelson et al.,

1980).

The Darwin granite suite consists of weakly foliated to mylonitized

biotite granites and granodiorites that intrude into the basement. Herve et al.

(1981) obtained a Rb/Sr whole rock isochron date of 157 ± 7 Ma and an initial

Sr^7/Sr^6 ratio of .70875 ± .0019 for the Darwin granite suite. Bruhn et al.

(1978) and Herve et al. (1981) have proposed that the Darwin granites are the

subvolcanic plutonic equivalents of the Upper Jurassic Tobifera Formation that

owe their origin to crustal anatexis or at least crustal contamination of magmas

generated during Gondwana fragmentation.

Darwin orthogneisses and metamorphosed Tobifera Formation

volcanic rocks commonly have a sheeted appearance that is due to the alternation

of gneiss or schist and intruded basaltic dikes. The dikes are generally 1-4

meters wide, regularly spaced, and are now amphibolites. The dikes were

intruded after deposition of the Tobifera volcanics and intrusion of the Darwin

granite suite and before the mid-Cretaceous Andean orogeny and may be related

to crustal extension and the development of the Rocas Verdes marginal basin

(Nelson et al., 1980).
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The Beagle granite suite consists of biotite tonalites and

granodiorites that are undeformed to moderately deformed and that cut structures

associated with the mid-Cretaceous Andean orogeny. Isotopic ages for the Beagle

granite suite north of the Beagle Channel are 65-90 Ma (Halpem, 1973) while

south of the channel dates are generally older at 80-113 Ma (Nelson, 1982, Sudrez

et al., 1985, Mukasa, 1988). The Beagle granites are generally regarded as part of

the Patagonian batholith and as the products of Late Cretaceous subduction-

related magmatism (Herve et al., 1984; Suarez et al., 1985).

Rock Units of the Timbales Peninsula

Mixed zone of orthogneisses and schists

The northeastern and highest zones of the Timbales map area

(Plate 1) are composed of an alternating sequence of felsic to mafic orthogneisses,

paragneisses, amphibolites and pelitic schists that has been mapped as a single

"mixed zone" unit. Individual rock types occurring within the sequence include

foliated granodiorite sheets, meta-gabbroic layers, rusty-colored quartz-

muscovite-biotite schists, chlorite-epidote-actinolite greenschists and homblende-

plagioclase amphibolites. Individual units have thicknesses between one meter

and 100 meters but generally are laterally continuous for several kilometers. The

heterogeneity of the unit and the lateral continuity of individual layers give the

rock a notably striped appearance (Figures 6.4, 6.5). Felsic orthogneisses within

the sequence appear to be compositionally the same as the granodiorite that forms

the southern contact, suggesting that the orthogneisses and granodiorite may be

part of the same generation of melt and part of a continuous layered sequence.
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Figure 6.4. View looking northwest at mixed-zone of orthogneisses and schists
on Timbales Peninsula. Location of figure 6.6 cross section is below and parallel
to small glaciers just below ridge crest in upper center of photograph.
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Figure 6.5. Close-up view of mixed orthogneiss, greenschist and amphibolite

sequence, Timbales Peninsula.
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A detailed transect was made to measure individual unit

thicknesses and document the variation of alternating rock types within the

sequence in an area where a receding glacier has left behind a large zone of 100%

exposed polished outcrops (called the "icefields outcrops", Figure 6.6). Within

700 meters of measured section, the rock mass is composed of two-thirds weakly

to moderately foliated felsic orthogneiss of generally granodioritic composition

and one-third greenschists, rusty-appearing pelitic schists and dark-green to black

amphibolites (Figure 6.6). In general, the sequence is increasingly mafic towards

the northeast and more felsic towards the southwest. To the north, near the

uppermost two lakes in the map area, the rock is composed of a heterogeneous

bimodal mixed-phase intrusion (Figure 6.7).

The mixed-zone schists, amphibolites and paragneisses are

interpreted as a heterogeneous metamorphic sequence probably correlative with

the Paleozoic to lower Mesozoic basement schists found elsewhere in Cordillera

Darwin (Nelson et al., 1980). The strong lithologic variation within the sequence

probably reflects a mixed protolith - consistent with the interpretation that the

metamorphic basement in the region represents a late Paleozoic-early Mesozoic

subduction complex along Gondwana's Pacific margin (Dalziel, 1982; Forsythe,

1982).

Granodiorite

An undeformed to strongly deformed granodiorite crops out in an

arcuate NW-striking belt that crosses the middle of the Timbales map area. The
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Figure 6.7. Deformed mixed-phase intrusion within mixed-zone metamorphic
sequence, Timbales Peninsula.
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granodiorite is medium to fine-grained and contains quartz, K-feldspar,

plagioclase, biotite, amphibole and secondary epidote. Mafic xenoliths are

relatively common and are generally flattened amphibole- and pyroxene-rich

elliptical masses with their long axes trending northwest-southeast. The

granodiorite intrudes the coastal schist sequence and inclusions of the country

rock schists are common within the granodiorite near the southwest contact zone.

This lower contact is also characterized by a fine-grained siliceous aureole. The

contact between the granodiorite and the mixed zone metamorphic sequence is

located where the firstcontinuous greenschist layer is observed (Figure 6.6). The

granodiorite contains both ductile and brittle left-lateral strike-slip shear zones and

is increasingly foliated towards its upper and lower contacts. In general, the

granodiorite is least strained in its center. Within the mixed-zone unit, sheets of

granodiorite appear to have intruded parallel to preexisting layering. The felsic

orthogneisses in the mixed zone are believed to be derived from the same

granodiorite melt system that formed the overlying granodiorite body. The

granodiorite is believed to be pre-mid-Cretaceous because it intruded the older

metamorphic complexes but was involved in mid-Cretaceous deformation and

fabric development.

Coastal schists

A sequence of epidote-amphibolite grade greenschists and light-

colored quartz-muscovite-albite schists crops out in a northwest-southeast belt

across the southwest corner of the peninsula (Plate 1). This sequence appears
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both metapelitic and metabasic. Garnet occurs sporadically, and where observed

is generally retrograded to chlorite. No aluminosilicates were observed.

However, large porphyroblasts now retrograded to sericite and chlorite are present

and have the crystal form and inclusion-rich appearance of staurolite (Figure 6.8).

Within the coastal schist unit, a northwest striking zone of quartz-

muscovite schists and quartzites occurs that appears to have intruded the unit,

perhaps as a thick leucocratic dike or sill that has since been tectonized with the

surrounding country rock. At the southwest tip of the peninsula at Punta

Tempanos (Figure 6.1) quartz-muscovite-rich schists contain deformedmafic dike

swarms and the outcrop appearance is strikingly similar to the coastal sequence at

Caleta Olla and Punta Yamana 75 kilometers to the east (discussed later in

chapter). Some of the leucocratic schists are mylonitic with a well developed

stretching lineation.

The coastal schist sequence is less lithologically variable than the

mixed zone metamorphic rocks. The greenschists and quartz-muscovite schists

that characterize the coastal sequence may correlate with the Upper Jurassic-

Lower Cretaceous siliceous volcanics of the Tobifera Formation and Lower

Cretaceous volcaniclastic sediments of the Yahgan Formation (Katz and Watters,

1966, Gust et al., 1985, Hanson 1987).

Undeformed Dikes

A swarm of steeply dipping to vertical, northeast-striking mafic

and felsic dikes crosses the southwest comer of the peninsula. Similar dikes were

also observed in the high outcrops in the mixed unit, however, the dikes appear to
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Figure 6.8. Possible retrograded staurolite porphyroblasts replaced by sericite

(arrows) in coastal schists, Timbales Peninsula. Partially retrograded garnet
replaced by chlorite is visible along left side of photograph, center. D 2
crenulations of S 1 fabric are visible. Crossed polars, width of photograph = smm.
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be most abundant in the southwest map area. The majority of the dikes are mafic

and have a medium brown-colored, weathered appearance in outcrop. Most

contain light-colored oligoclase phenocrysts visible against a fine-grained

amphibole matrix. In thin section, the mafic dikes are principally composed of

amphibole, clinopyroxene, opaque minerals, and oligoclase. Most of the

oligoclase is altered and appears cloudy. The felsic dikes are aphanitic, rhyolitic

in composition and contain flow banding. The mafic and felsic dikes range from

15 centimeters to 10 meters wide, cut every rock unit in the map area, and are

undeformed. Thus they are the youngest rocks in the map area. Their age is

unknown. It is possible that they are related to magmatism at the small Isla Cook

Quaternary volcanic center only 5 kilometers to the south (Figure 6.1).

Rock Units of the Roncagli Region

Throughout the Roncagli map area (Plate 2) only one unit was

distinguished. This unit is a metamorphic sequence of quartz-mica schists,

massive foliated quartzites, pelitic schists, greenschists and amphibolites. The

entire sequence appears gradational and intermixed. In general, the unit appears

more leucocratic and sheared along the Beagle Channel in the western map area

and on the coastal ridge crest. More pelitic-appearing members of the sequence

are found up the Roncagli Glacier valley and further southeast along the Beagle

Channel coast. No distinct contacts could be found within the sequence that are

worthy of map representation, except for a possible contact zone on the south side

of the frontal ridge (Plate 2) that is visible on aerial photographs as a linear trace

and that in the field appears to separate mylonitic quartz-muscovite-biotite-gamet
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schists from less mylonitized and slightly more heterogeneous-appearing

staurolite-kyanite-bearing schists to the north. This zone may be a structural

break however, it is poorly exposed and despite the lithologic differences cited

above, rock units on either side appear more compositionally similar than

dissimilar.

A variety of quartz-rich schists occur intermixed in the frontal

ridge and along the Beagle Channel coastline. The outcrops are generally white to

grey colored (Figure 6.9) and contain abundant quartz, muscovite and albite and

less abundant biotite and garnet. Staurolite and kyanite occur within the rocks on

top of the frontal ridge, along its north flanks and along the down-strike

continuation of the ridge to the southeast along the Beagle Channel. The rock is

weakly foliated to mylonitic and locally contains well developed quartz stretching

lineations. Along the coast of the Beagle Channel near the entrance to the

Roncagli Glacier valley, discrete subunits contain .5-1.0 cm-size albite

porphyroblasts, lending the rock an augen gneiss or meta-intrusive appearance. In

general, however, the rock does not appear meta-intrusive. Different subunits

show varying competence with regard to folding and crenulation development.

Massive-appearing quartzites are weakly foliated and weakly deformed, whereas

quartz-mica schists are strongly folded and crenulated. Within quartz-muscovite

schists and massive-appearing quartzites in the frontal ridge and along the Beagle

Channel coast, foliated and locally lineated amphibolite and greenschist layers are

common (Figure 6.9) and appear to be part of a metamorphosed dike swarm

probably correlative with mafic dike swarms mapped elsewhere in the region

along the north coast of the Beagle Channel (Nelson et al., 1980).
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Figure 6.9. Folded quartz-muscovite-kyanite-staurolite schists containing
amphibolitized mafic dikes, frontal ridge, Roncagli map area, looking southeast.
Note hammer for scale near right edge of photograph, below center.
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Darker, biotite-rich pelitic schists occur structurally below the

lighter-colored quartz-muscovite schists found on the frontal ridge and the

transition between the subunits occurs north of the frontal ridge towards the upper

Roncagli Glacier valley. The change is gradual, and many whitish-colored,

quartz-muscovite layers are intermixed with the darker, more pelitic layers within

the transitional sequence. Efforts to find a contact, unconformity, deformed

conglomerate layer that may overlie an unconformity, or structural break within

the transition zone were unsuccessful.

The pelitic schists that occur in the center and northern areas of the

Roncagli Glacier valley are more biotite and sulfide-rich than the lighter-colored

quartz-muscovite schists to the south and appear to be metamorphosed to a lower

grade. No aluminosilicates were observed north of the frontal ridge schists, and

garnet disappears from the metamorphic sequence approximately 2 km north of

the frontal ridge. The schists in the northern map area are quartz-albite-biotite-

muscovite schists. They commonly have a gritty texture and form less resistant

outcrops than the metamorphic rocks to the south. Biotite and pyrite are notably

more abundant in the northern schists than in the coastal leucocratic sequence.

Quartz veins are common and are commonly buckled into complex fold patterns.

Some unfoliated mafic dikes cut the pelitic schists. The schists contain one

principal foliation that locally appears gneissose. Original compositional layering

appears to be present in many subunits and is characterized by micaceous and

quartz-rich layers generally parallel to the prominent SI schistosity.

The coastal quartz-muscovite-albite schists are compositionally

similar to leucocratic volcanic and metavolcanic rocks of the Upper-Jurassic
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Tobifera Formation (Gust et al., 1985) that occur throughout the region. The

sequence at Roncagli can be traced along strike to the west, where the same rock

unit has previously been correlated with the Tobifera Formation and the

equivalent Darwin granite intrusive suite by Nelson et al. (1980). The sequence

can also be identified to the east, where it occurs in coastal rock exposures

between Caleta Olla and Caleta Sonia in the Punta Yamana region. (Plate 3)

Structurally below the coastal and frontal ridge quartz-muscovite-

schists and exposed in the upper Roncagli Glacier valley are metamorphic rocks

that are progressively more pelitic appearing and lower in grade towards the north.

Elsewhere in the region, Upper Paleozoic-Lower Mesozoic metamorphic

basement is separated from the overlying Tobifera Formation by an angular

unconformity (Nelson et al., 1980). However, no tectonized unconformity or fault

was observed in the Roncagli Glacier valley transect and the gradational and

mixed nature of the metamorphic sequence does not suggest an original

unconformity or structural break existed between two different protoliths.

Nevertheless, the metamorphic sequence is strongly deformed and

metamorphosed, and an original unconformity may have been completely

obscured. Forty kilometers to the west in Seno Garibaldi (Plate 6), Nelson et al.,

(1980) have documented complex infolding of metamorphic basement and

overlying Tobifera Formation and a highly folded unconformity that separates the

two units. Deformed conglomerates that occur along the basement/cover contact

in northern Cordillera Darwin (Dalziel, 1989) have not been identified in Seno

Garibaldi and may not be preserved in southern Cordillera Darwin.
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An alternative interpretation for the protolith for the pelitic schists

in the upper Roncagli Glacier valley is that they represent Upper Jurassic clastic

sediments that were deposited prior to eruption and deposition of the Tobifera

Formation volcanic rocks. It has been reported that the Tobifera Formation

volcanics were deposited in preexisting grabens and topographically low areas

(Gust et al., 1985, Biddle et al., 1985). Generally speaking, grabens and valleys

receive clastic sediments while they are forming, and it is unlikely that the

Tobifera volcanics were deposited on bare basement in topographic depressions.

Thus alternative explanations for the protolith of the upper Roncagli metapelitic

sequence is that they represent metamorphosed clastic sediments of a pre-Tobifera

sequence ("lower Tobifera graben fill" of Biddle et al., 1986) or lower clastic

members of a continuous Tobifera Formation sequence that is increasingly

dominated by silicic volcanic units in its upper sections.

Rock Units in the Yamana Region

Pelitic Schists

Pelitic schists occur on the highest ridges of the Yamana map area

and along coastal zones west of Caleta Olla and east of a point 3 km east of PVS

Yamana (Plate 3). The rocks consist of quartzofeldspathic garnet-bearing pelitic

schists. There is considerable variation in composition and appearance of the

schist sequence. In general, the northern exposures of the unit on the higher

ridges contain more biotite-rich assemblages and the rock has a darker appearance

than the schists in the south. In the northern schist exposures, few mafic dikes and

few leucocratic schist layers occur whereas towards the south mafic dikes and
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interlayers of leucocratic schists are abundant. The leucocratic schist layers

within the pelitic schists units are similar in appearance to quartz-muscovite-rich

schists that crop out along the Yamana coastline and were mapped there as a

separate unit (Plate 3). The pelitic schists contain quartz, albite, biotite,

muscovite, chlorite and garnet as the principal mineral constituents. Garnet

occurs as fresh euhedral crystals in the northern schists whereas in the lower schist

exposures south of the granite plutons, garnet occurs as rusty-colored grains

largely retrograded to chlorite.

