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ABSTRACT

The five chapters of this thesis deal with the evolution and sedimentary
successions of two distinct, yet kindred basins located in South America: the
Magallanes basin, in southernmost Chile, and the Talara basin, in the northwest
of Peru. Magallanes basin is the southernmost of the Chilean-Argentinean basins.
It is a foreland basin that developed in a retroarc position, and it has its southern
continuation in the Malvinas basin of the southern Atlantic. Talara basin, located
on the northern end of the Cordillera, is the northernmost of the Peruvian coastal
basins, close to the Ecuadorian border, in a forearc position relatively to the
Andes. Even though these two basins are separated by more than five thousand
kilometers and they are inherently different in their tectonic fabric and
geographic position, they share common features. Both basins are related to the
evolution of the Andean Cordillera, and specifically to the interaction between
the South American plate and the plates on its western margin (Farallon,
Phoenix, and at present the Nazca and Antarctica plates). With subduction along
the western margin of Gondwana active intermittently since the Paleozoic, the
rise and evolution of the modern Andes started with the drifting of South
America to the west prompted by the opening of the south Atlantic in the
Cretaceous (Nurnberg and Muller, 1991). On the other hand, both are
petroliferous, with active production and exploration, and both hosted the
deposition of deep-water system presently exposed in world-class outcrops.
Furthermore, the sedimentary successions described in this thesis comprise
potential petroleum source rocks and sandstone with petroleum reservoir
quality; the outcropping sandstone units are excellent analogs to subsurface
intervals producing in these two basins and in similar depositional settings
around the world.

The purpose of this research is twofold: firstly, to document the evolution
of these two sedimentary basins and the major tectonic events reflected in their
sedimentary records; secondly, to supply the essential basin framework to build
more detailed outcrop-based work. In doing so, we were able to link the
occurrence of the deep-water sedimentation to major regional tectonic events.

This point became crucial since at least three graduate students (one in Peru and
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two in Chile) are actively working on detailed architectural analyses of the deep-
water events of these two basins.

Chapter 1 and 2 are focused on the Magallanes basin analysis and its
evolution relative to the Andean Cordillera; chapters 3 and 4 are focused on the
Talara basin. While chapter 3 is probably the first comprehensive work on the
Talara basin evolution, chapter 4 is the first modern study of the Talara basin
petroleum system. Chapter 5 characterizes the southernmost ichthyosaur
discovered during our fieldwork in the backcountry of the Parque Nacional

Torres del Paine.

Chapter 1 is a study of the timing of deposition of the Punta Barrosa Formation.
The Punta Barrosa Formation is the first deep-water system deposited in the
Magallanes basin; furthermore, initiation of the Magallanes foreland basin
coincided with the abrupt occurrence of sandstone of the Punta Barrosa
Formation, loosely dated as upper Albian-Cenomanian from biofacies
assemblages (mainly ammonites). Despite the presence of an arc to the west of
this basin, the sedimentary succession did not preserve any datable ashes or
volcanic layers. New Sensitive high-resolution ion microprobe - reverse
geometry (SHRIMP-RG) U-Pb detrital zircon data were used to establish the
timing of onset of foreland basin subsidence in Magallanes basin and the age of
the rise of the Patagonian Andes. Detrital zircon analyses demonstrate that the
Punta Barrosa Formation is not older than 92 + 1 Ma and that the linked Andean
Belt started forming in the Turonian. The fieldwork for this study was conducted
by myself and different field assistants (Andrew Leier, Michael Shultz, Timothy
Cope). The laboratory work and data analysis has been supervised by Joe
Wooden. The chapter has been published in Geology with Timothy Cope, Steve

Graham, and Joe Wooden as co-authors.

Chapter 2 presents data and evidence concerning the evolution of the
southernmost Andean Cordillera and documents the basins formation and the
tectonic events that involved this portion of South America. The Mesozoic
evolution of the Andes of southernmost Patagonia is recorded in two formations

that are now part of the Ultima Esperanza fold-thrust belt: the Zapata Formation
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and the Punta Barrosa Formation. Initiation of an extensional phase is recorded
in rhyolitic flows intercalated with marine shale and sediment gravity flow
deposits of the Upper Jurassic Tobifera Formation. The extensional phase
culminated with the emplacement of oceanic crust and the formation of a backarc
basin, the Rocas Verdes basin. The dominantly shaly Zapata Formation was
deposited for 50-40 m.y. in this irregular basin that was rimmed by an Early
Cretaceous arc to the west. The Zapata Formation, characterized by interbedded
shale and siltstone deposited in relatively deep-water, was believed to be
deposited on the western facing slope environment of the Rocas Verdes basin,
probably sourced by cratonic rocks from the Argentinian side. New data
presented in this chapter clearly shows that the Zapata Formation was sourced
initially from local rocks (oceanic crust and Tobifera highs) and later from
andesitic cover of the juvenile arc and oceanic crust. Changes in depositional
regimes and sediment dispersal patterns related to the rise of the Andes and the
formation of the Magallanes foreland basin are recorded by sediment of the
overlying Punta Barrosa Formation. While the timing of the Punta Barrosa
Formation is reported in Chapter 1, the provenance study of this formation based
on the multi-modal mineralogical and geochemical character of its sandstone and
shale is reported in this chapter. The presence of an arc is clearly indicated but
not predominant in sediment that reached the basin. Metamorphic terranes
recognized in the Andean Cordillera are represented in sediment that reached
the basin during Punta Barrosa deposition. This chapter is to be submitted to

Geological Society of America Bulletin with co-author Angela M. Hessler.

Chapter 3 documents the Eocene sedimentary record of the forearc Talara basin,
northwest Peru. The Talara basin has a sedimentary fill that spans from the
Cretaceous to the Pliocene. The Tertiary extensional phase formed a complex
horst and graben system and partitioned the basin into a series of localized
depositional areas. Abrupt tectonic pulses punctuated the constant subsidence
related to normal faults, probably caused by subduction erosion and flexural
loading. Our work focused on the Eocene strata that record temporal transitions
from deltaic and fluvial to deep-marine depositional environments as a response

to relative sea-level changes interpreted to be controlled by tectonics.
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Stratigraphic and provenance data suggest a direct relationship between
sedimentary packaging and regional tectonics. Petrographic and geochemical
data indicate changes in source terranes at major unconformities. The Talara
basin has a more complicated history than previously assumed. The modern
Amotape Mountains to the east, which partially isolate the Talara basin from the
Andean Cordillera and the Lancones basin, were not always present. New
provenance data presented in this chapter suggest that the Amotape Mountain
topographic feature was intermittently uplifted to act as a barrier throughout the
early Tertiary, allowing arc-related sediment to reach the basin during periods of
subsidence in the forearc region, probably related to significant subduction
erosion events. Fieldwork for this study was conducted with Angela M. Hessler.

This chapter is to be submitted to Journal of Sedimentary Research with co-

authors Angela M. Hessler, and Erin Duerichen.

Chapter 4 dealt with the petroleum system of Talara basin. Talara basin was one
of the first basins drilled for natural resources in South America, and even after
more than one century of production and 1.5 billion barrels of oil, source rocks
have not been rigorously documented in this basin. Thirty oil samples from wells
scattered throughout the Cretaceous-Eocene Talara basin were analyzed for
biomarker molecular components. The data suggest that the source rock was
marine clay deposited in an oxic to sub-oxic environment. The petroleum organic
geochemistry shows a substantial amount of oleanane, indicating significant
input of terrestrial organic matter. Our analyses suggest that the oils were
generated from one source rock, deposited in the late Paleogene/early Neogene
in a mixed marine/terrestrial environment (probably deltaic). In order to test oil-
source rock correlations, possible source rocks were selected and analyzed from
different outcrops and wells and compared with the oils. These data suggest that
Upper Cretaceous intervals previously believed to be important source rocks can
be discounted as important contributors to Talara basin oils. Instead, the new
data suggest an Eocene-Oligocene source rock comparable to that of Progreso
basin to the north. While all the samples were collected and analyzed by myself,
Andrew Hanson and ZhengZheng Chen gave invaluable help and assistance in

the laboratory. This chapter is to be submitted to American Association of
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Petroleum Geologists Bulletin with co-authors Andrew Hanson, ZhengZheng
Chen, Mike Moldowan, and Steve Graham.