The pelitic schists that occur in the Punta Yamana region have

previously been interpreted to be correlative with the upper Paleozoic-lower

Mesozoic basement schists that occur to the east at Bahia Yendegaia and to the

west at Ventisquero Italia and elsewhere in the region (Nelson et al., 1980,

Dalziel, 1989). However, at Punta Yamana the boundary between the structurally

higher leucocratic schists and the structurally lower pelitic schists is not exposed.

Thus the nature of the contact cannot be determined. At Ventisquero Roncagli, 20

kilometers to the west, pelitic schists appear to concordantly underlie the

leucocratic schist sequence but contain quartz-rich metamorphic layers identical in

appearance to the coastal leucocratic schists. The same relationship exists at

Punta Yamana. Thus the possibility exists that the schists in the Yamana map

area (Plate 3) are all metamorphosed Mesozoic cover sedimentary and silicic

volcanic strata. Pre-Tobifera metamorphic basement may crop out north of the

map area where structurally lower levels of rock are found and may continue from

there along strike to the documented Pre-Tobifera basement exposures (Nelson et
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al., 1980) to the east at Bahia Yendegaia and to the west at Ventisquero Italia

(Plate 6).

Leucocratic schists and greenschists

This unit consists of a sequence of whitish-grey colored quartz-

muscovite-albite schists and massive-appearing quartz-rich tectonites, with lesser

amounts of greenschist and metamorphosed mafic dike swarms. The sequence is

distinguished by its generally leucocratic, non-pelitic appearance. Swarms of

mafic dikes cut the unit and locally lend the rock a green and white striped

appearance (Figure 6.10). The greenstone dikes increase in abundance toward the

Beagle Channel and locally constitute up to 60% of the rock mass.

The leucocratic schists vary in texture from weakly foliated,

massive-appearing quartzitic units to quartz-muscovite-biotite schists to highly

strained quartz mylonites. Massive-appearing, less foliated subunits form

distinctive hills and knobby outcrops that appear to be more resistant to erosion

than the schistose units. These knobby outcrops are best observed in the low

coastal hills 2-4 km west of PVS Yamana. Some of these outcrops appear to be

meta-intrusive because they are relatively coarse-grained. However, the majority

of the unit does not appear meta-plutonic, is non-mylonitic and contains a fine-

grained metamorphic mineral assemblage. Thin section analysis of the schists

reveals that quartz, K-feldspar, albite, muscovite, garnet, biotite, and chlorite are

the principal mineral constituents. Quartz is commonly strained into elongate

grains and ribbons that form a well developed stretching lineation. Some garnets
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Figure 6.10. View westof leucocratic schists containing abundant mafic dikes at
Punta Yamana coastline.
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contain inclusion trails that are sigmoidal and are continuous with the principal

schistosity in the rock. Many garnets are retrograded to chlorite.

The metamorphosed dike swarms are amphibolites that are

variably chloritized and epidotized. They are brownish-green to dark green in

color and aphanitic to porphyritic in texture. They are weakly to strongly foliated

and the foliation trends approximately parallel to the dike margins. The dikes are

generally .5-2 m. in width. Their age is unknown however, they have previously

been correlated with mafic dike swarms elsewhere along the Beagle Channel

coastlines that have been interpreted to be fringe intrusions related to Late

Jurassic-Early Cretaceous development of the Rocas Verdes basin ophiolitic floor

(Nelson et al., 1980).

A sequence of chlorite-epidote-amphibole-rich greenschists

containing alternations of grey quartz-rich schists crops out along the coast

between PVS Yamana and Caleta Sonia (Plate 3). In thin section, the greenschists

principally contain actinolite, epidote, plagioclase, chlorite and quartz. The main

foliation is generally defined by the parallel orientation of the amphibole grains.

The leucocratic schists along the coast of Punta Yamana probably

correlate with other quartz-rich tectonites in southern Cordillera Darwin that have

been interpreted to be metamorphosed silicic volcanic rocks and clastic

sedimentary rocks of the Upper Jurassic Tobifera Formation (Nelson et al., 1980).

The greenschists within the sequence may represent metamorphosed intermediate

tuffs or volcaniclastic sediments that have been reported from the Tobifera

Formation by Hanson (1987). Distinct white layers of quartz-muscovite schist

within the underlying pelitic schist unit may represent metamorphosed rhyolitic
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ash fall tuffs that were deposited prior to more voluminous silicic outpourings that

represent the major deposits of the TobiferaFormation.

Granite

This unit consists of four separate intrusive masses that appear

almost identical in composition and in style of deformation (Plate 4). The plutons

are granitoids that contain conspicuously large albite-oligoclase phenocrysts. The

plutons form elongate northwest-southeast trending intrusions in en echelon

geometry. In general, the granites have a very leucocratic coarse-grained

appearance that stands out in strong contrast to the darker pelitic schist they

intrude (Figures 6.11, 6.12). Some intrusive contacts appear tectonized. Several

brittle faults form partial lengths of some contacts. The northern contacts of all of

the intrusions dip to the south-southwest, approximately parallel to the general dip

of the schistosity in the country rock. Thus the granites appear to have intruded

parallel to the regional NW-striking, SW-dipping schistosity (Figures 6.11, 6.12,

6.13). Near the contact zones, inclusions of the country rock schists are common.

The plutons were studied in detail because they cut the main

metamorphic fabrics of the country rock (Figure 6.14) and thus postdate the

principal mid-Cretaceous deformational event(s) that affected Cordillera Darwin

(Nelson et al., 1980), but contain brittle-ductile fabrics that provide clues

regarding the Late Cretaceous-Early Tertiary deformational regime in the region.

Ar-Ar dates from muscovite grains that have grown in pulled-apart feldspars

provide a late Cretaceous age (68.1 ± .4 Ma) for cooling below the 350°C
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Figure 6.11. View east of central pluton, Yamana map area (Plate 4) and northern
intrusive contact. Note color contrast between granite (light) and pelitic schists
(dark).
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Figure 6.12. View east of light rocks of Yamana ridge pluton (Plate 4),
southwest-dipping northern intrusive contact and left-lateral strike-slip fault zone.

Beagle Channel in background.
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Figure 6.13. Northern intrusive contact of central pluton, Yamana map area

(Plate 4) looking west. Intrusive contact is sub-parallel to northwest-striking,
southwest-dipping regional schistosity in country rock. Visible across valley is
apophysis of same intrusion (arrow) that has intruded parallel to schistosity.
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Figure 6.14. Close-up of intrusive contact at Area Con Plate 4, Yamana map
area. S 1 schistosity in the country rock is deformed into F 2 folds that are cut by
the younger granite.
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isotherm (muscovite blocking temperature, Mukasa, pers. comm., in Dalziel and

Brown, 1989).

Undeformed Granite

An undeformed granite body crops out along the coast west of

Caleta Olla (Plate 3). The areal extent of the granite north of the coast is poorly

known although it may continue up slope and form the high promontory of the

steep south face of Pico Frances (that looks granitic through binoculars, Plate 6).

This pluton intrudes the pelitic schists and appears completely unfoliated. Talus

debris derived from outcrops of the same intrusion higher up the slope also appear

to lack foliation. The pluton is fine-to medium-grained and lacks the large

plagioclase phenocrysts that are characteristic of the four separate granitic

intrusions mapped to the east at Punta Yamana. In thin section, mica grains are

randomly oriented and there is no evidence for foliation development. Quartz is

unstrained except for minor undulatory extinction. The age of the pluton is

unknown, although it has been previously correlated with the Upper Cretaceous

Beagle granite suite by Nelson et al. (1980).

Structural Geology

D 1 Structures

SI

All three map areas contain a well developed schistosity (SI,

Figure 6.15) that constitutes the main structural grain to the area and that can be

traced and correlated on aerial photographs throughout the southern Cordillera
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Figure 6.15. Equal area lower hemisphere stereoplots of some important structural
elements in the Timbales, Roncagli and Yamana map areas. IG: Isla Gordon, IH:
Isla Hoste.



157

Darwin region. The S 1 schistosity is generally defined by the parallel alignment

of phyllosilicates and flattened quartz and is parallel to compositional layering. In

the pelitic schists, the schistosity rarely appears mylonitic. However, in the

coastal leucocratic schists, the SI fabric commonly contains a well developed

quartz stretching lineation (LI) and is locally mylonitic. Mylonitic SI fabrics are

best observed along the Roncagli coastline, in discrete zones in the coastal schist

sequence west of PVS Yamana, along the coast near Punta Tempanos and within

the granodiorite pluton on the Timbales Peninsula. Throughout southern

Cordillera Darwin, SI generally has a northwest-southeast strike (Figure 6.16)

with southwest and northeast dips.

LI

LI stretching lineations occur commonly in the leucocratic schists

along the Yamana, Roncagli and Timbales coastlines and within the granodiorite

on the Timbales Peninsula. LI stretching lineations appear to increase in

abundance towards the Beagle Channel coast (Figures 6.17, 6.18). LI stretching

lineations were rarely observed in the pelitic schists in the interior of the range. In

the Roncagli Glacier Valley, LI stretching lineations were not observed north of

the frontal ridge. In general, the LI stretching lineation is defined by elongate and

ribbon quartz. In thin section, the quartz ribbons show moderate to strong

crystallographic preferred orientation. In the three map areas, LI stretching

lineations generally trend northwest or southeast and plunge shallowly (Figures

6.15,6.16).
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Figure 6.16. SI, LI and F 2 fold axis trends for southern Cordillera Darwin. Data

taken from Nelson et al. (1980) and this study. Overturned folds taken from

Nelson et al. (1980).
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Figure 6.17. View southeast of near-horizontal stretching lineations from coastal

outcrops of quartz-muscovite-biotite schists 200 m. east of Punta Tempanos,
Timbales Peninsula.
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Figure 6.18. View northeast of northwest trending, subhorizontally plunging,
quartz stretching lineations from coastal quartz-muscovite-albite-biotite-gamet
schists, Roncagli map area.
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D 2 Structures

S2

A second, locally developed crenulation fabric (S2) occurs in the

coastal schist sequence at the Timbales Peninsula. The cleavage is axial planar to

minor folds of the SI fabric. S 2 is weakly developed and crenulates SI.

Crenulation hinges show folded and bent mica with minor recrystallization of

micas in the hinges (Figure 6.8). Crenulations formed after the growth of

staurolite, whereas SI predated staurolite growth. S 2 generally has a northwest

strike and dips moderately southwestwards (Figure 6.15).

F2

At the Timbales Peninsula (Plate 1), SI foliations and layers in the

eastern mixed zone dip steeply to the northeast and the mixed zone appears to be

slightly folded over the granodiorite. The granodiorite is in steep to vertical

contact with the coastal schists that are themselves steeply dipping to the

southwest and northeast. Thus on the basis of what appears to be a slightly

overturned metamorphic stratigraphy, the entire peninsula is interpreted to be the

lower limb ofa slightly overturned to the south synform.

Apart from the cross-sectional structure of the entire Timbales

peninsula, only a few large-scale folds with northwest-trending axial traces were

interpreted in the map area (Plate 1). Other areas of the map that show adjacent

foliation symbols with opposite dips may hide folds or faults but were not

interpreted because of vegetative cover. Minor, outcrop-scale folds of SI with

wavelengths generally less than three meters are common in the coastal schist
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sequence. In general, minor folds have axes that plunge shallowly to the southeast

(Figure 6.15) and have both northeast and southwest vergence.

Regional-scale folds dominate the structure in the Roncagli Glacier

valley transect and part of the Roncagli coastal area. The principal schistosity is

folded into a northwest striking train of open antiforms and synforms that verge

southwards and plunge gently to the northwest. The folds appear to increase in

tightness towards the Beagle Channel (Plate 2, Figure 6.19). Specifically, the fold

train consists of two inclined antiforms separated by a broader synform. Axial

planes dip to the northeast and dip data indicate that the folds are at least slightly

overturned. The long limb of the syncline is folded into a tighter

anticline/syncline pair as well as several open, upright folds. Depth of exposure is

insufficient to determine whether the major folds are recumbent, however

parasitic folds indicate that they are not. The cross section (Plate 2, Figure 6.19)

is drawn using the parasitic fold style for the major structure. Hinge lines in all

the folds are approximately located because many parasitic folds occur in the fold

cores making it difficult to delineate an exact hinge line.

The frontal ridge antiform (Figure 6.19, 6.20) becomes tighter to

the southeast and then appears to die out. The western end of the frontal antiform

has an axial plane that dips moderately to the northeast, is asymmetric in shape

with a steep to vertical south limb (Figure 6.21) and a gentle to moderately

dipping north limb, and is south-vergent. The steep south limb of this fold may be

overturned at depth on the basis of steep northeast-dipping foliation that was

mapped in one section of the coast (Plate 2). Parasitic folds on the frontal

antiform also have a shallow to moderate, north-dipping axial plane and appear
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Figure 6.19. Simplified structural map and related cross sections of Roncagli
region showing main structural features and interpreted strike-slip or oblique-slip
fault beneath the northwest arm of the Beagle Channel. Distribution of Barrovian

metamorphic index minerals is shown in inset map.
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Figure 6.20. View south down Roncagli Glacier valley toward frontal ridge (left)
and northwest arm of Beagle Channel and Isla Gordon in distance. Antiformal
structure of frontal ridge is visible.
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Figure 6.21. Steeply, southwest dipping quartz-muscovite-gamet schists along the

north coast of the northwest arm of the Beagle Channel, 1 km east of the Roncagli
Glacier Valley. Schists form part of steeply dipping south limb of frontal ridge
antiform.
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south-vergent, reflecting the geometry of the larger first-order structure they are

related to (Figure 6.22). Parasitic folds are more common in the southeast coastal

region than in the northwest coastal region where they are largely absent.

A crenulation of the SI foliation is present in rocks along the

coastal ridge, especially in the southeast map area. This crenulation is weakly

developed and does not define a cleavage surface. In thin section, mica grains are

gently buckled. Axial planes to crenulations dip gently to the north-northeast and

are consistent in orientation with the axial plane of the frontal ridge fold structure

(Figure 6.22). The crenulation crests define a visible lineation that is gently

northwest plunging.

The fold axes for the major folds trend north-northwest at the north

end of the Roncagli Glacier valley, whereas they are nearly parallel to the Beagle

Channel at the south end of the valley (Figure 6.19, Plate 2). Thus the structures

appear to fan in the northwest quadrant. Measurements of minor fold axes of the

SI fabric consistently trend northwest-southeast and plunge shallowly (Figure

6.15).

Kilometer-scale F 2 folds were not identified in the Yamana region.

A north-south cross section across the map area suggests that the first-order

structure is a homoclinal structure or the area comprises the south limb of a large

antiformal stucture that has a hinge zone north of the area investigated here (Plate

3). Smaller-scale F 2 folds are interpreted in various locations within the pelitic

schist and leucocratic schists (Plate 3). In general, these folds have northwest

trending axial traces. Other map areas that show adjacent foliation symbols with

opposite dips may hide folds or faults or the foliation may fan around the vertical
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Figure 6.22. Box diagrams showing relationships of minor structural elements to

larger structures in the Roncagli map area.
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plane. These areas could not be interpreted because of vegetative cover. A

detailed map of the Yamana peninsula at PVS Yamana (Plate 5) indicates the

presence of a smaller inclined, south-vergent synform. Within the leucocratic

schists, numerous open to tight F 2 folds occur (Plate 5). Fold amplitudes are

generally on the order of 20 meters or less. Along the coast at the PVS Yamana

peninsula, F 2 folds of the SI fabric are commonly south-vergent (Figure 6.23).

The relatively flat ground 1.5 km northwest of PVS Yamana has few outcrops and

the structure there is poorly understood. This area may hide more complexly

folded schists because isoclinal folds of SI were observed in the few exposed

outcrops (Figure 6.24). North of the granitic plutons the SI fabric is well exposed

and is generally homoclinal. The general structure is clearly visible in outcrops

and from cross-valley vantage points. Throughout the map area, most minor F2

folds have axes trending SE and plunge shallowly (Figure 6.15).

Secondary shearsurfaces along the Roncagli coastline

In L-S tectonites along the Beagle Channel, vertical shear surfaces

oriented approximately east-west and marked by reoriented biotite grains and

recrystallized quartz crosscut the SI foliation at 20-30°. Where the shear surfaces

crosscut the SI fabric, the SI foliation is deflected and rotated into the shear

surface. Within these tectonites, the LI lineation is subhorizontal and sense of

shear is left-lateral (Figure 6.25). It is not known whether these shear surfaces

formed before or after D 2 folding. They occur in an area of homoclinal, vertical

to steeply southwest-dipping schists adjacent to the Beagle Channel, immediately

east of the entrance to the Roncagli Valley.
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Figure 6.23. View looking southeast at south-vergent, southeast plunging F 2
folds in leucocratic schists and metamorphosed mafic dike swarms from Punta
Yamana coastline.
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Figure 6.24. Southeast-plunging F 2 isoclinal folds in pelitic schists 2.5 km

northwest of PVS Yamana. Photograph shows folded leucocratic schist layers
within the pelitic schist unit. These layers appear compositionally similar to

leucocratic schists mapped as a separate unit along the coast.
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Figure 6.25. Subvertical, east-striking shear fabrics (thick arrows) deflecting
northwest-striking, steeply southwest-dipping SI foliation (thin arrows). Sense of
shear is left-lateral. S 1 defined by aligned biotite alternating with quartz-rich
layers. Shear surface defined by reoriented biotite and finer-grained partially
recrystallized quartz. Sample is from coastal L-S tectonites one-half kilometer
east of Roncagli Glacier valley entrance. Crossed polars, width of photograph =

3.3mm.
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Post-D2 Structures

Brittle-ductile shear zones in the Yamana granite suite

Outcrop description

The plutons in the Yamana region that parallel or crosscut the SI

fabric and crosscut minor F 2 folds (Plate 4) contain many brittle-ductile shear

zones that contain a variety of penetrative shear fabrics. The shear zones range

from a few centimeters to 50 m in width (Figures 6.26, 6.27). In general, the

shear zones strike northwest to west-southwest and dip moderately to steeply to

the southwest, south or southeast (Figure 6.28, Plate 4). L-S tectonites from

within the shear zones appear protomylonitic to ultramylonitic. Well developed

quartz stretching lineations are common, whereas large feldspar porphyroclasts

appear equant and brittley fractured (Figures 6.29, 6.30). Quartz stretching

lineations generally plunge shallowly to the southeast or northwest (Figure 6.28).

However, in the Yamana ridge pluton and east pluton, down-dip, south-plunging

stretching lineations occur in some shear zones (Plate 4, Figure 6.28).

Thin-section mineral description

Within the shear zones, quartz has behaved ductiley and is

deformed into ribbons that form the prominent quartz stretching lineation visible

in outcrop. Quartz ribbons are generally partially recrystallized into small new

grains. Recrystallization ranges from 0-5% in low strain tectonites to 90-100% in

the highest strain mylonites (Figure 6.31). Most of the recrystallized new grains

occur along linear longitudinal zones within ribbons or where the ribbons are bent

into shear surfaces or "necked" between rigid porphyroclasts (Figure 6.32). The
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Figure 6.26. View northwest of sheared granite, central pluton, Yamana map area

(Plate 4). Shear zone is wider than width of view in photograph. Foliation strikes

northwest, dips southwest.
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Figure 6.27. View southeast of small two-meter wide, east-striking, south-dipping
shear zone in Yamana ridge pluton (Figure 6.28, Plate 4). Relatively undeformed
pluton is visible on both sides of shear zone.
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Figure 6.29. View northeast of sheared granite with horizontal quartz stretching
lineations, central pluton, Yamana map area.
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Figure 6.30. View north of steeply south dipping surface within sheared granite
from area C (Plate 4) Yamana map area. Photograph shows subhorizontally
plunging quartz stretching lineations and oligoclase porphyroclasts.
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Figure 6.31. Recrystallized quartz ribbons showing type II S-C fabrics, central

pluton, Yamana map area. Small, elongate, obliquely oriented grains define an

internal S foliation that is at a low angle to the ribbon boundary and internal shear
surfaces (C surfaces). Sense of shear is left-lateral. Photograph taken under
crossed polars with gypsum plate. Width of photograph = 1.7 mm.



179

Figure 6.32. Right-lateral shear fabrics, Yamana ridge pluton, Yamana map area

Quartz ribbon deflected into ECC surface (small arrow). Note partial
recrystallization and attenuation of ribbon within ECC surface. Brittle shear
surface (large arrow) is oblique to ECC surface but shows same sense of shear.
Mica fish (m) are also visible. Photograph taken under crossed polars with

gypsum plate. Width of photograph = 5 mm.
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new grains are generally elongate and obliquely oriented (30° or less) to the

ribbon length (Figure 6.31). In general, the ribbons and recrystallized new grains

are in strong crystallographic preferred orientation.

In all shear zones, feldspar grains are brittley fractured and strong

comminution has resulted in significant grain-size reduction. Grain-scale faults,

internal fracturing and kinking are common. Most fractures appear to follow

cleavage planes (Figures 6.33, 6.34) and in some grains produce slightly

misoriented blocks that have the appearance of subgrains (Figures 6.38, 6.41).

Many grains appear rotated and in domino form. In the highest strain mylonites,

feldspar grains are rounded with tails of fine-grained fractured debris (Figure

6.34). Flame perthite and incipient myrmekite were observed in a few grains.

Feldspar grain boundaries are commonly irregular to serrate in the highest strain

shear zones. These boundaries contain what appear to be incipient new grains but

instead are interpreted to be reprecipitated fractured material on the basis of the

extensive fracturing in feldspar and degree of quartz recrystallization (J. Tullis,

pers. comm., 1993; Figures 6.35). Convincing evidence for ductile deformation

of feldspar was not observed.

The plutons are muscovite and biotite-bearing and contain two

generations of muscovite; a primary phase consisting of large muscovite

porphyroclasts and a secondary phase of fine-grained muscovite-phengite growth

along feldspar cleavage and fracture planes (Figure 6.36). The primary mica

grains are strongly deformed within the shear zones. Many grains have been

sheared into mica fish (Figures 6.32, 6.37). Tails of fine-grained material lead

away from many of the mica fish and help define a surface parallel to the ribbon
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Figure 6.33 (top), 6.34. (bottom). Brittley fractured feldspar grains within ductiley
deformed quartz ribbons, Yamana granite suite, Yamana map area. Feldspar
grains have broken parallel to visible cleavage planes. Grains are rotated

(bookshelf sliding) and pulled apart (bottom) due to left-lateral shearing and

counterclockwise rotation. Photographs taken under crossed polars with gypsum

plate. Width of photographs = 3.3 mm.
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Figure 6.35. Serrated grain boundaries in feldspar from ductile shear zone,

Yamana ridge pluton, Yamana map area. Irregular edges and optically patchy
areas are believed to be due to micro-scale reprecipitation of brittley fractured
material (J. Tullis, pers. comm., 1993). Photographs taken under crossed polars
with gypsumplate. Width of photograph = .75 mm.



183

Figure 6.36. Secondary muscovite/phengite growth along feldspar cleavage
planes within granite shear zone, Yamana ridge pluton, Yamana map area.

Photograph taken under uncrossed polars. Width of photograph = .75 mm.
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Figure 6.37. Mica fish between quartz ribbons, Yamana ridge pluton, Yamana

map area. Shear sense is left-lateral. Photograph taken under crossed polars with

gypsum plate. Width of photograph = .75 mm.
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boundaries. Other grains have been bent, folded, kinked and boudinaged (Figure

6.38).

Granite fabrics and kinematic analysis

Several different planar fabrics occur within L-S tectonites from

the deformed granitoids. In the highest strain mylonites, the quartz ribbons define

a foliation that is parallel to the shear zone boundary and thus the S surface has

been rotated into parallelism with the C surface (Figures 6.31, 6.39). Within

many of the ribbons, elongate, obliquely oriented new grains are commonly

observed at 30°angles to the shear zone boundary and define an S surface (Figures

6.31, 6.39). Mica fish are common between ribbons and have their cleavage

planes oriented at small angles to the shear zone boundary (subparallel to the

quartz ribbons) with trails of fine-grained material parallel to the shear zone

boundary (C surfaces, Figure 6.37). In lower strain shear zones, only one

principal foliation (an S surface) exists and is defined by elongate ribbon quartz,

muscovite and biotite grains, and broken and displaced feldspar grains. This

foliation appears to have formed at 45° to the shear zone boundary but has not

rotated into parallelism with the shear zone. Brittle shears and ductile extensional

crenulation cleavages (ECCs) obliquely cut or deflect the S-C fabrics in many

shear zones (Figures 6.32, 6.40). Brittle shears are defined by fine-grained

fractured and altered material and chlorite grains, whereas ductile ECCs are

defined by a reorientation of the S surfaces. Recrystallization of quartz is

common in neck regions.

Numerous thin sections were cut to determine sense of shear from

L-S tectonites within the four main granitic plutons. Thin sections were cut
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Figure 6.38. Primary muscovite grain that is kinked, slightly boudinaged, brittley
fractured and offset along right-lateral ECC, central pluton, Yamana map area.

Note misoriented blocks in feldspar caused by fracturing. Photograph taken under
crossed polars. Width of photograph =1.7 mm.
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Figure 6.39. S-C fabrics from high-strain shear zone, central pluton, Yamana map
area. C-surfaces are approximately east-west in photo and are defined by mica-
rich zones and fine-grained trails of fractured and recrystallized material. S
surfaces are oriented northeast-southwest and are defined by quartz ribbons and

elongate recrystallized grains. Shear sense is right-lateral. Photograph taken
under crossed polars with gypsum plate. Width of photograph = 5 mm.
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Figure 6.40. Discontinuous extensional crenulation cleavages (ECCs, arrows).
Quartz ribbons are deflected and thinned, central pluton, Yamana map area. Left-

lateral shear sense. Photograph taken under crossed polars. Width of photograph
= 13 mm.
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Figure 6.41. Brittle ECC (arrow) terminating within, instead of cutting through,
ductiley deformed quartz ribbon, central pluton, Yamana map area. Shear sense is
right-lateral. Photograph taken undercrossed polars with gypsum plate. Width of
photograph = 3.3 mm.
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parallel to the principal stretching lineation and perpendicular to the main

foliation. Shear sense was determined using standard microscopic kinematic

indicators including S-C fabrics, ECC fabrics, mica fish, rotated and displaced

feldspar grains and asymmetric tails on porphyroclasts (Figures 6.31, 6.33, 6.34,

6.35, 6.37, 6.38, 6.39). Thin section analysis indicates that left-lateral strike-slip,

right-lateral strike-slip, oblique-slip, extensional dip-slip and contractional dip-slip

motions have all occurred along various shear zones in different orientations

(Plate 4, Figure 6.28). The majority of shear zones are strike-slip or low-angle

oblique-slip (Plate 4). In general, left-lateral strike-slip shear zones are most

numerous (15 were identified), form the widest zones, strike within 30° of east-

west and dip moderately to the south. Right-lateral shear zones (12) form more

narrow shear zones and have generally the same strikes and dips as the left-lateral

zones except more strike north-northwest to northwest. Less numerous,

extensional (5) and contractional (2) shear zones strike east-west and dip to the

south. Stretching lineation plunge attitudes indicate that where dip-slip motion

has occurred, it has been towards the southwest, south and southeast (Figure 6.28,

Plate 4). Many shear zones (17) show nearly horizontal stretching lineations

indicating strike-slip motion, but sense of shear could not be determined with

certainty.

The geometry of left-lateral and right-lateral strike-slip shear zones

within the plutons does not appear to fit a classic pure or simple shear model for

granite deformation (e.g., Choukroune and Gapais, 1983; Berthe et al., 1979).

Unfortunately, although the data suggest that left-lateral strike-slip displacements

were dominant, the number of right-lateral strike-slip shear zones in similar
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orientations makes the interpretation more difficult. The data do not indicate the

relative importance of contractional versus extensional components. It is most

probable that the plutons record either a left-lateral transpressional or

transtensional shearing history.

The brittle-ductile shear zones record a progressive transition from

largely ductile shearing to brittle deformation. Thin sections from some shear

zones contain predominantly ductile kinematic indicators including obliquely

recrystallized quartz, S-C fabrics and mica fish. Other shear zones contain

unrecrystallized to partially recrystallized quartz ribbons that are deflected, but not

cut by, shear surfaces interpreted to be ECC's (Figures 6.32, 6.40). These shear

surfaces are generally at a low to moderate angle to the S foliation and are

discontinuous. Most zones are confined to the layers between quartz ribbons

where they cut the feldspars and micas and are defined by fine-grained fractured

material. They may have originated within feldspar grains as grain-scale faults

that followed cleavage planes and then ruptured outwards into the surrounding

material where their brittle propagation was impeded by the quartz ribbons

(Figure 6.42). Where these shear surfaces intersect a quartz ribbon, the ribbon is

obviously warped but remains coherent and appears to have accommodated the

shear strain ductiley through bending and recrystallization (Figures 6.32, 6.41).

Less commonly, in some shear zones, brittle ECC surfaces intersect the quartz

ribbons and offset them (Figure 6.42). Finally, late-stage brittle faults cut through

some brittle-ductile shear zones and brittley cut all grains and fabrics (Figure

6.43). Thus the shear zones, considered together, record a progression of

predominantly ductile S-C fabric development within the quartz ribbon and mica-
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Figure 6.42. Brittle right-lateral ECC (arrow) that cuts and offsets quartz ribbon
(Q), Yamana ridge pluton, Yamana map area. Other ECC ductiley deflects quartz
ribbon. Note quartz ribbons are more recrystallized in ECC necks. Note also the

blocky appearance of feldspars due to microcracking. Shear sense is right-lateral.
Photograph taken under crossed polars with gypsum plate. Width of photograph =

5mm.
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Figure 6.43. Late-stage brittle faults that cut and offset all preexisting brittle-

ductile fabrics, central pluton, Yamana map area. Photograph taken under crossed

polars with gypsum plate. Width of photograph =1.7 mm.
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rich zones, followed by brittle-ductile discontinuous ECC development and

ductile accommodation of ECC shearing within the quartz ribbons, followed by

brittle offset of quartz ribbons by ECCs, followed by brittle faulting that cuts

arbitrarily across the original brittle-ductile shear zone. No difference in

microtextures appears to exist between shear zones with different shear sense.

Sense of shear appears to have remained consistent within individual shear zones

that are cut by younger, brittle ECCs (e.g., Figure 6.32).

Temperature -time considerations for shear zone activity

Kohn et al. (in press) presented temperature-time curves (Figure

6.44) for southern Cordillera Darwin based on new Ar-Ar dates,

thermobarometric results (Kohn (1991) and fission track data from Nelson (1982).