Chapter 5 presents the description of an ichthyosaur fossil discovered in the
Ultima Esperanza Province, southern Chile, as the southernmost specimen of this
group yet discovered in South America, and discusses the tectonic implication of
such a finding. The incomplete fossil was found within a large block in
glaciofluvial sediments adjacent to the Campo de Hielo Patagdnico Sur, and
cannot be given a species designation nor be dated with precision or tied to one
specific formation. The rock hosting the specimen was probably deposited in the
upper part of the Upper Jurassic Tobifera Formation or the Lower Cretaceous
Zapata Formation. The occurrence of a Late Jurassic to Early Cretaceous
ichthyosaur in Ultima Esperanza documents the existence of ichthyosaurs in the
closed Rocas Verdes backarc basin or predecessor rift graben. This occurrence
extends the distribution of ichthyosaurs in South America some 1500 km south of
previously reported fossil material. The fossil also provides support for the
existence of a migration pathway that developed between southern South
America and western Africa during the Middle -Late Jurassic associated with the
early breakup of the southern sector of Gondwana. This South Africa / Rocas
Verdes seaway between the west Tethys and eastern Pacific may have been
important for exchange of fauna between the Tethys and the eastern Pacific. This
seaway would be the southern counterpart to the Hispanic Corridor, which
connected Pacific margin basin of South America to the west Tethys region
around the northern end of South America. This specimen was documented by
myself and Mike Shultz. Mario Suarez was the paleontologist involved in the
fossil identification. Since the fossil was in my field area, I wrote the geological
background of the paper and I contributed to the discussion and the conclusion.
Furthermore, I was the corresponding author throughout the process of
preparation and submission. This chapter has been already published in
PALAIOS.
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CHAPTER 1:

INITIATION OF THE MAGALLANES FORELAND BASIN: TIMING OF
THE SOUTHERNMOST PATAGONIAN ANDES OROGENY REVISED BY
DETRITAL ZIRCON PROVENANCE ANALYSIS



ABSTRACT

New Sensitive high-resolution ion microprobe — reverse geometry
(SHRIMP-RG) U-Pb detrital zircon data establish the timing of onset of foreland
basin subsidence in Magallanes basin and the age of the Patagonian Andes in
southernmost Chile. Initiation of the Magallanes foreland basin is signaled by the
abrupt occurrence of sandstone of the Punta Barrosa Formation, loosely dated as
upper Albian-Cenomanian from biofacies assemblages. Detrital zircon analyses
demonstrate that the Punta Barrosa Formation is not older than 92 =+ 1 Ma and
that the linked Andean Belt started forming in the Turonian.

Keywords: Andean orogeny, foreland basin, SHRIMP-RG data, zircon, Chile

TECTONIC AND GEOLOGIC CONTEXT OF THE MAGALLANES BASIN

The Mesozoic orogenic cycle in the southern Patagonian Andes (Fig. 1)
started in the Middle to Late Jurassic with an extensional phase characterized by
crustal stretching and silicic volcanism (Pankhurst et al., 2000). This regional
extensional event, related to the initial break up of Gondawana (Pankhurst et al.,
2000), culminated in the latest Jurassic and Early Cretaceous with opening of the
Rocas Verde backarc basin (Dalziel, 1981; Sudrez, 1979) (Fig. 2). This basin filled
in its late stage with a thick succession of shale and siltstone in the Ultima
Esperanza district (Zapata Formation) (Fig. 1A). A change from regional
extension to compression has been postulated to occur in the mid-Cretaceous,
when arc-craton convergence resulted in partial obduction of the ophiolitic Rocas
Verde basin floor onto the cratonic margin (Dalziel, 1981). Timing of obduction
has not been determined in detail, but compression associated with early stages
of orogeny produced a retroarc fold-thrust belt and linked foreland basin along
the eastern margin of the cordillera that persisted through the Late Cretaceous to
the Neogene (Wilson, 1991) (Fig. 2).

The timing of the compressional phase and the onset of the Magallanes

foreland basin is signaled by the occurrence of deep-water sandstone of the



Punta Barrosa Formation (Wilson, 1991), dated by fossil assemblages as Albian-
Cenomanian (Prieto, 1994; Wilson, 1991; Cortés, 1964) (Fig. 2). The underlying
shaly Zapata Formation is interpreted as a shallow-marine deposit (Wilson,
1991). The much coarser grained turbiditic sediment of the Punta Barrosa
Formation signals initial orogenic deformation and rapid uplift in the main
cordillera of the Andes (Wilson, 1991). The overlying Cerro Toro Formation
consists of deep-water strata biostratigraphically dated as Cenomanian-
Campanian (Wilson, 1991).

This paper describes new sensitive high-resolution ion microprobe —
reverse geometry (SHRIMP-RG) U-Pb dating of detrital zircon grains which
better constrains the onset and development of the Magallanes foreland basin
and, by inference, the linked Patagonian thrust-and-fold belt. Our new data
reveal that the depositional age of Punta Barrosa Formation is not older than 92 +
1 Ma, younger than previously assumed. The detrital zircon samples consistently
include a large population of grains with ages in the Early Cretaceous between
90 and 115 Ma, reflecting source terrane that probably was the Andean magmatic
arc (Fig. 1B).

ANALYTICAL TECHNIQUE

Samples were prepared using standard separation techniques described
by DeGraaff-Surpless et al. (2002). Details of U-Pb detrital zircon analysis using
the SHRIMP-RG (Sensitive High-Resolution Ion Microprobe - Reverse Geometry)
at the Stanford-U.S. Geological Survey Microscopic Analytical Center are
outlined in DeGraaff-Surpless et al. (2002). We mounted all zircon grains in
epoxy in order to preserve the entire population (neither sieving nor hand
picking were employed). The grains were then polished and were imaged with
reflected and transmitted light (optical microscope) and cathodoluminescence
(scanning electron microscope). Pb/U ratios and ages were calibrated with
reference to a standard zircon sample (R33). R33 is from a quartz diorite of the
Braintree Complex, Vermont. Its age of 419 Ma has been established by single
and multi-grain conventional U-Pb analyses (Aleinikoff, personal

communication 2003), and has proven to be a very reproducible standard. We



tried to reach as many grains as possible for each sample. 60 grains is the ideal
number in order to achieve 95% probability of finding at least 1 grain from an
age population present at 5% of the total sample (Gerhels, 2000; DeGraaff-
Surpless et al. 2002). For two samples, only 28-29 zircons were plotted because
the rocks did not yield a sufficient number of grains. All data were processed
using Squid and Isoplot/Ex (Ludwig, 1999). Detrital zircon age data are plotted
as histograms with superimposed cumulative probability curves in order to
represent both the age measurement and the associated uncertainty (Fig. 3). All
the values are reported and tabulated in Appendix A.

The depositional age has been established averaging the *’Pb corrected
%Pb /**U age from 11 grains (youngest on Fig. 3B). The Phanerozoic grains were
evaluated carefully using uncorrected *’Pb/**Pb and **U/**Pb data on Tera-
Wasserburg concordia diagrams and any data requiring significant common Pb
corrections were eliminated. This evaluation still leaves a significant number of
grains with ages between 95 and 89 Ma (11 grains, ~ 5.1% of Fig. 3B). Those
grains are the ones used for the depositional age. The mean was calculated using
Isoplot (mean = 92 + 1 Ma, 95% conf.). The presence of 3 grains younger the 90
Ma in three different samples indicate that the established age is very
conservative. The depositional age of Punta Barrosa Formation could be brought

up to 90 Ma within error.
NEW DETRITAL ZIRCON DATA

Of five samples of fine to medium sandstone (~10-15 kg), the
stratigraphically lowermost sample to yield detrital zircon was Pb-01-04, a
sample initially ascribed to the Punta Barrosa Formation but subsequently
included in a transitional sequence between the Zapata and Punta Barrosa
formations on the western flank of Cerro Ferrier (Figs. 1A, and 4). The sandstone
beds present in the stratigraphic transition indicate that the basin setting was
changing, and that pulses of coarser sediment were reaching the formerly
muddy depositional area. Sample 2/21-3 is from the lower Punta Barrosa
Formation (top of Cerro Ferrier; Fig. 1A), whereas sample 2/6-4 is from the top

of the upper Punta Barrosa Formation (Fig. 4). Sample 3/11-3 comes from the



southernmost outcrop visited (Punta Barrosa type location; Fig 1A); sample 3/5-
1is from the northernmost outcrop at Lago Dickson (Fig. 1A). Because of
structural complications, the stratigraphic positions of samples 3/11-3 and 3/5-1
are not certain (Fig. 4).

Our analyses yielded grain ages younger than expected for the Punta
Barrosa Formation. Zircon grains from the lowermost sample in the section (Pb-
01-04, located in the Zapata/Punta Barrosa transition) define a very sharp age-
distribution peak at 110 Ma with zircon grains as young as 95 = 1 Ma (Fig. 3A).
Samples 2/21-3 and 3/5-3, which belong to the lower Punta Barrosa Formation,
yielded an even younger age. These grains allow us to establish a maximum
depositional age for the Punta Barrosa of 92 + 1 Ma. The sand of the Punta
Barrosa Formation reached the deep-water basin in the Turonian (1999 Geologic
time scale, GSA).