By using the curve for the Ventisquero Italia coast 8 km west of PVS Yamana

(Plate 3), and considering recrystallization textures from the granite brittle-ductile

shear zones and the 68.1 ± .4 Ma Ar-Ar date for cooling below the 350°C

isotherm (muscovite blocking temperature, Mukasa, pers. comm., in Dalziel and

Brown, 1989), it is possible to estimate a maximum temperature for brittle-ductile

shearing and thus the age of shear zone activity within the granites. The Late

Cretaceous Ar-Ar date for the granite comes from a secondary muscovite grain

that grew in a brittley pulled apart feldspar grain. (Dalziel and Brown, 1989)

Thus by 68.1+4 Ma, feldspar was deforming by brittle fracturing at 350° C. The

lack of ductile feldspar deformation features in all of the thin sections suggests

that temperature conditions during shear zone activity were below mid-to upper

greenschist levels (Simpson, 1985, Pryer, 1993) or sub-400°C. Although some

quartz ribbons from some of the highest strain shear zones are almost completely
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Figure 6.44. Temperature-time curve for southern Cordillera Darwin from Kohn
et al. (in press). Curve Cis from the Ventisquero Italia region, 8 km west of PVS

Yamana (Plate 3). Rapid cooling between 80-60 Ma is interpreted to be due to

rapid uplift and denudation of southern Cordillera Darwin during this time period
(Kohn et al., in press). Curve A: northern Bahia Pia, B: southern Bahia Pia, D:

Seno Cerrado, E, F: northern Cordillera Darwin (Bahia Parry), G: Isla Gordon.
See Plate 6 for locations.
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recrystallized (Figure 6.31), most quartz ribbons from the majority of the shear

zones are only moderately to slightly recrystallized indicating significantly lower

temperatures of deformation (J. Tullis, pers. comm., 1993). Thus it appears that

brittle-ductile shearing occurred at temperatures as high as 350°C but that the

majority of activity occurred under lower temperature conditions, perhaps 300-

250°C. According to Kohn et al.'s (in press) temperature-time curve for the

region (Figure 6.44), the Yamana region passed through the 350°-250°C

temperature range approximately between 68 and 58 Ma. Thus it appears that

brittle-ductile strike-slip shearing in the granites began around the Cretaceous-

Tertiary boundary and continued into the Tertiary.

Because the thin section analysis of quartz and feldspar

microtextures indicates sub-mid-greenschist conditions during shear zone activity,

the shear zones are interpreted to post-date pluton emplacement. Syn-

emplacement magmatic fabrics (Paterson et al., 1989) were not observed within or

along the borders of any of the intrusive masses and many of the shear zones

intersect the pluton margins at high angles. Thin sections of granite samples from

outside of the shear zones lack foliation and feldspar grains are relatively

unfractured and randomly oriented.

Brittle-ductile strike-slip faults in the Timbales map area

In the Timbales map area, four different well exposed, left-lateral

strike-slip faults with an unknown amount of displacement occur in the icefield

outcrop zone (Figure 6.6, 6.45, Plate 1). These faults are generally layer-parallel,

strike between N65-70W and dip vertically to steeply northeast. The fault zones
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Figure 6.45. View southeast of left-lateral strike-slip fault (long arrow) in

Timbales Peninsula icefield outcrop zone (Figures 6.4, 6.6). Small synthetic left-

lateral R shears are present (small arrows).
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are usually one-half to two meters wide and mark topographic depressions (Figure

6.45). Slickensides and stretching lineations within the fault zone are horizontal

to shallowly plunging. Locally, the faults cut the fabric of the surrounding

country rock at a low angle and deflection of the country rock fabric into the fault

zone indicates a left-lateral shear sense (Figure 6.46). R, R' and T fractures

associated with the fault zones are common in outcrop and are consistent in

orientation with left-lateral shearing (Figure 6.45). The faults appear as brittle

discontinuities in outcrop.

In thin section, it is clear that quartz within the fault zone has

behaved ductiley forming elongate ribbons with a crystallographic preferred

orientation (Figure 6.47). The ribbons are unrecrystallized to partially

recrystallized. Recrystallization is generally confined to grain boundaries and

attenuated zones. Where granodioritic layers are cut by these faults, the quartz

forms ribbons that define a visible mineral lineation. Thin section examination of

the deformed granodiorite indicates that the ribbon quartz layers that help define

the SI foliation are cut by shear surfaces oriented at 10-30° to the SI fabric

(Figure 6.47). These shear surfaces are defined by fine opaque comminuted

material, fine-grained white mica and chlorite. They appear to postdate quartz

ribbon development because individual ribbons are offset, bent and deflected into

the shear surfaces (Figure 6.47). Some quartz ribbons can be correlated on either

side of the shear surfaces despite being truncated and offset. The shear surfaces

may be R shears or extensional crenulation cleavages and indicate a left-lateral

shear sense. Feldspar is brittley fractured within the fault zones however, some

grains appear to have irregular and serrate boundaries indicating reprecipitation of
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Figure 6.46. Close-up of brittle-ductile left-lateral strike-slip fault zone shown in

figure 6.45 icefield outcrop zone, Timbales Peninsula. Wall rock schist is

deflected into fault zone. White quartz veins and layers are deflected and offset in

left-lateral sense.
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Figure 6.46. Close-up of brittle-ductile left-lateral strike-slip fault zone shown in

figure 6.45 icefield outcrop zone, Timbales Peninsula. Wall rock schist is
deflected into fault zone. White quartz veins and layers are deflected and offset in

left-lateral sense.
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Figure 6.47. Ribbon quartz and brittle left-lateral shear surfaces from strike-slip
fault zone in orthogneiss shown in figures 6.45, 6.46 in icefield outcrop zone,

Timbales Peninsula. Main foliation strikes N7OW, shear surfaces strike E-W.

Both fabrics dip vertically. Photograph taken under crossed polars. Width of

photograph = 3.3 mm.
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feldspar after fracturing. Outside of the fault zones, quartz contains undulatory

extinction and minor subgrain development but not elongated grains or strongly

recrystallized grains. These textural differences suggest that the majority of

ductile quartz deformation was related to movement within the strike-slip fault

zone. The brittle deformation of the feldspars coupled with the amount of quartz

recrystallization suggests temperatures of deformation in the 250-300°C range or

after 68 Ma (Figure 6.44)

Major brittle strike-slip faults in the Yamana region

A large west-northwest-striking fault that dips steeply to the south

is exposed high on the ridge behind PVS Yamana where it cuts the coarse-grained

granite and forms an obvious lineament visible on aerial photos (Figures 6.48,

6.12). The fault is interpreted to be a left-lateral strike-slip fault based on offset of

the granite's lower contact, local drag of the adjacent country rock and left-lateral

synthetic fracture geometries. The fault zone is brittle, up to 10 m. wide, and

where best exposed cuts previously deformed pelitic schists. The fault generally

cuts the schistosity at a low angle or is subparallel to the fabric. It is hot clear

where the fault continues into the lowlands east and west of the high ridge where

exposure is poor. The fault is a highly shattered zone that contains abundant

quartz veining and broken up blocks. Thin sections that were cut from breccia

samples taken from the fault zone show a wide size distribution of angular

fragments, abundant quartz veining, cloudy altered material in the groundmass

and widespread epidotization and chloritization. Where the fault cuts through the

basement schists southwest of the Yamana ridge pluton (Plates 3,4), a ten-meter
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Figure 6.48. View southeast of left-lateral strike-slip fault trace on high ridge
above PVS Yamana.



203

long tectonic pod of sheared and highly epidotized granite was identified within

the fault zone. Metamorphic grade in the country rock is the same on the north

and south sides of the fault thus no major dip slip motion is interpreted to have

occurred along this fault.

Another large east-southeast-striking fault one km north of PVS

Yamana forms an obvious lineament that a stream follows (Figure 6.49, Plate 3).

The fault is only exposed where it intersects the coast east of PVS Yamana where

it consists of a 3 m wide vertical breccia zone. Dragged wall rock suggests the

fault has a left-lateral strike-slip history.

Several other large brittle faults that were identified on aerial

photographs and field checked did not yield a clear indication of sense of

displacement but are nevertheless included on the map (Plate 3). A large fault

with a linear northeast-southwest trace cuts through the northern map area and can

be followed on aerial photographs across the mountains 30 km to the east to Bahia

Yendegaia (Plates 3,6). This fault is roughly parallel to the Beagle Channel and

may be an important structure. In the Yamana region however, this fault is not

exposed and its trace is marked only by talus debris. Outcrops near the fault zone

were examined for structural clues regarding the fault's kinematic significance but

did not provide a clear indication.

Mesoscale brittle strike-slipfaults in all three map areas

In the Timbales map area, minor, brittle strike-slip faults with

centimeters to meters of displacement were measured in the above-treeline

interior and along the coast. Faults from both areas group into two sets: an east-
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Figure 6.49. View looking west of flat intermediate ground 1.5 km north of PVS

Yamana that obscures contact relationship between coastal leucocratic schists and

interior pelitic schists. Topographic lineament (arrows) marks trace of left-lateral
strike-slip fault one km north of PVS Yamana.
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northeast-striking, steeply dipping, left-lateral set and a north-northeast-striking,

steeply dipping, right-lateral set (Figure 6.50).

Minor, brittle faults are commonly found along the Beagle Channel

coast in the Roncagli region (Figure 6.19). In the majority of cases, left-lateral

displacements have occurred along faults with strikes between N4SE and SSOE,

and right-lateral displacements have occurred along faults with strikes between

N2OW and N4SE (Figure 6.50). The faults generally dip steeply however, in the

southeastern coastal region, right-lateral faults dip moderately to the northwest.

Sense of motion is clear because the faults cut mafic dike swarms that are visible

in three dimensions and the fault zones themselves are often visible in three

dimensions. Slickensides were not commonly observed in the coastal fault zones

except within some sheared amphibolite dikes that have subhorizontally plunging

slickensides.

Mesoscale strike-slip faults are also commonly observed in coastal

outcrops along the Beagle Channel in the Yamana map area (Figures 6.51-6.53,

Plate 5). In general, these brittle faults have displacements between several inches

and 20 meters. The fault surfaces generally do not contain slickensides, however

sense of displacement is usually clear due to offset mafic dikes or deflection of

adjacent rock layers and because the dike orientations and fault surfaces can be

viewed and measured in three dimensions. Small en echelon fault arrays, small

strike-slip duplexes and ramps between layer-parallel strike-slip faults were

observed. These strike-slip faults appear to be most abundant along the coast

although they are present up to the highest elevations. The faults plot consistently
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Figure 6.51. Brittle left-lateral strike-slip fault along north shore of Beagle
Channel, 5 km east of PVS Yamana. Hammer and book lie on same quartz-rich
layer that is offset one meter by vertical, east-striking, left-lateral strike-slip fault.
Pencils are parallel to fault trace. Fault is approximately parallel to Beagle
Channel.
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Figure 6.52. North-striking, sub-vertical, right-lateral strike-slip fault at Punta
Yamana. Fault is approximately perpendicular to Beagle Channel. Offset is .5-
1.0 m. (hammer for scale).
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Figure 6.53. East-northeast-striking, subvertical, mesoscale strike-slip fault at

Punta Yamana. Fault brittley offsets leucocratic schists and mafic dikes by .5 m.

in left-lateral sense. Layers A and B are indicated on either side of fault.
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in two groupings, an east-northeast striking sinistral set and a north-northwest

striking dextral set (Figure 6.50).

Thepossible influence of right-lateral strike-slipfaults on the geomorphology of
southern Cordillera Darwin

North-trending, right-lateral strike-slip faults may have played an

important role in the structural and topographic development of southern

Cordillera Darwin. Many small coastal valleys and ravines appear to be

continuations of right-lateral strike-slip faults exposed in coastal outcrops. Some

of the larger north-northeasterly trending valleys may also owe their existence to

right-lateral strike-slip faults. Small, valley-parallel, right-lateral faults were

observed in glacially polished outcrops adjacent to the Roncagli glacier in the

upper Roncagli Glacier valley, perhaps indicating that a larger parallel structure

lies beneath the glacier.

In the valley north of Caleta Sonia (Plate 3), the central granite

pluton (Plate 4) is exposed along the valley floor and north-south trending dextral

shear zones were identified within the pluton parallel to the trend of the valley

(Plate 4, Figure 6.28). Thin sections from the shear zone reveal unambiguous

right-lateral strike-slip kinematic indicators. The geomorphological development

of the valley may have been, in part, controlled by these right-lateral shear zones.

Regional Metamorphism

The rocks of Cordillera Darwin are the only exposed upper-

amphibolite facies metamorphic complex in the southern Andes. The highest-

grade rocks are basement exposures in southeastern Cordillera Darwin that consist
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of kyanite- and sillimanite-bearing schists, garnet amphibolites, and migmatites.

Pressure-temperature studies by Kohn (1991) and Kohn et al. (in press) suggest

that mineral assemblages in these high-grade metamorphic rocks were formed at

pressures up to 7-9 kbars and at temperatures between 575-625°C. Rocks exposed

south of Cordillera Darwin on Isla Gordon within the marginal basin assemblage,

are greenschist or lower grade indicating that there is a distinct metamorphic

break across the northwest arm of the Beagle Channel (Kranck, 1932; Nelson et

al., 1980; Nelson, 1982, Dalziel and Brown, 1989). A significant north-side-up

component of displacement (probably >lO km, Kohn, 1991) is indicated by the

metamorphic break

In the Timbales map area, the existence of almandine garnet in

metapelitic rocks of both the coastal schist sequence and the mixed zone, and the

evidence for retrograded staurolite in the coastal schist sequence indicates that the

maximum metamorphic grade reached in the map area was upper epidote-

amphibolite to lower amphibolite (Miyashiro, 1973). Retrograde metamorphism

of the coastal schists is indicated by widespread chloritic replacement of garnet.

Epidotization is widespread within the deformed intrusive units.

In the Roncagli map area, Barrovian isograds trend northwest and

appear to be parallel to principal structural trends in the region (Figures 6.19).

The highest grade rocks contain kyanite and staurolite and are found in the hinge

zone of the frontal antiform and its down-strike continuation to the southeast.

Because the major fold structures plunge gently to the northwest it appears that

the deepest and highest grade rocks are exposed in the southeastern coastal area.

Metamorphic grade decreases from kyanite-staurolite grade rocks in the antiform
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hinge zone to garnet and biotite grade rocks in the upper Roncagli Glacier valley.

Southwest of the frontal antiform hinge zone, metamorphic grade drops from

kyanite-staurolite to garnet grade rocks along the Beagle Channel coast All rocks

types in the map area appear metapelitic or metaquartzitic and contain rock

compositions favorable for aluminosilicate growth. Thus isograds reflect real

metamorphic P-T variations and not differences in bulk compositions.

Kyanite occurs as euhedral, elongate blue-green to bluish-white

crystals up to 2 cm in length, generally replacing staurolite and in random

orientation. Kyanite commonly appears at the first appearance of staurolite. Thus

the staurolite and kyanite isograds are the same line (Plate 2). Staurolite forms

large (up to 3 cm long), euhedral to ragged, red-orange-colored, inclusion-rich

crystals that are commonly twinned and randomly oriented (Figure 6.54). In thin

section, it is apparent that kyanite and staurolite have grown late in the

metamorphic history of the rock because they have grown over the preexisting

schistosity (Figure 6.55).

Almandine garnet is common in much of the Roncagli map area as

microscopic to 1 cm-in-diameter euhedral crystals. In many places, garnet is

partially retrograded to chlorite. In thin section, it is apparent that garnet grew

after SI fabric development because garnet overgrows the mica grains and the

micas abut the garnet grains without being disturbed (Figure 6.55). Other

metamorphic minerals commonly observed in the metamorphic sequence include

epidote, chlorite, actinolite/hornblende ilmenite and tourmaline. Metamorphic

grade corresponds to middle amphibolite grade in the frontal ridge hinge zone and
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Figure 6.54. 1-2cm. size staurolite porphyroblasts in schists from top of frontal
ridge, Roncagli map area.
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Figure 6.55. Thin section of coastal amphibolite-grade schists containing
staurolite (S) and garnet (G), southeastern map area, Roncagli region (Plate 2).
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eastern coastal zone and upper greenschist grade in the upper Roncagli Glacier

valley.

In the Yamana map area, the metapelite mineral assemblages

contain chlorite, muscovite, biotite and garnet but lack aluminosilicates. Thus

maximum metamorphic grade appears to be epidote-amphibolite facies

(Miyashiro, 1973) and the entire mapped region falls between the garnet and

staurolite isograds. Garnet that formed during regional metamorphism has been

partially retrograded to chlorite in many of the coastal schists but is generally

unaltered in the northern, structurally lower outcrops.

Discussion of Frontal Structure of Southern Cordillera Darwin

D 1 deformational event

The presence of almandine garnet in metapelitic rocks in all three

map areas and aluminosilicate minerals in the Roncagli region indicates that pre-

Late Jurassic basement and Mesozoic cover rocks in southern Cordillera Darwin

were brought down to depths that favored epidote-amphibolite to amphibolite

grade metamorphism (Kohn, 1991). The higher metamorphic grade of rocks in

Cordillera Darwin, compared to rocks to the south of Cordillera Darwin, suggests

that Cordillera Darwin was underthrust beneath the marginal basin terrane to the

south. The sheared and mylonitic character of the SI fabric in the leucocratic

schists along much of the Beagle Channel coast indicates that the SI producing

event involved a significant shearing component. The relatively unsheared nature

of the pelitic schists in the interior of the three map areas indicates that either the
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schistosity in those rocks is dominantly a product of flattening, or that originally

sheared fabrics have been obscured by later deformation or recrystallization.

LI lineations are most abundant along the Beagle Channel coast in

the three map areas and are generally northwest-southeast bearing and shallowly

plunging (Figure 6.15). Nelson et al. (1980) present extensive fabric data from

central and northern Cordillera Darwin indicating continentward vergence during

D 1 related to the closure of the Rocas Verdes marginal basin. LI data from this

study do not support pure continental-vergence during Dl. Lineation trends are

not down-dip (southwest or northeast dipping) in the three areas investigated for

this study. Instead, they are shallowly plunging and oblique to strike-parallel

(Figures 6.15, 6.16). Unfolding shallowly plunging D 2 folds that fold the Sl/Ll

fabrics does not significantly change the shallowly plunging LI lineation attitudes

(Figure 6.56). This orientation appears to indicate that the Dl event involved a

strike-slip shearing component localized along the Beagle Channel. The problem

with this interpretation is that SI is nearly parallel to compositional layering

wherever the latter is present, including along the Beagle Channel. Thus if the LI

lineation formed concurrent with SI, and SI throughout the areas is equivalent,

northwest-directed shearing is indicated. This predicted direction of displacement

along the Beagle Channel is in sharp contrast to the northeast-directed motion

observed elsewhere in Cordillera Darwin. Another possible interpretation is that

the LI lineations formed within the SI foliation plane but after the SI foliation

formed. F 2 folding of the SI fabric produced steeply dipping foliation zones

along the Timbales, Roncagli and Yamana coasts. These zones may have been

favorably oriented for reactivation as ductile strike-slip shear zones and quartz
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Figure 6.56. Upper plot: lower hemisphere, equal area stereoplot of calculated

average limb attitudes and trend and plunge of frontal antiform, Roncagli map
area. Lower plot: lower hemisphere stereoplot of stretching lineations from south
limb of frontal antiform shown in present orientation and in rotated orientation to

remove effect of F 2 fold. Because of shallow plunge of main antiform, LI

lineations are restored to subhorizontal plunges prior to folding.
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may have been ductiley elongated during strike-slip shearing. If this

interpretation is correct, LI lineations in the coastal shear zones are products of

the D 2 phase of deformation even though they occur within SI foliation planes.

This interpretation would explain the localization of horizontal LI lineations

along the Beagle Channel.

D 2 deformational event

Nelson et al. (1980) first recognized kilometer-scale recumbent

southwest-vergent F 2 folds in Seno Garibaldi and neighboring fiords in central

Cordillera Darwin (Plate 6). These folds are the prominent structures associated

with the D 2 event, or phase of deformation, in southern Cordillera Darwin.

Associated with the southwest-vergent folds is an axial planar S 2 cleavage that is

well developed in the central fiord region around Seno Garibaldi (Nelson et

a1.,1980, Plate 6). Kohn (1991) and Kohn et al. (in press) have correlated the

timing of maximum pressure-temperature metamorphic conditions in southern

Cordillera Darwin with crustal thickening due to the D 2 phase of folding.

In the three map areas covered in this study, D 2 folds are common,

but recumbent south-vergent folds, as are documented in the Seno Garibaldi

region (Nelson et al., 1980), are not observed. Nevertheless, major F 2 folds in the

Roncagli region are inclined and south-vergent (Figure 6.19). The entire

Timbales Peninsula metamorphic stratigraphy is vertical and slightly overturned

and may be an along-strike continuation of the Seno Garibaldi overturned fold

(Plate 6). In the Yamana region, most outcrop-scale F 2 folds are south-vergent

(Plate 5). However, no kilometer-scale folds occur and the regional cross-
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sectional structure of the Yamana peninsula is monoclinal to homoclinal (Plate 3).

In the Yamana region, the F 2 folds do not generally have an associated axial

planar cleavage. In the Roncagli region, an S 2 cleavage is also lacking, although

a crenulation of the SI fabric associated with D 2 folding is common, especially

along the southeast coast towards Ventisquero Italia (Figure 6.22). In the

Timbales map area, an S 2 cleavage associated with F 2 folding is locally present.

Although thrust faults have not been clearly identified in southern

Cordillera Darwin, it is possible that the southward vergence of many of the large

F 2 folds in the Seno Garibaldi and Roncagli regions is due to southward thrusting

on overlying thrust faults now eroded away or hidden beneath the icecap, or due

to blind thrusts hidden below the surface. Further work will be needed to

document the structuralcause for the south-vergent F 2 folds.

The D 1 and D 2 phases of deformation are interpreted to have been

part of the same progressive coaxial deformational event. Both SI and S 2

cleavages have the same northwest-southeast strike (Figure 6.15; Nelson et al.,

1980), and F 2 fold axes generally bear northwest-southeast and plunge shallowly

(Figures 6.15, 6.16) suggesting a consistent northeast-southwest direction (present

direction) of maximum shortening. The northwest-southeast-trending, shallowly

plunging LI lineations indicate a component of NW-SE directed shear during

progressive deformation localized along the Beagle Channel Thus, the

interpretation that I favor for the Dl/D2 event is that it involved transpressional

closure of the Rocas Verdes marginal basin along the southern boundary of

Cordillera Darwin. Transpression was manifested by north-northeast-directed

contractional shearing, subsequent folding of the SI shear fabric around



220

north west-trending axes and a partitioned component of strike-slip displacement

along the Beagle Channel as S 1 rotated into a steep to vertical orientation. This

interpretation is consistent with relative plate motion studies for the western

Scotia Arc region by Grunow et al. (1991) Lawver et al. (1992) and Cunningham

et al. (in press) that suggest that there was a significant component of left-lateral

strike-slip interplate motion between southern South America and the Antarctic

Peninsula during the mid-Late Cretaceous. This strike-slip component may have

been accommodated diffusely in the region, including along the Beagle Channel.

Post-D2 brittle-ductile deformation

Kinematic analysis of shear zones from within the Yamana granite

suite, from the Timbales icefields outcrop zone, and from the Roncagli coastline

indicates that brittle-ductile left-lateral strike-slip and oblique-slip shearing were

occurring in the Beagle Channel region during the latest-Cretaceous-early

Tertiary. Kinematic analysis of the Yamana granite suite shear zones indicates

that although E-W left-lateral strike-slip shearing dominated, right-lateral strike-

slip displacements, top to the south extensional displacements and top to the north

contractional displacements also occurred (Plate 4). In all locations, brittle-ductile

strike-slip shearing has occurred on moderate to steep-dipping surfaces. In the

Timbales icefields outcrop zone (Figure 6.6) and along the Roncagli coastline

(Plate 2), the steep limbs of F 2 folds contain the younger strike-slip shear zones,

suggesting that the steep limbs were favorably oriented to accommodate the Late

Cretaceous-early Tertiary strike-slip component of deformation.
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It is uncertain why all of the shear zones within the Yamana pluton

suite dip to the SW, S or SE, however the plutons themselves appear to have

intruded roughly parallel to the country rock schistosity that dips to the S-SW

(Figures 6.11, 6.12, 6.13). Thus the original three-dimensional geometry of the

intrusive masses may have influenced the three-dimensional geometry of the

brittle-ductile shear zones that deformed the plutons. It appears likely that the

emplacement of the plutons and the orientation of the younger brittle-ductile shear

zones were both directly influenced by the same regional stress field.

The four intrusive masses in the eastern map area have en echelon

geometry (Plate 4). A model that may apply to the Punta Yamana region involves

the en echelon emplacement of granitic melts in localized extensional or

transtensional zones between parallel P shears associated with a large left-lateral

strike-slip system (Figure 6.57). This mechanism of pluton emplacement has been

proposed by Tikoff and Teyssier (1992) for en echelon granite emplacement in the

Sierra Nevada. The large fault directly south of the Yamana ridge pluton (Plates
%

3,4) may be a large P shear related to a larger left-lateral displacement zone

beneath the Beagle Channel. East-northeast striking left-lateral brittle-ductile

shear zones within the plutons (Plate 4) may be R shears that link the larger P

shears. Shear zones within the plutons that record extensional and contractional

north-south displacements may also indicate an important component of extension

or contraction during Late Cretaceous deformation. Alternatively, these shear

zones may have formed to accommodate complex block deformation and

adjustment as the plutons were regionally sheared in a left-lateral sense.

Unfortunately, it is difficult to assess the validity of this model without knowing
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more precisely when strike-slip displacements began along the large faults that cut

the Yamana region and along the Beagle Channel. Tikoff and Teyssier (1992)

suggest that a transpressional regime favors this mechanism of pluton

emplacement.

Brittle strike-slip faulting in the Beagle Channel region

Mesoscale strike-slip faults measured in all three map areas

generally fall into two distinct sets: a north-northeast striking right-lateral set and

an east-northeast striking left-lateral set. These faults have Riedel R (synthetic)

and R' (antithetic) shear geometries and are interpreted to be related to a larger

left-lateral strike-slip fault hidden under the Beagle Channel (Cunningham, 1993).

The strike-slip fault that is interpreted to underlie the Beagle

Channel directly south of PVS Yamana probably continues to the southwest and

underlies the southwest arm of the Beagle Channel south of Isla Gordon (Figure

6.57). The Beagle Channel is over 230 kilometers long and the western 130

kilometer length of the channel, that includes the southwest arm of the the Beagle

Channel, is rectilinear. The structural link between this proposed structure and a

proposed strike-slip fault or oblique-slip fault underlying the eastern part of the

northwest arm of the Beagle Channel is unknown. However, the large strike-slip

fault that cuts across the Punta Yamana promontory (Plate 3) may link the

structures or may owe its origin to space problems caused by the merging of two

non-parallel left-lateral faults (Figure 6.57).

Moderate northwest dips on north-trending, right-lateral faults

observed in the southeastern Roncagli map area may indicate a north-side-up
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component of displacement during brittle faulting if one applies a strict Riedel

model to these faults. (The R shear is approximately vertical with pure strike-slip

displacement but, because it forms at a high angle to the principal displacement

zone, it forms in shallower dip orientations with oblique-slip displacement).

It is interesting to note that the highest metamorphic grade

documented in Cordillera Darwin occurs along the Ventisquero Italia coastline

where the deepest rocks in Cordillera Darwin are found (Kohn, 1991) and where

the steepest topographic gradients and highest relief on the north shore of the

Beagle Channel occur (Figure 6.58). D 2 folds at Punta Yamana generally plunge

southeasterly away from this high zone of deep uplifted rocks (Figure 6.15). West

of the Ventisquero Italia region at the Roncagli Glacier large-scale D 2 folds

plunge to the northwest in the opposite direction (Figure 6.19). Thus the

Ventisquero Italia region, that exposes the deepest rocks in the region, marks a

structural culmination from which D 2 folds plunge away on either side. It is

uncertain why this localized uplift exists just west of the Punta Yamana region.

Various explanations are possible, but it may be due to pluton emplacement and

topographic doming associated with the intrusion(s) or perhaps to tectonic uplift

associated with a small transpressional restraining bend or pop-up where the

Beagle Channel left-lateral fault zone steps or branches into two arms.

The regional map of SI trends in southern Cordillera Darwin and

the detailed geologic maps of the three map areas all show an arcuate change in

strike of the SI foliation towards parallelism with the Beagle Channel as it

approaches the Beagle Channel (Figure 6.16, Plates 1,2, 3; Bruhn and Dalziel,

1977). It is possible that this change in strike was due to counterclockwise
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Figure 6.58. View northwest towards northwest arm of Beagle Channel and steep
topographic gradient along north shore at Pico Frances (summit not visible).
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rotation of the SI fabric from near northwest trends to west-northwest trends due

to left-lateral shearing along the Beagle Channel. At the Timbales Peninsula,

northeast-southwest striking vertical dikes in the southwest corner of the

peninsula may have intruded along radial extension fractures related to crustal

bending. (Figure 6.59)

Discussion of deformationalhistoryand a Model for the
Progressive structuralevolution of southernCordiilera
Darwin

The results from this study establish clearly the importance of left-

lateral brittle and brittle-ductile strike-slip faulting in the Beagle Channel region

back to approximately 68 Ma. The evidence for left-lateral strike-slip faulting

consists of brittle strike-slip faults with an antithetic and synthetic geometry

indicating the presence of a major left-lateral fault, vertical brittle-ductile shear

zones showing left-lateral motion, subhorizontal, strike-parallel LI lineations

along the Beagle Channel that may have formed post-to late syn-F2 and ductile

deflection of the D 1 fabrics into parallelism with the Beagle Channel (Figure

6.16). Quartz and feldspar deformation indicates ductile shearing occurred below

mid-greenschist facies. Therefore, strike-slip deformation appears to have

occurred after much of the uplift of Cordillera Darwin but before rapid uplift

ceased.

Table 6.1 summarizes the chronology of deformational events

interpreted for southern Cordillera Darwin from this study. The table does not list

the D 3 event of Nelson et al. (1980), nor the extensional event that Dalziel and
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Figure 6.59. Map of Timbales Peninsula showing possible structural relationship
between left-lateral strike-slip faulting, possible bending of peninsula and
Tertiary/Quatemary dike emplacement.
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Table
1

Chronology
of

Interpreted
Deformational
Events
in

Southern
Cordillera
Darwin
from
this
Study
and

Drawing
on

Previous

Interpretations
by

Nelson
et

al.

(1980)

EVENT

STRUCTURAL
AND

METAMORPHIC
FEATURES

INTERPRETED
TECTONIC

EXPLANATION

TIMING
CONSTRAINTS

D1

Development
of
S

1/Ll

fabrics,

continent-vergent
underthrusting
of

southern
Cordillera
Darwin
to

the

south
along
the

Beagle
Channel,

regional
metamorphism
of

basement
and

cover

assemblages.
Transpressional
closure
and

inversion
of

Rocas
Verdes

marginal
basin.
Closure
of

basin

is

due
to

increased
east-west

convergence
rates
along
the

Pacific
margin
due
to

opening
of

the
south
Atlantic
and
rapid

westward
motion
of
the

South

American
Plate
in
a

mantle

reference
frame.