Depositional age was obtained averaging 11 zircons of age between 95
and 89 Ma with Isoplot/Ex. The fact that 3 zircons are younger than 90 Ma

suggests that our depositional age for Punta Barrosa Formation is conservative.

POSSIBLE SEDIMENT SOURCES IN THE PATAGONIAN ANDES

Southern and eastern sources for Punta Barrosa sediments are precluded
by uniformly south to southeast-directed paleocurrent indicators in the Punta
Barrosa Formation (Wilson, 1991; Cortés, 1964). Subsurface data reveal a buried
platform blanketed by correlative marine mudstone sloping to the southwest on
the Argentinean side of the Magallanes basin (Biddle et al., 1986).

Potential sediment sources to the north and west in the Patagonian Andes
are not very well studied because of the complexity of the Andean belt and
partial cover by glacial ice. A Late Jurassic arc has been postulated by various
authors (Martin et al., 2001; Thompson et al., 2001; Hervé et al., 2000), but dating
and mapping of the plutonic igneous rocks of the southern Patagonian batholith
are incomplete. Possible Andean sources for Punta Barrosa detrital zircon
include: a pre-Late Jurassic metamorphic complex (Staines complex and Eastern
Andes metamorphic complex (EAMC)); a Jurassic rift-volcanic sequence

(Tobifera Formation); an Upper Jurassic ophiolitic suite (Sarmiento ophiolite);



and a Jurassic (?) to Tertiary batholith (Fig. 1B). The Staines complex south of
51°S and the EAMC north of 51°S (pre-Upper Jurassic to Upper Devonian;
Fatindez et al., 2002) are similar in composition but their correlation is uncertain.
The EAMC includes flysch-like rocks, metachert, greenstone, marble and
massive sandstone attributed to a passive margin setting (Fatindez et al., 2002).
The Staines Complex has been interpreted as a Gondwanide accretionary
assemblage near the Pacific margin, an arc, and cratonic material farther east
(Dalziel et al., 1987; Forsythe, 1982).

The Tobifera Formation unconformably overlies the metamorphic
basement. Predominant rock types of the Tobifera Formation are rhyolitic
ignimbrite, and rhyolitic or andesitic tuff and lava, but also include gravity-flow
deposits, dark shale, and pillow basalt probably deposited during the Middle(?)
to Late Jurassic (Wilson, 1991; Allen, 1982).

The Sarmiento complex is an incomplete ophiolite exposing almost 3000 m
of dominantly mafic rocks, including gabbro and plagiogranite, intruded and
overlain by sheeted dikes, which are in turn overlain by up to 2000 m of mafic
volcanic rocks (Allen, 1982). Sarmiento ophiolite was emplaced 137-143 Ma
(Stern et al., 1992). Both the Sarmiento complex and the Tobifera Formation are
apparently conformably overlain by the Zapata Formation.

The Southern Patagonian batholith (Late Jurassic to Tertiary) consists of a
number of plutons ranging from gabbro to granite, although mainly of calc-
alkaline tonalitic to granodioritic composition (Allen, 1982). Their age ranges
from 165 to 11 Ma, with a peak between 120 and 70 Ma (Bruce et al., 1991) (Fig.
2).

DISCUSSION

Detrital zircon provenance analysis helps to establish the age, identity,
and evolution of sediment source terranes, as well as constrain depositional
history. The age of the Punta Barrosa Formation, based on a sparse macrofossil
assemblage and on the ages of bracketing formations has long been taken to be

late Albian to Cenomanian (Wilson, 1991; Cortés, 1964). This age remains cited as



the age of the initial development of the foreland basin, and therefore, the age of
fold thrust-belt development (e.g., Prieto, 1994; Wilson, 1991).

Our new data show that the sand of the Punta Barrosa Formation reached
the deep-water basin no later than the Turonian (1999 Geologic time scale, GSA).
The new age, based on the youngest zircon grain populations from all the
samples, decreases the implied onset of the Magallanes foreland basin (Fig. 2). If
we assume that the depositional age of the Punta Barrosa coincided with the
unroofing of the plutons in the Patagonian Andean arc (or their volcanic cover),
uplift of this portion of the Andes occurred at least in the Turonian. Moreover,
this new age requires a revision of the chronostratigraphy of the Magallanes
basin including the Cenomanian-Campanian age of the overlying Cerro Toro
Formation.

Up section in the Punta Barrosa Formation, the major population of
detrital zircon grains is consistently Cretaceous, with an age range of 95 to 120
Ma for the lowermost sample (Pb-01-04) and broadens to 89 to 150 Ma for the
other samples (Fig. 3). This age range is not well represented in most recent
published ages of the Southern Patagonian Batholith (south of lat 47°S; e.g.,
Thompson et al., 2001; Martin et al., 2001), but it mimics reasonably well the
sparse published age frequency analyses (Bruce et al., 1991). Bruce et al. (1991)
mainly reported cooling ages of the batholith, rather than crystallization ages.
Martin et al. (2001) reported few new ages (U-Pb SHRIMP and U-Pb
conventional) for the 47° to 50°S lat. Thus, our data predict that a large suite of
Cretaceous intrusives, as yet mostly unsampled, exists within the Patagonian
batholith. Alternatively, Cretaceous batholiths may have been completely
eroded, and only Late Jurassic plutons now crop out in the eastern batholith. In
any event, Andean magmatic arc activity implied by our detrital zircon data
spanned an age range of 150 Ma to 90 Ma. The greater occurrence of zircon
grains from 110-120 Ma to 90-100 Ma might be related to enhanced arc activity
between 95 and 120 Ma or to a greater unroofing rate for the arc. For comparison,
plutonic age frequency reported from Bruce et al. (1991) was maximum between
120 and 70 Ma.

Whereas detrital zircon grains from the Zapata-Punta Barrosa transition

are relatively limited in age range, populations of zircon grains from the



overlying Punta Barrosa range from the Middle Proterozoic to early Turonian
(Fig. 3A). This broad detrital age spectrum likely indicates tectonic and
geomorphic evolution of the source terranes. The upper Zapata Formation
received sparse coarse sediments from the arc, but the overlying Punta Barrosa
reflects a more complicated source region, including a growing and uplifting of
the retro-arc thrust and fold belt, as well as an intensely eroding arc massif.
Zircon grains derived from Proterozoic, Paleozoic, and Triassic sources suggest
that the metamorphic complexes to the west and north of the depositional area
were exposed and eroded throughout Punta Barrosa deposition. In contrast, the
paucity of zircon grains in the known age range of the Tobifera Formation in the
study area (suggested 150-160 Ma, in Hervé et al., 2000; Middle to Late Jurassic
away from the study area, Pankhurst et al., 2000) suggest that this formation was
not exposed or eroded during Punta Barrosa deposition. This is consistent with
Zapata Formation blanketing Tobifera strata in all outcrops we visited. The
Proterozoic zircon grains encountered have been recycled from the metamorphic

complexes (Hervé et al., 2003).

SUMMARY

SHRIMP U/Pb dating of detrital zircon grains from the oldest strata in the
Magallanes foreland basin yields a new, more refined view of the sediment
source terranes of the basin and time constraints for its evolution. Punta Barrosa
Formation maximum depositional age is not older than 92 + 1 Ma. This advances
the onset of foreland basin deposition and the timing of compressional
orogenesis in the Andes to the Turonian. Our results indicate that a review of
Magallanes basin chronostratigraphy is warranted.

Detrital zircon populations consistently indicate an age between 90 and
120 Ma (broadening to 150 Ma for youngest Punta Barrosa samples) for a source
region that likely was the Andean magmatic arc. This confirms and refines age
control for the poorly studied southern Patagonian batholith. Detrital zircon age
distributions reflect multiple source terranes, including an unroofing arc and the

uplifting adjacent fold-thrust belt.
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Figure 1
A: Map of the study area showing outcrop distribution and sample locations
(black dots). JKt: Tobifera Formation; Kzp: Zapata Formation; Kpb: Punta
Barrosa Formation; Kuct: Cerro Toro Formation; Kutp: Tres Pasos Formation.
Area of sampling reported in this study is indicated. Modified from Wilson
(1991). B: Geologic map of the Patagonian Andes of southern Chile showing
possible sediment source terranes for the Punta Barrosa Formation. Selected

published intrusion ages of Patagonian batholith in millions of years are from

Thomson et al. (2001) in ellipses, and Martin et al. (2001) in boxes. Modified from