120-95
Ma

(Nelson
et

al.

1980;

Halpem,
1973;

Hervd
et

al.

1984;
Kohn,

1991)

D2

Development
of
F2

folds
(many

south-vergent),
S2

fabric
and

maximum
crustal
thickening.

Maximum
P-T

conditions
of

metamorphism
attained
(Kohn,

1991).

Continuation
of

closure
and

inversion
of

Rocas
Verdes
basin

and

transpressional
deformation.

Cause
for

southerly
vergence
of

F2

folds
is

unknown.
Hidden
or

unidentified
backthrusts

are

possible.

95-80
Ma

(Nelson
et

al.

1980;

Halpem,
1973;

Hervd
et

al.

1984;
Kohn,

1991)

P0ST-D2
BRITTLE-

DUCTILE
STRIKE-SLIP

SHEARING

Brittle-ductile
strike-slip
shear

zones
at

Timbales,
along

Roncagli

coastline
and
in

Yamana
pluton

suite.
Some

extensional
and

contractional
shear

zones
in

Yamana
pluton
suite.
Rapid

cooling
and
uplift
of

range
(Kohn,

1991).

Decrease
in

contraction
along

Beagle
Channel,
increase
in

importance
of

left-lateral
strike-

slip
as

contractile
deformation

has

migrated
to

the

north
side
of

Cordillera
Darwin.

68-50
Ma

(based
on

estimates
of

shear

zone

microtextural
features,

see
text)

POST-D2
BRITTLE

STRIKE-SLIP
SHEARING

Abundant
brittle
strike-slip
faults
in

Beagle
Channel,
left-lateral
brittle

strike-slip
displacement

along
the

Beagle
Channel.

Contraction
has

migrated
to

foreland.
Beagle
Channel
region

is

in

strike-
slip

deformation
regime.

50-0
Ma

(based
on

consideration
of

Kohn
et

al's.,
in

press,
T-t

curve
for

southern
Cordillera
Darwin
(Figure

45)
and

temperature
conditions
for

purely
brittle

behavior)
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Brown (1989) hypothesize for the uplift of Cordillera Darwin. This is not to say

that these events did not occur, however, evidence for these events was not

documented in this study. Further work will be needed to evaluate the

metamorphic core complex hypothesis for CordilleraDarwin. The interpreted D 1

and D 2 events in Table 6.1 are basically the same as those of Nelson et al. (1980),

except that transpressional closure instead of purely contractional closure of the

Rocas Verdes marginal basin is proposed here.

This study does not attempt to understate the importance of

contractional tectonics during the mid-to Late Cretaceous inversion of the Rocas

Verdes Basin. North of the Patagonian Orocline in the Ultima Esperanza region,

mid-to Late Cretaceous inversion of the Rocas Verdes Basin resulted in uplift of

the Sarmiento ophiolitic complex, continentward thrusting, development of a

foredeep and clastic sedimentation into the foredeep from the rising Andean

mountain chain to the west (Dalziel, 1981, Dalziel, 1986). The same general

events occurred in Tierra del Fuego (Dalziel, 1989) except that in Cordillera

Darwin, deep-seated, high-grade metamorphic rocks were rapidly exhumed during

the Late Cretaceous-early Tertiary (Dalziel and Brown, 1989, Kohn, 1991)

contemporaneous with strike-slip deformation related to the development of a

transform boundary at the southern tip of the continent. In the Ultima Esperanza

region, strike-slip deformation does not appear to have played an important role in

the structural evolution of the region (Wilson, 1991).
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Hypothesis that Cordillera Darwin is a transpressional uplift in a restraining
bend setting

On a regional scale, Cordillera Darwin occupies a single

restraining bend position at the termination zone of the South America-Scotia

transform boundary (Figures 6.2, 6.60). Prior to the development of the North

Scotia Ridge, Cordillera Darwin would have occupied a single restraining bend

position on the north side of the proposed Proto-Shackleton Fracture Zone (Figure

4.6). Major transform boundaries commonly have transpressional structures,

oroclines and uplifted crystalline rock in the concave inner zones of their

termination zones (Figure 6.60). On a more local scale, Cordillera Darwin

occupies a restraining bend position between two prominent left-lateral strike-slip

fault systems; the Straits of Magellan-Seno Almirantazgo fault system and the

Beagle Channel fault system. Cordillera Darwin is located near the western end

of the Beagle Channel fault system and occupies a convergent setting with respect

to both fault systems (Cunningham, 1993). On the basis of late Cretaceous

evidence for left-lateral strike-slip displacement along the Beagle Channel and

Tertiary evidence for strike-slip motion along the Straits of Magellan/Lago

Fagnano system (Klepeis, 1993), the Straits of Magellan-Seno Almirantazgo fault

system is interpreted to have initiated later than the Beagle Channel system .
Thus

Cordillera Darwin may have been a stepover zone as strike-slip deformation

migrated northward during the Tertiary. It is not known whether the Beagle

Channel system became inactive once the Straits of Magellan fault system

initiated.



Figure 6.60. Schematic diagram of a single and double restraining bend (top) and

common features found in transpressional continental termination zones of four

different left-lateral transform fault systems (bottom).
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The regional strike of the SI schistosity, LI lineation trends, F2

fold axis trends in southern Cordillera Darwin (Figure 6.16), and the strikes of

thrust faults in northern and northeastern Cordillera Darwin (Katz, 1973,

Fuenzalida, 1975; Klepeis, 1993) are all generally west-northwest and consistent

in orientation with transpression in a left-lateral restraining bend setting (Figure

6.60). As time has progressed, contraction appears to have migrated to the north

side of Cordillera Darwin and into the foreland (Katz, 1973, Bruhn, 1979, Nelson

et al., 1980). The internal zones of the Beagle Channel region became

increasingly dominated by brittle strike-slip deformation with time (Cunningham,

1993). Figure 6.61 shows a possible interpretation of the present structure.

Hypothetical thrust faults beneath the ice cap in Cordillera Darwin may root into

the Beagle Channel fault. Vertical uplift occurred both before and during strike-

slip faulting. Thus progressive transpressional deformation followed by brittle

strike-slip faulting, appears to best account for the structural relationships

observed along the Beagle Channel in this study.

P-T-t data from Kohn (1991) and Kohn et al. (1992) and fission-

track data from Nelson (1982) that indicate rapid uplift and unroofing of

Cordillera Darwin between 80-60 Ma are consistent with rapid pop-up of a

restraining bend uplift and high erosion rates. Many of the the highest uplift rates

in the world are documented from transpressional uplift zones (e.g., South Island,

New Zealand, Adams, 1980; Ventura region, California, Lajoie, 1982). Today,

Cordillera Darwin is located in a region of high orographic precipitation and high

erosion rates. At 80-60 Ma, the rapidly uplifting Cordillera Darwin was at nearly

the same latitude (Lawver et al., 1992) and probably occupied a similar
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Figure 6.61. Block diagram for the Beagle Channel region showing possible
asymmetric half-flower structure cross-sectional geometry for Cordillera Darwin.

Exhumation of wedges of high-grade metamorphic rock may have occurred in

predominantly transpressional deformation regime and could have produced the

vertical displacement along northwest arm of the Beagle Channel (top). Thrusts
in inner Cordillera Darwin have not been identified and are speculative.
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orographic setting with respect to Pacific margin weather systems. Thus it seems

reasonable to suggest that erosion rates at 80-60 Ma were probably not

significantly different than what they are today. A subsidence curve for the Evans

well in the Magallanes basin 60 km north of Cordillera Darwin and stratigraphic

thickness measurements for Cretaceous-Tertiary sedimentary formations within

the Magallanes Basin indicate that the period of highest sedimentation rates of

Cordillera-derived clastic sediments in the foreland basin occurred during the

latest Cretaceous (Biddle et al., 1986, their figure 13). This is consistent .with

rapid uplift and erosional denudation in Cordillera Darwin during the 80-60 Ma

period.

Cordillera Darwin as a transtensional uplift

Although the structural data from this study do not indicate that

significant extension has occurred in the Timbales, Roncagli and Yamana regions,

there is previously documented evidence for low-angle extension from the Seno

Garibaldi and Seno Cerrado areas in central Cordillera Darwin. Dalziel and

Brown (1989) identified a low-angle south-dipping extensional shear zone two

kilometers north of the Beagle Channel on the east side of Seno Cerrado. Farther

west, within Seno Garibaldi, there exists a prominent set of extension fractures

perpendicular to the north-northeast-trending LI lineation with south-side-down

displacement (Dalziel, 1989; pers. comm,, 1993). High above the Seno Garibaldi

recumbent fold (Plate 6), Nelson et al. (1980) have interpreted a horizontal, south-

directed thrust fault on the basis of lithologic offsets observed between Seno Chair

and Seno Garibaldi (Plate 6, I. Dalziel, pers. comm., 1993). If this proposed
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structure roots to the south it is a low-angle normal fault. This structure may be

the proposed detachment structure, or a related splay, that Dalziel and Brown

suggest accommodated uplift of the metamorphic core of Cordillera Darwin

(Figure 6.3; I. Dalziel, pers. comm.). If true, then the extensional event that

Dalziel and Brown propose for Cordillera Darwin exhumation may have

accompanied the D 2 event instead of postdating it (I. Dalziel, pers. comm.). The

present study also found evidence of minor extensional shear zones in the Yamana

granite suite, but those were post-D2 and insignificant relative to the strike-slip

shear zones. The presence of right-lateral ductile shear zones and both

contractional and extensional zones within the Yamana plutons, all in similar

orientation to the more dominant left-lateral zones, indicates that the final uplift

history of Cordillera Darwin is complex and more work is required before the

kinematics of the uplift can be understood. If future work reveals that low-angle

extensional or contractional structures are more common in the Beagle Channel

region than currently recognized, then the importance of these structures as

surfaces of rotation that may have accommodated components of rotation related

to the development of the Patagonian Orocline must also be considered.

Cordillera Darwin as an element within the Patagonian Orocline

Paleomagnetic data from Dalziel et al. (1973), Bums et al. (1980)

and Cunningham et al., (1991) have documented counterclockwise tectonic

rotation of the southernmost tip of South America since the mid-Cretaceous.

Although more paleomagnetic data are needed, the existing data suggest that

rotation has affected the magmatic arc and probably the Cordillera Darwin region
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(Burns et al., 1980; Figure 3.12). An unresolved issue is whether the South

American continental margin was originally curved and has since been modified

or, whether it was originally linear. These arguments hinge on (1) the accuracy of

Paleozoic-Mesozoic Scotia Arc reconstructions that show a general west to east

curvature along the Gondwana Pacific margin and the edge of Gondwana

basement (e.g., Grunow et al., 1991) and (2) the original trend of the Rocas

Verdes Basin margin, whether northwest or north-trending (see de Wit, 1977).

Existing data indicate that an originally curved margin was possible and that part

of the Patagonian Orocline may reflect enhancement of a primary bend.

Cunningham (1993) presented a compilation of regional evidence for

counterclockwise crustal rotation and strike-slip faulting in the southernmost

Andes. Based on this evidence, a schematic model for the progressive

development of the Patagonian Orocline was proposed. Cunningham et al. (in

press) have quantified the amount of east-west strike-slip (approximately 540 km)

and north-south divergent motion (approximately 200 km) that had to have been

accommodated in the southernmost Andes between 90-45 Ma, prior to the

development ofDrake Passage and the present day Scotia Arc. Left-lateral strike-

slip faulting, north-south divergence and oroclinal bending within the

southernmost Andes appears to have been the mechanism by which the relative

plate motion was accommodated.

Nur et al. (1986) analyzed the mechanics of distributed fault and

block rotation. According to Nur et al.'s (1986) analysis, most areas of crustal

rotation are broken by dense sets of subparallel strike-slip faults. During block

rotation the faults rotate with the blocks they bound until the shear resistance to
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slip along the fault exceeds the shear stress on the fault plane (the faults become

locked). When this mechanical limit is reached, a new strike-slip fault (or fault

set) will form along a favored failure plane direction. These new faults cut across

the older rotated faults.

Mount and Suppe (1987) and Zoback (1991) have documented the

weak nature of brittle strike-slip faults in California. Because the frictional

resistance to fault motion is generally very low along brittle strike-slip faults, the

faults can accommodate only low resolved shear stresses and can remain active

even after they rotate relative to the stress field and are no longer favored failure

planes. Nur et al. (1991) show that a new fault set will generally form once the

old faults have been rotated by 25-45°. If this logic is applied to the Beagle

Channel region, then it follows that the brittle strike-slip fault that is interpreted to

underlie the Beagle Channel must not have rotated more than 45° or else it would

be cut by a younger set of faults. Mesoscale strike-slip data from the three map

areas along the Beagle Channel coastline (Figure 6.50) do not show consistent

crosscutting trends indicative of a younger fault cutting across the trend of the

Beagle Channel. However, the spread in orientation data for both right-lateral and

left-lateral faults is compatible with the formation of new faults in slightly

different orientations during rotation.

On a more regional scale, the west-northwest-trending Carbajal

Valley fault (Figure 3.2: Cunningham, 1993) appears to cut into and possibly

across the eastern end of the Beagle Channel and the eastern segment of the

northwest arm of the Beagle Channel does intersect the main Beagle Channel at a

similar angle. Regional lineament trends show many west-northwest trending
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lineaments and known faults (some that are active today) that are oblique to east-

northeast-trending lineaments and inactive faults (Figure 3.9; Cunningham, 1993).

Thus it is possible that the Beagle Channel region has rotated and has been cut by

younger northwest trending strike-slip faults, but this has not yet been

demonstrated. Nor is it documented that the Carbajal Valley fault and the

proposed fault beneath the eastern segment of the northwest arm of the Beagle

Channel are younger than the main Beagle Channel. If the fault beneath the

Beagle Channel has not been rotated by more than 25-45°, then modifications of

the amount of fault and block rotation presented in the progressive model of fault

and block rotation by Cunningham (1993; Figure 3.14) are needed.

Transpressional, hinged unroofing model for Cordillera Darwin

Deep-seated metamorphic rocks can be rapidly uplifted in a

transpressional or purely compressional environment by the recently proposed

hinged unroofing model of Selverstone et al. (1992) and Okal and Sengor (1992).

In this model, subduction reaches a critical point where continental crust that is

attached to subducting oceanic crust is dragged down into the subduction zone,

but because of buoyancy forces is unable to subduct. At this point, the attached

oceanic lithosphere detaches from the continental crust and descends into the

mantle, while the buoyant continental crust, now rid of the descending subducting

slab, rapidly rebounds vertically, similar to a rebounding diving board after it has

been flexed downwards. I believe this model can be applied to the Beagle

Channel region to help explain the closure of the Rocas Verdes marginal basin,

the subsequent uplift of Cordillera Darwin and the apparent normal offset along
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the Beagle Channel. A five stage model is proposed (Figure 6.62) for Cordillera

Darwin orogenesis that incorporates the hinged unroofing concept and represents

a modification or expansion of the restraining bend concept. The model involves

progressive transpression without the need to invoke a localized extensional

regime or change in far-field stresses to exhume deep-seated metamorphic rocks.

In stage 1, the Rocas Verdes marginal basin is fully open and being

filled with Upper Jurassic-Lower Cretaceous silicic volcanics and volcaniclastic

sediments (The Tobifera and Yahgan Formations). A young volcanic arc is active

along the Pacific margin in what is today the Peninsula Hardy region (Figure 6.1).