Thomson et al. (2001), Allen (1982), and Biddle et al. (1986).
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Figure 2
Summary diagram for basin transition from backarc (Rocas Verdes basin) to
foreland (Magallanes basin), tectonic setting of the Gondwana margin, and onset
of the Patagonian Andes. V2 and V3 are peak volcanic activity for Tobifera
Formation from Pankhurst et al. (2000). Arc plutonic peak activity from Bruce et
al. (1991).
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Figure 3
A: Detrital zircon data from the Punta Barrosa Formation. Age histograms show
total amount of concordant ages for each sample. All ages are 238U-206Pb.
Detrital zircon age data are plotted as histograms with superimposed probability
density distribution in Mesozoic ages blow up to represent the age measurement
and the associated uncertainty. B: Histograms and cumulative probability curve

of all the zircon grain encountered between the age 80 and 160 Ma.
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Figure 4
Simplified stratigraphy of the area of interest with tentative stratigraphic
position of the samples analyzed in this study. Ages for samples ST02-53, ST02-
49D, and ST02-49A are reported in Appendix A.
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CHAPTER 2:

PROVENANCE AND EVOLUTION OF THE EARLY MAGALLANES BASIN
WITH IMPLICATIONS FOR EARLY ANDEAN OROGENIC PULSES:
TRANSITION FROM ZAPATA FORMATION TO PUNTA BARROSA

FORMATION, SOUTHERNMOST ANDES, CHILE
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ABSTRACT

The Mesozoic evolution of the Andean Cordillera of southernmost
Patagonia is recorded in two formations that are now part of the Ultima
Esperanza fold-thrust belt: the Zapata Formation and the Punta Barrosa
Formation. Initiation of an extensional phase is recorded in rhyolitic flows
intercalated with marine shale and sediment gravity flow deposits of the Upper
Jurassic Tobifera Formation. Formation of oceanic crust and onset of the Rocas
Verdes basin capped the extensional phase. At present, part of the oceanic crust,
the Sarmiento ophiolite, crops out in the Cordillera Sarmiento. The dominantly
shaly Zapata Formation was deposited for 50-40 m.y. in this irregular basin that
was eventually rimmed by an Early Cretaceous arc to the west. In the Ultima
Esperanza region, the Zapata Formation is characterized by interbedded shale
and siltstone deposited in relatively deep-water, sourced initially from local
rocks (oceanic crust and Tobifera highs) and later from andesitic cover of the
juvenile arc. The scarcity of sandstone in the Zapata Formation suggests a highly
irregular basin partitioned by prominent horsts, with sand deposition confined
to sub-basins closer to the arc. Changes in depositional regimes and sediment
dispersal patterns related to the onset of Andean compression and formation of
the Magallanes foreland basin are recorded by sediment of the overlying Punta
Barrosa Formation. The Punta Barrosa Formation records the evolution of a
mature fold-thrust belt based on the multi-modal mineralogical and geochemical
character of its sandstone and shale. The presence of an arc is clearly indicated
but not predominant in sediment that reached the basin. Metamorphic terranes
recognized in the Andean Cordillera are significantly represented in sediment

that reached the basin during Punta Barrosa deposition.
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INTRODUCTION

The Mesozoic evolution of the early Patagonian and Fuegian Andes
presents uncertainties due to fold-and-thrust belt complexities, rugged terrain,
and the inaccessibility of many glaciated areas (Fig. 1). Basin evolution in this
area has been linked to the late Mesozoic-Cenozoic Andean orogenic cycle
(Wilson, 1991). The prevailing view holds that during the Mesozoic the
southernmost Andean orogen was characterized by an extensional backarc basin
that was succeeded by a contractional foreland basin (Wilson, 1991). The
extensional stage, which has been related to crustal anatexis during the initial
break up of Gondawana (Bruhn et al., 1978; Gust et al., 1985, Punkhurst et al.,
2000), involved all of southern South America and portions of Antarctica.
Extension began in the Late Jurassic with the formation of a series of horsts and
grabens and eventually resulted in a basin floored with oceanic crust. Wilson
(1991) inferred that most of the sediment reaching the Late Jurassic-Early
Cretaceous Rocas Verdes backarc basin (terminology of Dalziel et al., 1974),
represented in its late stage by the deposition of the Zapata Formation (Wilson,
1991, 1983), derived from cratonic sources to the east and northeast. This scenario
would place the Zapata Formation on the west-facing slope of the Rocas Verdes
basin (Wilson, 1991; Suarez and Pettigrew, 1979).

The onset of Andean compressional orogenesis and creation of the
Magallanes foreland basin (Fig. 1) is marked by an influx of deep-marine
turbidites of the Punta Barrosa Formation (Hervé et al., 2000; Wilson, 1991;
Natland et al., 1974), constrained to the Late Cretaceous by detrital zircon grains
(Fildani et al., 2003). The Punta Barrosa Formation and the Zapata Formation
crop out in the Ultima Esperanza region (Figs. 2 and 3), and are the key to
understand the transition from the late extensional stage (Rocas Verdes basin) to
the early compressional stage (Magallanes foreland basin) in the arc region (Fig.
4). During this time, the foreland basin was a narrow foredeep trough bounded
by a gently sloping foreland ramp onto the craton to the east (Biddle et al., 1986).
This geometry was caused by flexural subsidence of the thermally weakened and
formerly backarc basin crust beneath the load of the partially obducted Rocas

Verdes basin floor, which now crops out west of the area of interest (Sarmiento
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ophiolite complex exposed on the Cordillera Sarmiento, Fig.3) (Herve et al., 2000;
Wilson, 1991; Allen, 1982). A calc-alkalic arc related to subduction along the
South American margin was probably active (intermittently) from 151 to 13 Ma
(Thomson et al., 2001; Martin et al., 2001). Sediment derived from the arc is not
evident in the basin until deposition of the Punta Barrosa Formation (Wilson,
1991), but the presence of an arc can be inferred from detrital zircon analyses
(Fildani et al., 2003) and geochemical modeling described in this paper.

Although existing models provide insights into the Mesozoic evolution of
the southern Andean Cordillera, important questions remain concerning the
change from an extensional to compressional tectonic regime. What is the
significance of the Zapata Formation? How does it relate to the Sarmiento
Ophiolite and the Punta Barrosa Formation? Does the Punta Barrosa reflect arc-
derived sedimentation or was it derived from a more complicated fold-thrust
belt system?

Foreland basin deposits have successfully been used to provide a
regionally integrated signature of orogenic timing (e.g., Jordan et al., 1988). The
complication and challenge in the southernmost Andes lies in the interplay of
two superposed, highly contrasting basin settings. To document the transition
from rift to foreland, we combine a detailed provenance approach with field-
based sedimentological analysis of depositional styles represented by the Zapata
and Punta Barrosa formations. Our results significantly modify former
interpretations of the Magallanes basin, thus changing our understanding of the

Mesozoic evolution of the region.
EARLY EVOLUTION OF THE MAGALLANES BASIN

Previous studies of regional geology and tectonic evolution

The evolution of the Magallanes basin is intrinsically related to the
Jurassic evolution of the Gondwana margin. The Mesozoic-Cenozoic orogenic
cycle in the southernmost Andes began in the Middle to Late Jurassic with an
extensional phase throughout all of southernmost South America (Gust et al.,
1985; Pankhurst et al., 2000). This regional extensional event has been related to

crustal anatexis during the initial break up of Gondwana (Bruhn et al. 1978; Gust

23



et al., 1985), and culminated with the deposition of the Tobifera and Quemado
volcanic sequences in southern Patagonia (Gust et al., 1985, Pankhurst et al.,
2000). The crystalline basement has been heavily tectonized and deformed, and
varies compositionally from east to west. Workers tend to identify two major
rock assemblages/collages that are probably in contact in an area covered by the
Patagonian ice sheet: the Staines Complex and the Eastern Andes Metamorphic
Complex (Fig. 5). The Staines Complex south of 51° S and the Eastern Andes
Metamorphic Complex north of 51° S (pre-Upper Jurassic? to Upper Devonian?;
Faundez et. al., 2002) seem to be contiguous across a narrow fringe west of the
south Patagonian icecap (Fuendez et al., 2002). Both complexes consist of
polyphase deformed metasandstone, slate, metachert, schist and bimodal
volcanic rocks. The Eastern Andes Metamorphic Complex includes flysch-like
rocks, metachert, greenstone, marble, and massive sandstone thought to have
been deposited in a passive margin setting (Hervé et al., 1998). The Staines
Complex has been interpreted as a Gondwanide accretionary assemblage near
the Pacific margin, an arc, and cratonic material further east (Forsythe, 1982;
Dalziel et al., 1987).

In the latest Jurassic and Early Cretaceous, the Rocas Verdes backarc basin
opened near the Pacific margin of southern South America (Suarez, 1979; Dalziel,
1981) as a culmination of continuous extension since the Middle Jurassic
(Pankhurst et al., 2000). The dominantly mafic Rocas Verdes igneous complex,
exposed largely in the Cordillera Sarmiento, has been interpreted as the uplifted,
but autochthonous, igneous floor of this basin (Figs. 3 and 5) (Allen, 1982). The
mafic event that followed the widespread eruption of the silicic melts of the
Tobifera Formation was still accompanied by extension but apparently with a
different structural style (Allen, 1983). The extensional phase of the Tobifera
Formation was accompanied by normal faulting and contemporaneous block
rotation possibly related to listric normal faulting (Allen, 1983). The mechanism
of emplacement of the Sarmiento complex switched from block rotation (evident
in the Tobifera) to mafic dike injection (the sheeted dike unit of the Sarmiento
ophiolite) (Allen, 1983). The extensional phase lasted almost 35 m.y. with at least
three peaks of volcanic activity and the eventual emplacement of the Rocas

Verdes oceanic floor (volcanic episodes of V1, V2 and V3 of Pankhurst et al.,
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2000). The pattern of volcanism has been attributed to migration in space and
time from east to west towards the proto-Pacific margin of Gondwana during
rifting and break-up (Pankhurst et al., 2000). Across southwest South America,
volcanoclastic formations such as El Quemado, Ibafiez and Tobifera are
considered equivalent and related to the same extensional event (Pankhurst et
al., 2000).

Geochemical studies of mafic rocks from the Sarmiento ophiolite and
other Rocas Verdes sequences to the south of the area of interest (Tortuga
ophiolite and South Georgia complex; Fig. 1) indicate close similarities with
ocean ridge basalt (Stern, 1980; Alabaster and Storey, 1990), but have been
interpreted in various ways. Many authors believe that the Rocas Verdes opened
up in a backarc supra-subduction-zone regime, and as it widened its mafic rocks
became more oceanic in character south of the Sarmiento complex basalt (Stern,
1980; De Wit and Stern, 1981). An older age of 150 + 1 Ma has been obtained on
rocks from the southern portion of the Rocas Verdes basin, now exposed on
South Georgia Island (Mukasa and Dalziel, 1996), compared to 141-137 Ma ages
obtained in the northern portion (Stern et. al, 1992). This age distribution
suggests that the basin might have opened from south to north. Alabaster and
Storey (1990) reported chemical data suggesting that the Rocas Verdes basin did
not develop in a backarc supra-subduction zone, but rather in an oblique-slip
margin like the Gulf of California. This interpretation implies a basin formed as a
result of ridge-trench collision. The migration of a ridge-trench-transform fault
triple junction formed a growing transform boundary, and subduction resumed
only later along this margin, resulting in basin inversion and uplift. Evidence
against this model was advanced by Stern et al. (1992), in the form of I-type
plutons in the southern Patagonian batholith south and west of the Rocas Verdes
ophiolite belt, in the age range of 151-138 Ma, contemporaneous with the mafic
igneous activity that formed the ophiolite (Halpern, 1973; Bruce et al., 1991). The
presence of plutons coeval with the ophiolite seems to confirm the suggestion by
Dalziel et al. (1974) that a backarc basin opened in this position. Nevertheless, the
low number of plutons dated and the technique used (Ar/Ar on biotite,
muscovite, and hornblende) leave open the possibility for alternate

interpretations of the Rocas Verdes basin. On the other hand, the Alabaster and
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Storey (1990) model seems to better explain the northward narrowing of the
basin (de Wit, 1977).

Nevertheless, the shape and evolution of the Rocas Verdes backarc basin
remain unclear. Part of this basin was filled with Upper Jurassic and Lower
Cretaceous volcaniclastic turbidites, mainly derived from a western arc (Suarez
and Pettigrew, 1976; Winn and Dott, 1979). These volcaniclastic turbidites are
represented by the Yahgan Formation in Tierra del Fuego (Kranck, 1932, Suarez
and Pettigrew, 1976), south of the Ultima Esperanza District (Fig. 1). The >3000 m
thick Yahgan Formation is an alternating sequence of quartz-poor volcaniclastic
turbidites and shale with intercalated chert and intermediate pyroclastic rocks
(Kranck, 1932; Katz and Watters, 1966). This formation has not been described at
the latitude of our study area; Suarez and Pettigrew (1976) speculated that this
formation has lateral facies variation and that the Yahgan Formation to the north
(our study area) might be more shale-prone. Where present, the Yahgan
Formation sits on top of the mafic igneous Tortuga Complex. The patchy
distribution of ophiolite outcrops might also mean that the basin was largely
irregular and may have been rimmed to the west by a discontinuous arc.

The change from extension to compression is postulated to have occurred
in the mid-Cretaceous, when arc/craton convergence resulted in partial
obduction of the ophiolitic basin floor onto the craton margin (Dalziel, 1986;
Dalziel and Brown, 1989). Compression produced a retroarc fold-thrust belt
along the eastern margin of the Cordillera from the Late Cretaceous to the
Neogene (Wilson, 1983). Recent ages from detrital zircon grains pinpoint the
initiation of the fold-thrust belt to the Late Cretaceous (Turonian; Fildani et al.,
2003) (Fig. 4). The Mesozoic foredeep was incorporated into the fold-thrust belt
by the Neogene (Wilson, 1991) (Fig. 2), and shortening related to the fold and
thrust belt has been estimated at >110 km (Kraemer, 1998).

The apparently continuous depositional record of the Rocas
Verdes/Magallanes basin consists of the Tobifera and Zapata formations in the
Rocas Verdes basin and by the Punta Barrosa, Cerro Toro, Tres Pasos and
Dorotea formations in the Magallanes basin (Fig. 4). The key formation reflecting
the initiation of the foreland basin with deep-water sedimentation is the Punta

Barrosa Formation, which conformably overlies the Zapata Formation. Whereas
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the Zapata Formation was deposited in the thermally subsiding Rocas Verdes
basin in a shallow to deep-marine environment (Wilson, 1991; Cortes, 1964), the
Punta Barrosa Formation is the first deep-water formation of the Magallanes
basin (Wilson, 1991; Natland et al., 1974). The overlying Cerro Toro Formation is
a thick deep-water mudstone sequence with interbedded sandstone and
conglomerate. Biostratigraphy of the Cerro Toro suggests it is the deepest deep-
water stage in the Magallanes basin (> 2,000m; Natland et al., 1974). The deep-
water phase, related to loading of the rising cordillera and enhanced by sediment
thickening in the foreland basin, lasted until the deposition of the upward
shoaling Tres Pasos Formation that eventually filled the basin with shallow
marine sediments (Maastrichtian; Wilson 1991). Propagation of the foredeep to
the east is shown by continuous eastward migration of the basin depocenter
from Late Cretaceous to Neogene, with the eastern side of the basin
characterized by shale deposited in a shallow-marine environment (Biddle et al.,
1986).

A study based on subsurface data from the Magallanes basin (Biddle et al.,
1986) revealed some discordances in ages and depositional systems between the
evolution of central and eastern Magallanes and western basin outcrops. The
Tobifera Formation, present throughout the Magallanes area, was deposited in a
marine environment in the Ultima Esperanza district (Wilson, 1991), indicating a
marine transgression that characterized the early Rocas Verdes basin. Subsurface
presence of a transgressive quartzose sandstone (Upper Jurassic Springhill
Formation) overlying the Tobifera Formation on the eastern side of the basin
suggests a basin that is deepening and extending (Dott et al., 1982). The
Springhill Formation is described as a quartz arenite formed by erosion and
reworking of felsic volcanic rocks (Dott et al. 1982), probably derived from local
Tobifera outcrops. This formation seems to be composed of three backstepping
members with individual prograding packages (Biddle et al., 1986), capped by a
dark-grey shale with glauconite (Lower Inoceramus Formation; Flores et al.,
1973). This sequence may represent continuous subsidence that caused the shelf
to move eastward, widening the basin and allowing the deposition of a thick

shaly section to the east. The Lower Inoceramus Formation is capped by another
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thick sequence of shale considered equivalent to the Punta Barrosa Formation
(Lutitas Grises-Verdosas; Biddle et al., 1986).

Previous petrographic studies by Dott et al. (1982) suggest that the
primary source area for the Punta Barrosa sandstone was a calc-alkalic
magmatic-arc terrane, based on an abundance of intermediate-composition
volcanic rock fragments. These studies compared sandstone framework analyses
from younger formations (Cerro Toro and Tres Pasos formations) or formations
cropping out to the south (Yaghan Formation) and included only a few samples
from the Punta Barrosa Formation (Dott et al., 1982; Smith, 1977). The authors
described a major change in the mid-Cretaceous from an eastern source area that
supplied silicic volcanic detritus to the Zapata slope from the Argentinean
craton, to a western source along the Pacific margin of the continent (Wilson,
1991). This reversal in sediment source was interpreted as reflecting rapid
construction of the magmatic arc and initial orogenic deformation and uplift in
the main cordillera of the Andes (Dalziel et al., 1974; Dott et al., 1982).

METHODS

Field observations are integrated with mineralogical and geochemical data
in this paper to constrain the provenance and Early Cretaceous tectonic evolution
of the late Rocas Verdes basin and early Magallanes basin. Although access is
difficult in the Ultima Esperanza region, a series of outcrops of Lower Cretaceous
deep-water rocks were visited for sampling and measurement of stratigraphic
sections (Fig. 2).