During stage 2, the opening of the South Atlantic in the Early

Cretaceous results in an increase in east-west convergence rates along the active

western margin of South America. The development of the South American plate,

separate from the Antarctic plate and drifting more rapidly westward relative to

the Africa (Cunningham et al., in press), causes a major component of east-west

left-lateral interplate motion in the southernmost Andean region as southernmost

South America begins to pull away from the future Antarctic Peninsula. Thus

increased convergence rates coupled with left-lateral intracontinental shearing are

interpreted to have initiated the closure of the southern part of the Rocas Verdes

basin. The continental side of the basin begins to underthrust the arc side of the

basin, perhaps along the former spreading axis. Closure is transpressional and

contractional structures verge toward the continent. The marginal basin infill and

continental basement of southern Cordillera Darwin are brought down into the

underthrust zone. Intense folding, shearing and regional metamorphism begin as

the rocks are brought downwards.
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Figure 6.62. Five stage transpressional model for Cordillera Darwin orogenesis
for 140-60 Ma. Model incorporates hinged unroofing concept of Selverstone et

al. (1992) and Okal and Sengor (1992). Oroclinal bending of the region is not

shown, but is indicated by E-W directions in stage 1 that are SW-NE by stage 5.
Plutons intruding during stages 4 and 5 represent Beagle Granite suite. Original
width of the Rocas Verdes Basin is unknown.
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During stage 3, underthrusting of the continental side of the basin

has proceeded to the point where the original continental basement and overlying

volcanic and sedimentary rocks have been brought down to mid-lower crustal

depths and are regionally metamorphosed to amphibolite-grade facies.

Metamorphic rocks contain a pervasive S 1 foliation that inplaces is a shear fabric

parallel to the overall south-dipping shear zone. Volcanism migrates inland

during this stage and plutons intrude Isla Gordon.

During stage 4, underthrusting is continuing and the highest

metamorphic levels are attained in the basement and cover rocks that are exposed

in Cordillera Darwin today. F 2 backfolding occurs in what will become southern

Cordillera Darwin and is perhaps due to backthrusting. Continued contraction

migrates towards the foreland. Emplacement of Beagle granitoids becomes more

widespread in the Beagle Channel region. Possible counterclockwise rotation of

the entire region may be occurring (Cunningham, 1993) and may facilitate rapid

uplift as contractional structures rotate into parallelism with the east-west

convergence direction and become inactive. Near the end of stage 4, the mafic

root that has been pulling the attached continental margin downward detaches

from the lighter continental lithosphere.

During stage 5, hinged unroofing is actively occurring and the

Cordillera Darwin region is rapidly uplifting to reestablish isostatic equilibrium.

Exhumation of high-grade rocks occurs in the Beagle Channel region, while

contraction continues to propagate toward the foreland. Rapid uplift of Cordillera

Darwin results in high rates of erosional denudation and the first arrival of large

volumes of Cordillera-derived sediment in the Magallanes foredeep (Biddle et al.,
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1986, Wilson, 1991). The Isla Gordon ophiolitic block is uplifted, but less than

the Cordillera Darwin block. Strike-slip motion occurs along both arms of the

Beagle Channel and eventually steps over to the north side of Cordillera Darwin

to the new Lago Fagnano-Seno Almirantazgo-Straits of Magellan fault system.

Transpression in the restraining bend of the Beagle Channel strike-slip fault

system enhances the continued uplift of Cordillera Darwin. Large volumes of

relatively undeformed Beagle granites are intruded into the Beagle Channel

region.

If this model is correct, then the processes of subduction, and

hinged unroofing would only have occurred in the extreme southernmost Andes

where the Rocas Verdes Basin contained a sufficient width of oceanic crust for

subduction of oceanic crust to have occurred during basin closure. It has

previously been proposed that subduction may have accompanied basin closure in

the Beagle Channel region (Bruhn and Dalziel, 1977, Dalziel, 1981). Further

north however, the Rocas Verdes Basin narrowed (Dalziel, 1981) and there is no

evidence north of the Sarmiento Complex (Figure 5.1) that oceanic crust ever

formed (Dalziel, 1981). Thus, in the Sarmiento Complex region and farther north,

the hinged unroofing model may not apply because a mafic root may not have

existed during closure of the marginal basin. The depth of underthrusting of

continental material would then have been less in that region than that proposed

for the Beagle Channel region and subsequent isostatic rebound following

separation of a mafic root would not have occurred. Thus, high-grade

metamorphic rocks would not have been brought to the surface in the Sarmiento

Complex region and if generated, are still buried at depth. It is generally agreed
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that the unique exposure of the high-grade metamorphic rocks in Cordillera

Darwin is related to the range’s position in a developing transform setting (Dalziel

and Brown, 1989). However, if the above reasoning is correct, then the unique

exposure of Cordillera Darwin's high-grade metamorphic rocks may also be partly

related to the original width of the marginal basin mafic floor. It is not clear why

high-grade metamorphic rocks are not exposed east of Cordillera Darwin. It may

be because the region east of Cordillera Darwin is not in a restraining bend setting

or that the initial decoupling of the mafic floor of the Rocas Verdes Basin

occurred along the continental edge of the basin and the underthrust continental

side of the basin would have lacked a mafic root. Without a mafic root, uplift of

high-grade metamorphic rocks by hinged unroofing would not occur.

Recommendations for future work

More work is needed to test this model and any other models.

Until considerably more mapping and structural studies are completed in the

region, all models constitute working hypotheses. Any orogenic model that is

proposed must account for Cordillera Darwin's position as a smaller element

within a larger evolving orocline. Orogenic models that do not consider the

regional evidence for counterclockwise rotation of the southernmost Andes and

the strike-slip displacements that must have accompanied Mezozoic-Cenozoic

separation of the Antarctic Peninsula from southernmost South America and

Tertiary development of the North Scotia Ridge transform boundary, are
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incomplete in my opinion. Future field-based structural investigations in the

southern Cordillera Darwin/Beagle Channel region might focus on the following:

1. More detailed structural studies along the Beagle Channel, especially

between the Timbales Peninsula and the Roncagli region, to better document the

structural significance of the fiord.

2. Field investigations and structural transects across Isla Gordon and Isla

Hoste (Figure 6.1), with detailed investigations of large faults identified on aerial

photographs in western Isla Hoste and discussed in chapter 3. If extension has

occurred in the southern Cordillera Darwin region, as proposed by Dalziel and

Brown (1989), and these islands represent the upper plate to a south-dipping

detachment structure, then these islands might contain normal faults reflecting the

extensional event.

3. Structural mapping between the Yamana region and the basement thrust

fault mapped by Keith Klepeis north of Bahia Yendegaia (Plate 6). It is unknown

whether thrust faults occur south and southwest of the fault that Klepeis has

mapped. If more thrust faults are identified that uplift metamorphic basement,

then the need to invoke an extensional model for exposure of the high-grade rocks

in Cordillera Darwin is weakened and the case for a contractional/transpressional

mechanism for exhuming the high-grade rocks is strengthened. If extensional

structures are identified, then Dalziel and Brown's (1989) metamorphic core

complex hypothesis is strengthened.

4. Detailed mapping of Isla Chair, Isla Diablo (Plate 6) and the small

islands in the eastern Beagle Channel for clues regarding the structural

significance of the fiord. These islands, especially Isla Diablo, may be the best
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locations for finding evidence for the extensional detachment structure that

Dalziel and Brown (1989) propose underlies the Beagle Channel.

5. Detailed structural mapping in the ice-free ridge areas between Seno

Cerrado and Bahia Pia (Plate 6). This is the best, and perhaps only location in

western Cordillera Darwin, where it is possible to make a detailed, 15 km north-

south structural transect and relate the geology to different models of Cordillera

Darwin orogenesis.

6. Detailed structural mapping along the north-south trending ice-free

ridge directly above the east shore of Seno Garibaldi (Plate 6). The low-angle

structure that has been proposed to overlie the Seno Garibaldi recumbent fold

(Nelson et al., 1980) can be investigated in this area to determine its kinematic

significance.



APPENDIX 1
PREVIOUS AGE DATA FOR CORDILLERA DARWIN AND BEAGLE CHANNELREGION (to accompany Plate 7)

REGION (to accompany Plate 7)

?^K^NUMBER MATERIAL METHOD AGE +2s
AND LOCALITY ANALYZED (Ma) (Ma)

Fla (Bahia Parry) Beagle Granite Fission 27.2 5.8
apatite track (N)

F2a (Bahia Parry) Beagle Granite ” 18.5 3.3
apatite

Beagle Granite " 45.1 4.6
zircon

F3s (Bahia Parry) Darwin Granite " 62.8 9.2
sphene

F4z (Bahia Pia NE arm) Darwin Granite " 43.6 4.8
zircon

Fsz (Bahia Pia NE arm) Darwin Granite " 41.7 4.5
zircon

F6a (Bahia Pia NE arm) Darwin Granite " 28.8 4.7
apatite

F6s Darwin Granite "

52.2 5.9
sphene

F7a (Bahia Pia NE arm) Beagle Granite " 21.9 2.4
apatite

F7z Beagle Granite " 50.1 5.6
zircon

FBa (N. Shore Beagle) Darwin Granite " 30.8 4.1
apatite

F9a (Vent. Romanche) Beagle Granite "

35.9 3.9
apatite

F9z Beagle Granite " 45.1 3.7
zircon

F9s Beagle Granite "

56.6 9.5

sphene
FlOa (Vent Allemagne) Darwin Granite " 29.4 4.4

apatite
FIOz Darwin Granite " 58.5 10.5

zircon
Fllz (E Isla Gordon) Beagle Granite

" 48.9 5.0

zircon

Fl2z (Isla De O'Brien) Beagle Granite " 59.5 6.0

zircon
Fl3a (Bahia Romanche) Beagle Granite " 43.5 7.2

apatite
Fl3z Beagle Granite " 47.0 6.5

zircon

Fl3s Beagle Granite
" 68.8 7.9

sphene
Fl4a (Bahia Romanche) Beagle Granite " 55.8 12.1

apatite
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Flsz (Seno Chair NE arm) Beagle Granite "

37.8 4 7
zircon

Fl6z (Seno Ventisquero) Beagle Granite "

47.4 4.7
m zircon

Fl7z (Seno Ventisquero) Beagle Granite "

46.4 4.7
zircon

FlBz (Seno Ventisquero) Darwin Granite "

49.4 6.8
zircon

Fl9a (Seno Ventisquero) Beagle Granite "

17.3 2.2
apatite

F2oa (Seno Ventisquero) Darwin Granite "

9.1(?) 2.7
apatite

VAI (Vent. Allemagne) gneissic quartz diorite Rb-Sr (H) 60 6
biotite whole-rock

VA2 (Vent. Allemagne) gneissic quartz diorite K-Ar (H) 68 4

biotite
VA3 (Vent. Allemagne) diorite Rb-Sr (H) 68 6

biotite whole-rock
VA4 (Vent Allemagne) gneissic quartz diorite K-Ar (H) 66 4

biotite
VAS (Vent Allemagne) gneissic granodiorite K-Ar (H) 65 4

biotite
VA6 (Vent Allemagne) amphibolite K-Ar (H) 67 4

hornblende
VII (Vent Italia) amphibolite K-Ar (H) 64 6

hornblende
BTBI (B. Tres Brazos) quartzdiorite K-Ar (H) 88 5

hornblende

BTB2 (B. Tres Brazos) quartzdiorite Rb-Sr (H) 80 10
biotite whole-rock

BTB3 (B. Tres Brazos) mylonite K-Ar (HV2) 104 2
muscovite

BTB4 (B. Tres Brazos S) tonalite Rb-Sr (S) 85 10
biotite

tonalite K-Ar (S) 90 5
biotite

BYI (B. Yendegaia) schist K-Ar (H) 64 4

muscovite

SVI (Seno Ventisquero) quartzdiorite K-Ar (H) 85 5

biotite

SGI (Seno Garibaldi) TobiferaFm. K-Ar (HVI) 68 7

amphibole
SG2 (Seno Garibaldi) YahganFm. K-Ar (HVI) 82 2

biotite and chlorite

BPI (Bahia Pia) Darwin Granite Rb-Sr (HVI) 157 8

whole-rock

BP2 (B. Pia/Pluschow) basement schists Rb-Sr (HVI) 240 40

whole-rock

BP3 (B. Pia W. arm) Darwin Granite Ar-Ar (G) 70.5 .1

muscovite

Darwin Granite Ar-Ar (G) 70.3 .3

biotite

247



248

BPAI (Bahia Parry) ? Ar-Ar (G) 73.1 0.0
muscovite

IHI (N IslaHoste) Beagle Granite U-Pb (M) 85.8
zircon

EH2 (N IslaHoste) Beagle Granite U-Pb (M) 87.3
zircon

BFI (Bahia Fleurais) gabbro K-Ar (HV2) 106 4
hornblende

gabbro K-Ar (HV2) 109 6
hornblende

BF2 (Bahia Fleurais) gabbro K-Ar (HV2) 108 3
hornblende

gabbro K-Ar (HV2) 110 2
hornblende

BF3 (Bahia Fleurais) granodiorite Rb-Sr (HV2) 84 7
biotite

SBII (NW Isla Gordan) tonalite K-Ar (HV2) 109 3
hornblende

tonalite K-Ar (HV2) 113 6
hornblende

tonalite K-Ar (HV2) 100 4
biotite

NBII (NW Isla Gordan) granodiorite K-Ar (HV2) 92 2
biotite

BRI (Bahia Romance N) tonalite K-Ar (HV2) 89 2
hornblende

tonalite K-Ar (HV2) 94 5
hornblende

tonalite K-Ar (HV2) 86 4
hornblende

tonalite Rb-Sr (HV2) 89 7
biotite

tonalite K-Ar (HV2) 93 5
biotite

tonalite K-Ar (HV2) 92 2
biotite

BR2 (Bahia Romance S) tonalite K-Ar (HV2) 91 3
hornblende

tonalite K-Ar (HV2) 97 4
biotite

SWBI (SW Beagle Ch.) tonalite K-Ar (HV2) 89 3
hornblende

tonalite . K-Ar (HV2) 72 2

biotite
SWB2 (SW Beagle Ch.) tonalite K-Ar (HV2) 88 2

hornblende
tonalite Rb-Sr (HV2) 86 7

biotite
PDI (Penin. Dumas) tonalite K-Ar (HV2) 91 3

hornblende

tonalite K-Ar (HV2) 94 3

hornblende



tonalite K-Ar (S) 93 2

amphibole
INI (Isla Navarino) tonalite K-Ar (S) 81 5

amphibole
tonalite K-Ar (S) 93 2

biotite
tonalite K-Ar (S) 87 4

biotite

tonalite K-Ar (S) 92 3
plagioclase

tonalite K-Ar (S) 93 4

biotite
tonalite Rb-Sr (S) 81 5

biotite

tonalite K-Ar (S) 83 5
amphibole

tonalite K-Ar (S) 93 2
amphibole

tonalite K-Ar (HV2) 94 2
biotite

EFI (Estero Fouque) tonalite Rb-Sr (HV2) 53 5
biotite

EF2 (Estero Fouque) tonalite Rb-Sr (HV2) 40 4

biotite

ILI (NE L Londonderry) mylonitic gabbro K-Ar (HV2) 130 4

hornblende

DL2 (SEI. Londonderry) tonalite Rb-Sr (HV2) 48 5
biotite

EL3 (SE I. Londonderry) quartz diorite Rb-Sr (HV2) 46 5
biotite

IL4 (SE I. Londonderry) qtz.-monzodiorite Rb-Sr (HV2) 44 4
biotite

SLI (Seno Luisa) gabbro K-Ar (HV2) 103 10
hornblende

ICI (Isla Cook) tonalite K-Ar (S) 107 3

biotite
IC2 (Isla Cook) tonalite Rb-Sr (S) 91 8

biotite
IC3 (Isla Cook) tonalite Rb-Sr (S) 97 8

biotite

(N) = Nelson, 1982.