Petrographic and geochemical data from Punta Barrosa and Zapata
sandstone and shale are used for two main purposes: (1) to describe their
composition, and (2) to define possible sources for the two formations. Medium-
grained sandstone units were sampled in each outcrop area to obtain the largest
possible representation of source terranes. Modal composition for each of 26
Punta Barrosa sandstone samples was determined using the Gazzi-Dickinson
point counting method (Ingersoll et al., 1984) (Table 1). Five hundred total points
were counted on each thin section, then normalized to modal parameters and

plotted on ternary diagrams using the provenance field designations of
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Dickinson (1985). To avoid operator bias, thin sections were counted by one
operator (A. Fildani) without prior knowledge of the sample location.
Furthermore, to complement petrographic data, six sandstone samples from the
Punta Barrosa Formation were analyzed geochemically by the Washington State
University GeoAnalytical Laboratory for major, trace, and rare-earth elements.

The Zapata Formation does not contain medium-grained sandstone in the
locations visited, and for this reason shale geochemistry was used as a primary
provenance indicator for both the Zapata and the Punta Barrosa formations.
Nine shale samples from the Zapata Formation and eleven shale samples from
the Punta Barrosa Formation were analyzed for major, trace, and rare-earth
elements (Tables 2 and 3). For comparison, possible source terranes were
sampled in the field and analyzed for major-, trace-, and rare-earth elements. To
complement our data set, data from the literature were synthesized for the
Andean units (Tables 2, 3, and 4). Eventually, to quantify the proportions of rock
types contributing to REE composition of both the Zapata and Punta Barrosa
shale, a least-squares-mean (LSM) analysis was performed (cf. Fedo et al., 1996)
(Tables 5 and 6).

Rb-Sr and Sm-Nd isotope analyses of seven selected samples of Zapata
Formation were performed in the Centro de Pesquisas Geocronoldgicas of the
Universidade de Sdo Paulo. Rb and Sr contents were determined by X-ray
fluorescence spectrometry, and ¥Sr/*Sr ratios measured by thermal ionization
mass-spectrometry, corrected for mass fractionation to **Sr/%Sr = 0.1194
normalization (Table 7). Sm and Nd (and other lanthanides) were chemically
separated. The Sm and Nd concentrations were obtained by isotopic dilution
using a mixed *Sm and ’Nd tracer. The isotopic ratios were calculated relative
to *Nd/*Nd = 0.7219 (Table 7). All radiogenic isotopes analyses were
performed using a VG 354 Micromass spectrometer. Microprobe analyses were

performed on an electron microprobe JEOL 733 at Stanford University.
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POTENTIAL SOURCE TERRANES FOR ZAPATA FORMATION AND
PUNTA BARROSA FORMATION

Detritus composing the Zapata and Punta Barrosa formations should
reflect the composition of available source terranes at the time of deposition.
Conversely, the sedimentary basin infill may be the only means to reconstruct
terranes involved in the Andean orogeny that are no longer exposed.

The Zapata Formation was previously interpreted as derived from eastern
cratonic sources, based on paleoslope indicators within slumped intervals
(Wilson, 1991). However, the Rocas Verdes basin configuration is not well
understood and possible Zapata sources are not easily identifiable. Geochemical
data presented in this paper strongly suggest that cratonic sources did not feed
the Zapata Formation, opening a series of new source candidates in the nearby
Andean belt.

Sediment sources for Punta Barrosa strata are constrained by paleocurrent
patterns. Southern and eastern sources are precluded by uniformly south to
south-east directed paleocurrent indicators in the Punta Barrosa Formation
(Wilson, 1991; Natland et al., 1974; Cortes, 1964). Data collected during our
fieldwork confirmed a dominant south to south-east trend in the paleocurrent
directions; a north-south component well represented by grooves and the
southeastern component present and represented by well-preserved flutes (Fig.
2). Subsurface data indicate a buried mud-draped platform gently sloping to the
southwest on the Argentinean side of the Magallanes basin (Fig. 1; Biddle et al.,
1986). The Punta Barrosa foredeep depocenter was likely even more isolated
from eastern sediment sources by the presence of a forebulge (cf. DeCelles and
Giles, 1996). Thus, potential sediment sources for the Punta Barrosa Formation
must lie in the Andean belt north and west of the Magallanes basin.

Four main tectono-stratigraphic units, all possible source terrane
candidates for the Zapata and Punta Barrosa formations, characterize this
portion of the Patagonian Andes (Fig. 5). The basement consists of the

metamorphic Staines Complex (pre-Upper Jurassic) and the Eastern Andean
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Metamorphic Complex to the north. The metamorphic complexes are
unconformably overlain by the volcanic Tobifera Formation and equivalent
formations (Middle (?) to Upper Jurassic) composed of silicic volcanic and
volcaniclastic rocks. Depending on the locality, the Tobifera Formation is
conformably overlain by either mafic volcanic rocks of the Sarmiento Complex
(Allen, 1982) or by shale of the Zapata Formation.

Metamorphic Complexes

The Staines Complex south of 51° S and the Eastern Andean Metamorphic
Complex north of 51° S (Upper Devonian to pre-Upper Jurassic; Faundez et. al.,
2002) are similar in composition (Fig. 5).

The Staines Complex was visited during our fieldwork. The type locality
is Staines Island (Forsythe and Allen, 1980; Fig. 3). The complex is largely
exposed west of the Cordillera Sarmiento and is intruded to the west by the
Patagonian Batholith (Fig. 3). The plutons of the batholith show clear intrusive
contacts, with truncation of basement structures and the development of contact
metamorphism. The predominant lithology of the metamorphic complexes is a
sequence of alternating metasandstone, siltstone, and mudstone (and marble to
the north). Forsythe and Allen (1980) described this sequence as a flysch. Where
the metamorphism is very low grade, the preserved bedding shows grading, and
thin sections from these beds show preserved grains of quartz, feldspar, and
lithic fragments (Allen, 1982).

Tobifera Formation

The Tobifera Formation encompasses the rock assemblages related to the
widespread extensional regime that anticipated the break up of Gondwana
starting in the Middle Jurassic (Allen, 1982; Wilson, 1991; Pankhurst et al., 2000;
Hervé et al., 2000). In the Ultima Esperanza district, the Tobifera Formation was
deposited in a submarine environment (Wilson, 1991). Predominant rock types
are rhyolitic ignimbrite, and rhyolitic or andesitic tuff and lava, but also
sediment gravity flow deposits, dark shale, and a few pillow basalt layers
(observed on the Staines Island, Fig. 3). Figure 6A shows metamorphosed

rhyolitic flows in the upper Tobifera (close to the Zapata transition).
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A complete section of the Tobifera Formation was described west of the
area of study (Allen, 1982), where it sits with angular unconformity on the
metamorphic basement (Staines Complex; Allen, 1982) and is capped by the
Zapata Formation. A transition zone of a few meters to a few tens of meter
thickness usually marks the contact between Zapata and Tobifera formations.
The section visited in Fiordo Encuentro (Fig 3) is deformed and partly
inaccessible, but we estimate it to be at least 1000 meters thick (Allen, 1982). The
Tobifera Formation presents different characteristics and facies in different
locations, making generalizations very difficult. Hervé et al. (2000) indicated an
age of about 160-150 Ma for this formation. We sampled two rhyolitic flow
deposits and dated them as Late Jurassic (this thesis, Appendix A). The foliated
Tobifera at Fiordo Peel has white mica with around quartz phenocrysts that
indicate ca. 3 kb for that deformation (Hervé, written communication, 2003). The

rocks are very rich in K-feldspar (Hervé, written communication, 2003).

Sarmiento Complex (Sarmiento Ophiolite)

The Sarmiento Complex is part of the belt described by many Chilean
geologists as the “Rocas Verdes” (Katz, 1963). It is the largest and northernmost
segment of a discontinuous belt of mafic rocks that extends from 51°S to 56°S
(Fig. 1). The best-documented outcrops of this belt are the Tortuga Complex
(Suarez, 1979; Fig. 1) and the Sarmiento Complex (Saunders et al., 1979). The
Sarmiento Complex is exposed in a fault-bounded block 125 km in the N-S
direction and 20 km in the E-W direction in the Cordillera Sarmiento (Fig. 3). To
the north the complex is covered by the Patagonian icecap, and Cenozoic
volcanic rocks cover it to the south. The stratigraphy consists of >1 km gabbro, a
sheeted dike complex that is overlain by a 2-km-thick extrusive unit of pillow
lava, pillow breccia and tuff (Fig. 6) (Saunders et al., 1979; Allen, 1982).
Leucocratic plutonic rocks are also present (>10%; Allen, 1982). This “green belt”
is the main evidence for a mid Mesozoic marginal basin in the southern Andes
(Dalziel et al., 1974). U/Pb dating of zircon in plagiogranite Fiordos Lolos and
Encuentros by Stern et al. (1992) suggests an age of 141-137 Ma for this possible

oceanic floor (Fig. 3). This age loosely agrees with the work of Fuenzalida and
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Covacevich (1988), who used biostratigraphy to establish a minimum age of late
Tithonian, or 145 + 5 Ma. Rocks of the Tobifera Formation are found extensively
throughout much of the Sarmiento Complex, occurring as xenoliths and locally
intercalated with the mafic volcanics along the margins of the complex (Allen,
1983).