(H) = Halpem, 1973.

(HVI) = Herv6 et al., 1981.

(HV2) = Herv6 et al., 1984.
(S) = Suarez et al., 1985.
(G) = Grunow, unpublished data.
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	Figure 6.1. Location map of study areas along the southern boundary of the Cordillera Darwin massif, southernmost Chile. Inset map in lower left comer shows four major lithotectonic provinces in the southernmost Andes. Abbreviations are: TDF – Tierra del Fuego,CD – Cordillera Darwin, BC – Beagle Channel, SG – Seno Garibaldi, BY – Bahia Yendegaia, IC – Isla Cook, MH – metamorphic hinterland, RVMB – Rocas Verdes marginal basin.
	Figure 6.2. Modem plate tectonic setting, topography and bathymetry of the southernmost tip of South America High topography of the Cordillera Darwin uplift is shown.
	Figure 6.3. Model presented by Dalziel and Brown (1989) for evolution of metamorphic core complexes of Shuswap terrane, British Columbia, Canada and Cordillera Darwin.
	Figure 6.4. View looking northwest at mixed-zone of orthogneisses and schists on Timbales Peninsula. Location of figure 6.6 cross section is below and parallel to small glaciers just below ridge crest in upper center of photograph.
	Figure 6.5. Close-up view of mixed orthogneiss, greenschist and amphibolite sequence, Timbales Peninsula.
	Figure 6.6. Cross section of mixed-zone stratigraphy, Timbales Peninsula. For location of transect, refer to Plate 1.
	Figure 6.7. Deformed mixed-phase intrusion within mixed-zone metamorphic sequence, Timbales Peninsula.
	Figure 6.8. Possible retrograded staurolite porphyroblasts replaced by sericite (arrows) in coastal schists, Timbales Peninsula. Partially retrograded garnet replaced by chlorite is visible along left side of photograph, center. D 2 crenulations of S 1 fabric are visible. Crossed polars, width of photograph = smm.
	Figure 6.9. Folded quartz-muscovite-kyanite-staurolite schists containing amphibolitized mafic dikes, frontal ridge, Roncagli map area, looking southeast. Note hammer for scale near right edge of photograph, below center.
	Figure 6.10. View west of leucocratic schists containing abundant mafic dikes at Punta Yamana coastline.
	Figure 6.11. View east of central pluton, Yamana map area (Plate 4) and northern intrusive contact. Note color contrast between granite (light) and pelitic schists (dark).
	Figure 6.12. View east of light rocks of Yamana ridge pluton (Plate 4), southwest-dipping northern intrusive contact and left-lateral strike-slip fault zone. Beagle Channel in background.
	Figure 6.13. Northern intrusive contact of central pluton, Yamana map area (Plate 4) looking west. Intrusive contact is sub-parallel to northwest-striking, southwest-dipping regional schistosity in country rock. Visible across valley is apophysis of same intrusion (arrow) that has intruded parallel to schistosity.
	Figure 6.14. Close-up of intrusive contact at Area Con Plate 4, Yamana map area. S 1 schistosity in the country rock is deformed into F 2 folds that are cut by the younger granite.
	Figure 6.15. Equal area lower hemisphere stereoplots of some important structural elements in the Timbales, Roncagli and Yamana map areas. IG: Isla Gordon, IH: Isla Hoste.
	Figure 6.16. SI, LI and F 2 fold axis trends for southern Cordillera Darwin. Data taken from Nelson et al. (1980) and this study. Overturned folds taken from Nelson et al. (1980).
	Figure 6.17. View southeast of near-horizontal stretching lineations from coastal outcrops of quartz-muscovite-biotite schists 200 m. east of Punta Tempanos, Timbales Peninsula.
	Figure 6.18. View northeast of northwest trending, subhorizontally plunging, quartz stretching lineations from coastal quartz-muscovite-albite-biotite-gamet schists, Roncagli map area.
	Figure 6.19. Simplified structural map and related cross sections of Roncagli region showing main structural features and interpreted strike-slip or oblique-slip fault beneath the northwest arm of the Beagle Channel. Distribution of Barrovian metamorphic index minerals is shown in inset map.
	Figure 6.20. View south down Roncagli Glacier valley toward frontal ridge (left) and northwest arm of Beagle Channel and Isla Gordon in distance. Antiformal structure of frontal ridge is visible.
	Figure 6.21. Steeply, southwest dipping quartz-muscovite-gamet schists along the north coast of the northwest arm of the Beagle Channel, 1 km east of the Roncagli Glacier Valley. Schists form part of steeply dipping south limb of frontal ridge antiform.
	Figure 6.22. Box diagrams showing relationships of minor structural elements to larger structures in the Roncagli map area.
	Figure 6.23. View looking southeast at south-vergent, southeast plunging F 2 folds in leucocratic schists and metamorphosed mafic dike swarms from Punta Yamana coastline.
	Figure 6.24. Southeast-plunging F 2 isoclinal folds in pelitic schists 2.5 km northwest of PVS Yamana. Photograph shows folded leucocratic schist layers within the pelitic schist unit. These layers appear compositionally similar to leucocratic schists mapped as a separate unit along the coast.
	Figure 6.25. Subvertical, east-striking shear fabrics (thick arrows) deflecting northwest-striking, steeply southwest-dipping SI foliation (thin arrows). Sense of shear is left-lateral. S 1 defined by aligned biotite alternating with quartz-rich layers. Shear surface defined by reoriented biotite and finer-grained partially recrystallized quartz. Sample is from coastal L-S tectonites one-half kilometer east of Roncagli Glacier valley entrance. Crossed polars, width of photograph = 3.3 mm.
	Figure 6.26. View northwest of sheared granite, central pluton, Yamana map area (Plate 4). Shear zone is wider than width of view in photograph. Foliation strikes northwest, dips southwest.
	Figure 6.27. View southeast of small two-meter wide, east-striking, south-dipping shear zone in Yamana ridge pluton (Figure 6.28, Plate 4). Relatively undeformed pluton is visible on both sides of shear zone.
	Figure 6.28. Simplified geologic map of Yamana granitic pluton suite. See plate 4 for greater detail. Equal area, lower hemisphere stereoplots of foliation (poles), lineation and kinematic data are shown. Wavy pattern within plutons approximates shear zone trends. X's are undeformed areas.
	Figure 6.29. View northeast of sheared granite with horizontal quartz stretching lineations, central pluton, Yamana map area.
	Figure 6.30. View north of steeply south dipping surface within sheared granite from area C (Plate 4) Yamana map area. Photograph shows subhorizon tally plunging quartz stretching lineations and oligoclase porphyroclasts.
	Figure 6.31. Recrystallized quartz ribbons showing type II S-C fabrics, central pluton, Yamana map area. Small, elongate, obliquely oriented grains define an internal S foliation that is at a low angle to the ribbon boundary and internal shear surfaces (C surfaces). Sense of shear is left-lateral. Photograph taken under crossed polars with gypsum plate. Width of photograph = 1.7 mm.
	Figure 6.32. Right-lateral shear fabrics, Yamana ridge pluton, Yamana map area Quartz ribbon deflected into ECC surface (small arrow). Note partial recrystallization and attenuation of ribbon within ECC surface. Brittle shear surface (large arrow) is oblique to ECC surface but shows same sense of shear. Mica fish (m) are also visible. Photograph taken under crossed polars with gypsum plate. Width of photograph = 5 mm.
	Figure 6.33 (top), 6.34. (bottom). Brittley fractured feldspar grains within ductiley deformed quartz ribbons, Yamana granite suite, Yamana map area. Feldspar grains have broken parallel to visible cleavage planes. Grains are rotated (bookshelf sliding) and pulled apart (bottom) due to left-lateral shearing and counterclockwise rotation. Photographs taken under crossed polars with gypsum plate. Width of photographs = 3.3 mm.
	Figure 6.35. Serrated grain boundaries in feldspar from ductile shear zone, Yamana ridge pluton, Yamana map area. Irregular edges and optically patchy areas are believed to be due to micro-scale reprecipitation of brittley fractured material (J. Tullis, pers. comm., 1993). Photographs taken under crossed polars with gypsum plate. Width of photograph = .75 mm.
	Figure 6.36. Secondary muscovite/phengite growth along feldspar cleavage planes within granite shear zone, Yamana ridge pluton, Yamana map area. Photograph taken under uncrossed polars. Width of photograph = .75 mm.
	Figure 6.37. Mica fish between quartz ribbons, Yamana ridge pluton, Yamana map area. Shear sense is left-lateral. Photograph taken under crossed polars with gypsum plate. Width of photograph = .75 mm.
	Figure 6.38. Primary muscovite grain that is kinked, slightly boudinaged, brittley fractured and offset along right-lateral ECC, central pluton, Yamana map area. Note misoriented blocks in feldspar caused by fracturing. Photograph taken under crossed polars. Width of photograph =1.7 mm.
	Figure 6.39. S-C fabrics from high-strain shear zone, central pluton, Yamana map area. C-surfaces are approximately east-west in photo and are defined by micarich zones and fine-grained trails of fractured and recrystallized material. S surfaces are oriented northeast-southwest and are defined by quartz ribbons and elongate recrystallized grains. Shear sense is right-lateral. Photograph taken under crossed polars with gypsum plate. Width of photograph = 5 mm.
	Figure 6.40. Discontinuous extensional crenulation cleavages (ECCs, arrows). Quartz ribbons are deflected and thinned, central pluton, Yamana map area. Leftlateral shear sense. Photograph taken under crossed polars. Width of photograph = 13 mm.
	Figure 6.41. Brittle ECC (arrow) terminating within, instead of cutting through, ductiley deformed quartz ribbon, central pluton, Yamana map area. Shear sense is right-lateral. Photograph taken under crossed polars with gypsum plate. Width of photograph = 3.3 mm.
	Figure 6.42. Brittle right-lateral ECC (arrow) that cuts and offsets quartz ribbon (Q), Yamana ridge pluton, Yamana map area. Other ECC ductiley deflects quartz ribbon. Note quartz ribbons are more recrystallized in ECC necks. Note also the blocky appearance of feldspars due to microcracking. Shear sense is right-lateral. Photograph taken under crossed polars with gypsum plate. Width of photograph = 5 mm.
	Figure 6.43. Late-stage brittle faults that cut and offset all preexisting brittleductile fabrics, central pluton, Yamana map area. Photograph taken under crossed polars with gypsum plate. Width of photograph =1.7 mm.
	Figure 6.44. Temperature-time curve for southern Cordillera Darwin from Kohn et al. (in press). Curve Cis from the Ventisquero Italia region, 8 km west of PVS Yamana (Plate 3). Rapid cooling between 80-60 Ma is interpreted to be due to rapid uplift and denudation of southern Cordillera Darwin during this time period (Kohn et al., in press). Curve A: northern Bahia Pia, B: southern Bahia Pia, D: Seno Cerrado, E, F: northern Cordillera Darwin (Bahia Parry), G: Isla Gordon. See Plate 6 for locations.
	Figure 6.45. View southeast of left-lateral strike-slip fault (long arrow) in Timbales Peninsula icefield outcrop zone (Figures 6.4, 6.6). Small synthetic leftlateral R shears are present (small arrows).
	Figure 6.46. Close-up of brittle-ductile left-lateral strike-slip fault zone shown in figure 6.45 icefield outcrop zone, Timbales Peninsula. Wall rock schist is deflected into fault zone. White quartz veins and layers are deflected and offset in left-lateral sense.
	Figure 6.46. Close-up of brittle-ductile left-lateral strike-slip fault zone shown in figure 6.45 icefield outcrop zone, Timbales Peninsula. Wall rock schist is deflected into fault zone. White quartz veins and layers are deflected and offset in left-lateral sense.
	Figure 6.47. Ribbon quartz and brittle left-lateral shear surfaces from strike-slip fault zone in orthogneiss shown in figures 6.45, 6.46 in icefield outcrop zone, Timbales Peninsula. Main foliation strikes N7OW, shear surfaces strike E-W. Both fabrics dip vertically. Photograph taken under crossed polars. Width of photograph = 3.3 mm.
	Figure 6.48. View southeast of left-lateral strike-slip fault trace on high ridge above PVS Yamana.
	Figure 6.49. View looking west of flat intermediate ground 1.5 km north of PVS Yamana that obscures contact relationship between coastal leucocratic schists and interior pelitic schists. Topographic lineament (arrows) marks trace of left-lateral strike-slip fault one km north of PVS Yamana.
	Figure 6.50. Lower hemisphere, equal area stereoplots of poles to mesoscale brittle strike-slip faults measured in the three map areas. IG: Isla Gordon, IH: Isla Hoste, CO: Caleta Olla.
	Figure 6.51. Brittle left-lateral strike-slip fault along north shore of Beagle Channel, 5 km east of PVS Yamana. Hammer and book lie on same quartz-rich layer that is offset one meter by vertical, east-striking, left-lateral strike-slip fault. Pencils are parallel to fault trace. Fault is approximately parallel to Beagle Channel.
	Figure 6.52. North-striking, sub-vertical, right-lateral strike-slip fault at Punta Yamana. Fault is approximately perpendicular to Beagle Channel. Offset is .5- 1.0 m. (hammer for scale).
	Figure 6.53. East-northeast-striking, subvertical, mesoscale strike-slip fault at Punta Yamana. Fault brittley offsets leucocratic schists and mafic dikes by .5 m. in left-lateral sense. Layers A and B are indicated on either side of fault.
	Figure 6.54. 1-2cm. size staurolite porphyroblasts in schists from top of frontal ridge, Roncagli map area.
	Figure 6.55. Thin section of coastal amphibolite-grade schists containing staurolite (S) and garnet (G), southeastern map area, Roncagli region (Plate 2).
	Figure 6.56. Upper plot: lower hemisphere, equal area stereoplot of calculated average limb attitudes and trend and plunge of frontal antiform, Roncagli map area. Lower plot: lower hemisphere stereoplot of stretching lineations from south limb of frontal antiform shown in present orientation and in rotated orientation to remove effect of F 2 fold. Because of shallow plunge of main antiform, LI lineations are restored to subhorizontal plunges prior to folding.
	Figure 6.57. Schematic model based on Turner et al. (1992) for granite emplacement in extensional zones between P shears associated with a large left-lateral strike-slip fault system. This model may apply to the Yamana region to explain the en echelon geometry of the granite suite (Plate 4) and the many left-lateral brittle-ductile shear zones that cut through the plutons. PY – Punta Yamana.
	Figure 6.58. View northwest towards northwest arm of Beagle Channel and steep topographic gradient along north shore at Pico Frances (summit not visible).
	Figure 6.59. Map of Timbales Peninsula showing possible structural relationship between left-lateral strike-slip faulting, possible bending of peninsula and Tertiary/Quatemary dike emplacement.
	Figure 6.60. Schematic diagram of a single and double restraining bend (top) and common features found in transpressional continental termination zones of four different left-lateral transform fault systems (bottom).
	Figure 6.61. Block diagram for the Beagle Channel region showing possible asymmetric half-flower structure cross-sectional geometry for Cordillera Darwin. Exhumation of wedges of high-grade metamorphic rock may have occurred in predominantly transpressional deformation regime and could have produced the vertical displacement along northwest arm of the Beagle Channel (top). Thrusts in inner Cordillera Darwin have not been identified and are speculative.
	Figure 6.62. Five stage transpressional model for Cordillera Darwin orogenesis for 140-60 Ma. Model incorporates hinged unroofing concept of Selverstone et al. (1992) and Okal and Sengor (1992). Oroclinal bending of the region is not shown, but is indicated by E-W directions in stage 1 that are SW-NE by stage 5. Plutons intruding during stages 4 and 5 represent Beagle Granite suite. Original width of the Rocas Verdes Basin is unknown.
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