Patagonian Batholith

A Late Jurassic Andean arc has been assumed by various authors (Martin
et al., 2001; Thompson et al., 2001; Hervé et al., 2000), but dating and mapping of
batholiths are still incomplete (Fig. 5). Even though a few batholiths have been
dated as Late Jurassic, the existence of a well-developed arc before the Early
Cretaceous is unclear (Fildani et al., 2003). In addition, intensive glacial erosion
has removed a large part of the Patagonian batholith and the fold-thrust belt. The
Patagonian batholith (Late Jurassic? to Tertiary) consists of a number of calc-
alkaline plutons ranging in composition from gabbro and diorite to granite;
tonalite and granodiorite are volumetrically the most important rock type (Stern
and Stroup, 1982). The Patagonian batholith originated from subduction-related
igneous processes, and its average composition is comparable to that of average
circum-Pacific andesite (Allen, 1982; Stern and Stroup, 1982). Plutonic rocks
range in age from 166 to 11 Ma, with a peak between 120 to 70 Ma (Bruce et al.,
1991). The radiometric age of 166 Ma for a pluton located near latitude 47°S
(Skarmeta, 1978) suggests that in some areas plutonism along Pacific continental
margin was contemporaneous with felsic volcanism of the Tobifera Formation or

its equivalent.

PUNTA BARROSA AND ZAPATA FORMATIONS: MAJOR TECTONIC
TRANSITION IN THE PATAGONIAN ANDES

The Punta Barrosa and Zapata formations were targeted by this study to
better understand the early evolution of the Magallanes foreland basin, and
consequently, the evolution of the early Patagonian Andes. These two formations

have been identified and described by previous workers as the strata deposited
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across a transition between two different tectonic settings: the backarc Rocas
Verde basin and the foreland Magallanes basin (Wilson, 1991; Suarez and
Pettigrew, 1976). Thus, this study focuses on their provenance for two reasons:
(1) the current model (e.g., Wilson, 1991; Suarez and Pettigrew, 1976) suggests an
eastern cratonic (felsic) source for the Zapata Formation and an arc related
(andesitic) source for the Punta Barrosa, and (2) significant differences in
composition should be evident, given such contrasting tectonic settings. To
evaluate these possible differences, the Zapata and Punta Barrosa formations
were visited in different locations and characterized for their depositional styles
(Fig. 7).

Zapata Formation

The Zapata Formation, called “Erezcano Formation” by Cecioni (1957) but
renamed Zapata Formation by Katz (1963), was deposited as a thick drape of
fine-grained sediments in a very low-energy environment over 50-40 m.y.
(Tithonian to Cenomanian) (Fig. 4). An ammonite identified as a probable late
Tithonian species (Beatriz Aguirre-Urreta, written communication to F. Hervé,
2002) was found during our last field season (December 2002) a few meters
above the contact between Sarmiento Ophiolite and the Zapata Formation in the
north Peninsula Taraba (Fig. 3), thus confirming the age of the basal part of the
formation (Cortez, 1964). Amphibole in intrusions from the Poca Esperanza area
SW of Puerto Natales yielded an age of 104 £ 3 Ma (K/Ar) for the Upper Zapata
(Erezcano Superior of Fuenzalida and Covachevich, 1988). Recent U-Pb dating of
detrital zircon grains constrain the onset of the Punta Barrosa Formation to 92+1
Ma (Fildani et al., 2003).

We visited and sampled outcrops of the Zapata Formation from the
eastern outcrops of Seno Ultima Esperanza (Fig. 2) to the Peninsula Taraba and
western fjords (Fig. 3). The Zapata Formation maintains its uniform composition
as thin-bedded (20-50 cm) dark shale from west to east, with bedding laterally
continuous even where the formation is tectonized (Fig. 8A and B). The Zapata
Formation sits directly on pillow basalt of the Sarmiento Ophiolite in the
Peninsula Taraba (Fig. 6C), and it is transitional where it overlies the Tobifera

Formation (Fig. 3). Sandstone beds are rare, although occasional siltstone layers
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or very fine sandstone beds (0.5-5 cm), and limestone beds occur in different
locations. Black mudstone with disseminated pyrite throughout the entire
formation indicates a persistent, at least partially anoxic depositional
environment (Boesen and Postma, 1988). Slumped intervals, 2-5 meters thick,
and debris flow layers are present locally in the upper part of the formation on
Cerro Ferrier (Fig. 2). Unfortunately, isoclinal folds related to these slumped beds
were unsuitable as paleoslope indicators. From literature and field observations,
we estimate that the Zapata Formation is generally between 1000 to 1200 meters
thick (cf. Cortes, 1964) with a minimum thickness of 630 meters in the type
location (Fig. 7A; Wilson, 1991). Allen (1982) described a more sand-prone
Zapata Formation in the western side of the Rocas Verdes basin, but we were
only able to locate a few thin fine-sandstone layers (3-5 cm) at the entrance to
Fiordo Encuentro (samples location 11/24-1; Fig. 3). Because the Peninsula
Taraba outcrops are mapped as the westernmost outcrop of the Zapata
Formation, it seems likely that sandstone is lacking or uncommon at this latitude
(51° - 52° S). The Upper Jurassic-Lower Cretaceous volcaniclastic sandstone
described by Allen (1982) and Suarez and Pettigrew (1976) was used as evidence
for an arc-island system, but it seems to be confined to areas south of the Ultima
Esperanza region. The lower Zapata Formation does not provide paleocurrent

information.

Zapata-Punta Barrosa Transition

The Zapata Formation is capped by the Punta Barrosa Formation in the
Seno Ultima Esperanza and in the Cerro Ferrier area, where we were able to
measure and describe the transition between these two formations (Fig. 2). The
contact between the Zapata and the Punta Barrosa formations was first described
as an abrupt appearance of medium to fine-grained turbidites that range from
30-120 cm in thickness (Wilson, 1991). Our observations indicate that the
transition from Zapata to Punta Barrosa is more subtle than previously described
(Wilson, 1991; Katz, 1963; Cecioni, 1957), and that within a ~150 m thick
transition zone, the boundary cannot be placed precisely (Fig. 8C). In the upper

portion of the Zapata Formation in the Cerro Ferrier area, we confirmed the
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presence of slumped intervals in the form of contorted slump features and mud-
flow deposits with mud clasts (Fig. 7B). Toward the top of the section, fine-to-
medium sandstone layers, interpreted as thin-bedded turbidites, are present
within the mudstone (Fig. 7B).

The upper portion of the Zapata Formation is transitional to the Punta
Barrosa Formation, and the first fine-medium sandstone of the uppermost
Zapata is the likely prelude to changes in basin sediment sources. Detrital zircon
ages from a fine sandstone bed located in the Zapata/Punta Barrosa transition
yield a depositional age not older than 95 + 2 Ma (Fildani et al., 2003). The same
data set shows a clear signal of an Early Cretaceous source that was probably the
Patagonian arc. Because of the occurrence of sandstone beds in the upper Zapata,

we assume that the compressional stage in the basin started at least by this time.

Punta Barrosa Formation

The Punta Barrosa Formation is dominated by sandstone, although
mudstone and shale are not uncommon. The underlying Zapata Formation
shows an increasing influx of sand across the transition, but the appearance of
the Punta Barrosa Formation is marked by the sudden occurrence of thicker, 40
to 150 cm thick, medium- to (rarely) coarse-grained sandstone beds on Cerro
Ferrier (Figs. 7C and 8C). The upper Punta Barrosa includes medium- to coarse-
grained amalgamated sandstone beds, 1 to 1.5 m thick (Figs. 8D and 9). The beds
are typical turbidites with normal grading to amalgamated thick sandstone beds
(Lowe, 1982) (Fig. 10). The biostratigraphic assemblages suggest a bathyal depth
of 1,000-2,000 meters (Peninsulian Stage from Natland et al., 1974)

Bedding in the Punta Barrosa Formation changes from bottom to top
(Figs. 7C, 9, and 10). No continuous section of the formation was measured
because of extensive thrusting and deformation, but bedding style was described
and documented in different locations (Fig. 2). The lower Punta Barrosa is
characterized by packets of thin-bedded turbidites and mudstone with bed
thickness ranging from few centimeters to few tens of centimeters (and rarely to
a meter or more) (Fig. 7C). The upper Punta Barrosa Formation, less extensively

tectonized, features the occurrence of slurry-flow beds (cf. Lowe and Guy, 2000:
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Fig. 10C) concentrated in discrete packets alternating with thin-bedded fine-
grained turbidites (Figs. 9, and 10D).

A “thin-skinned” model with a décollement surface in the Lower
Cretaceous shale, postulated to be in the Zapata Formation, fits very well the

Punta Barrosa setting (Winslow, 1981).
PROVENANCE DATA

Sandstone petrography of the Punta Barrosa Formation

Punta Barrosa sandstone beds were sampled across the stratigraphic and
areal extent of the Ultima Esperanza region for framework grain analysis and
provenance study. The Zapata Formation did not yield any medium-grained
sandstone for similar analysis.

Punta Barrosa sandstone is silty to clay rich with 15 to 27% matrix,
averaging about 20%. Matrix observed with the optical microscope seems to be
mostly detrital and is composed mainly of chlorite with muscovite and
occasional biotite. Framework sand grains include common angular quartz and
plagioclase (often altered), as well as large, rounded clasts of chert. Potassium
feldspar is very rare; Cortez (1964) described the Punta Barrosa sandstone as
plagioclase-rich sandstone and also noted the paucity of potassium feldspar.
Possible ophiolitic clasts have been described in the Punta Barrosa Formation
(Dalziel, 1986; Dalziel and Brown, 1989), but our study showed only the presence
of a very few possible “mafic” clasts.

The muddy matrix and extensive calcite replacement of grains, especially
plagioclase, make identification of lithic grains and plagioclase difficult. Lithics
grains represent mainly volcanic and metamorphic rocks; only few plutonic lithic
grains were observed (~5% of lithics; Table 1). The volcanic clasts can be
subdivided in two main groups, an intermediate-composition group (70%),
probably andesitic, and a more felsic one (30%) based on their texture (cf.
Marsaglia and Ingersoll, 1992). Whereas the intermediate-composition grains
show microlitic texture, the felsic grains, where they are not recrystallized, are
composed of very fine crystals of quartz. The very distinctive dark color of the

Punta Barrosa sandstone is related more to the high chlorite content of the matrix
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than to the dominance of mafic lithic grains. This does not, however, rule out a
significant mafic volcanic component in Punta Barrosa sandstone.

Clasts of metamorphic rocks, between 5 and 15%, tend to be coarse-
grained and rounded and include polycrystalline to microcrystalline quartz with
muscovite and commonly polycrystalline strained quartz. They are sparse in the
lower Punta Barrosa but they became more common higher in the section (Table
1).

The modal results have been normalized for comparative petrography
and displayed on ternary QFL diagrams. These show that samples of Punta
Barrosa Formation sandstone plot mostly in the recycled orogenic field (~80%)
with a few samples (~20%) in arc-related fields of Dickinson (1985) (Fig. 11A). A
QmFLt ternary diagram shows a clearer arc signal with a recycled /mixed source
still evident (Fig. 11B).

Electron microscopy was used to determine if the low percentage of
potassium feldspar grains was related to source composition rather than to
alteration. Furthermore, considering the ubiquity of plagioclase, which generally
is more easily altered during sedimentary and post-depositional processes
(James et al., 1981), it was important to determine the exact composition of
plagioclase grains. Samples were taken from five localities selected to avoid
zones of major tectonic complications.

Albite was the only plagioclase encountered. The interstitial matrix is
largely chlorite with some biotite and rare small potassium feldspar grains.
Calcite replaced part of the matrix in one sample. We cannot exclude that some
of the chlorite was primary, but biotite seems to be the source of the chlorite as
indicated by few intact biotite grains altered to chlorite on their edges. One
sample (2/15-2) had the mineral association albite-epidote-chlorite with sphene
and potassium feldspar present only in the interstitial material, an indication that
part of Punta Barrosa Formation underwent greenschist metamorphism (Frey,
1987). The remaining four samples show a consistent presence of albite and
interstitial chlorite confirming that Punta Barrosa was affected at most by low-
grade metamorphism. Small K-feldspars grains are present but not numerous in

the matrix, while few larger grains are still countable.
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Geochemical Signature of Zapata and Punta Barrosa Shale

Shale, compared to sandstone, is thought to represent a more homogenous
mix of eroded source rocks (Cullers et al., 1993; McLennan, 1989; McLennan et
al., 1993). The mineralogical and geochemical character of shale is therefore
closely associated with that of its source terrane, if not too widely dispersed.
Mineralogical analysis of shale might yield some information about its source,
but because of grain size constraints, provenance from shale is best determined
by geochemical methods. The best provenance indicators are high field-strength
(high ionic charge/radius ratio), immobile trace elements such as Th and Sc and
other relatively immobile elements that have strong affinities for either mafic (Ti,
Cr) or felsic (Zr) end-member rocks (Hessler, 2001; McLennan, 1989). In
addition, rare-earth elements (REE) have long been considered appropriate
provenance indicators because of their short residence times in solution and their
apparent tendency to be transferred almost completely from weathering profiles
and parent rocks to the clastic sedimentary system (McLennan and Taylor, 1983;
Taylor and McLennan, 1985; McLennan, 1989).

Shale from the Zapata and Punta Barrosa formations have significantly
different geochemical signatures, indicative of changing source terranes
coincident with evolving depositional styles across the two formations (Tables 2
and 3). This is best demonstrated by a comparison of shale REE abundances (Fig.
12; Table 3). Shale from the Zapata Formation has lower overall YREE
abundance than shale from the Punta Barrosa, and Zapata shale also shows less
fractionation between light (La-Gd) and heavy (Tb-Lu) REE. Both observations
indicate that Zapata shale samples have a larger mafic component than the Punta
Barrosa (Fig. 12). Significantly, even though the Zapata Formation shows similar
bedding characteristics and depositional style throughout the study area, the
geochemical signature of the lower and upper Zapata Formation are slightly
different. REE patterns for Punta Barrosa sandstone and shale are remarkably
similar, and there apparently has not been significant compositional fractionation
between size fractions during weathering, erosion, and deposition of the Punta
Barrosa.

Fortunately, there is a good comparative REE database for rock types that

make up the potential source areas for the Magallanes Basin (Saunders et al,
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1979; Stern and Stroup, 1982; Pankhurst et al., 2000; Faundez et al. 2002), in
addition to our new data for the Tobifera and Sarmiento rocks (Tables 2 and 3).
Therefore, a relatively detailed comparison may be drawn between the Zapata
shale, Punta Barrosa shale, and any potential contributing source terranes.
Average chondrite-normalized REE of Zapata and Punta Barrosa shale samples
are plotted with eight potential end-member source rocks: Tobifera (mafic and
felsic end-members), Eastern Andean Metamorphic Complex, Sarmiento (basalt
and plagiogranite end-members), and the Patagonian batholith (granodiorite,
diorite, and gabbro end-members) (Fig. 13; Table 4). The plot demonstrates that
both Zapata and Punta Barrosa shale were derived from a mix of sources rather
than from a single, homogenous source. Both formations fail to mimic the REE
pattern of any single end-member, although each formation has affinities with
portions of several plots. The Punta Barrosa, for instance, is closely associated
with Sarmiento plagiogranite and Patagonian granodiorite when looking at the
REE lights, but diverges from those patterns for heavier REE, indicating that one
of the more mafic end-members must have contributed to the Punta Barrosa, as
well (Fig. 13). The Zapata Formation apparently is derived from a mix of basalt
(Sarmiento Ophiolite) and more intermediate rocks (Patagonian batholith).

To quantify the proportions of rock types contributing to the REE
composition of both the Zapata and Punta Barrosa shale, a least-squares-mean
(LSM) analysis was performed to most closely match each average shale with a
mix of potential end-members (cf. Fedo et al., 1996; Hessler, 2001). For the
Zapata shales, the closest mix using all the REE (or smallest LSM) was achieved
using a mix of 36% Sarmiento basalt, 21% Tobifera intermediate rocks,
0%Tobifera felsic, and 43% Patagonian diorite (Table 5). Diorite (or its extrusive
equivalent andesite) is considered a good average composition for the
Patagonian batholith (Stroup and Stern, 1982), although mixes were also
performed using Patagonian granodiorite and gabbro. These mixes yielded high
LSM and we consider those end-members to be minor contributors in all cases.
In general, it was difficult to find a mix that closely matched the REE
composition of Zapata shale (lowest LSM was 21.3). Aside from reasonable
calculation error, the reason for this is unclear but it may be related to the

remarkably wide data spread for heavy REE in Zapata shale (Fig 12), where most
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rock types tend to converge on a narrow range. A loss of compositional nuance
may have occurred when these widespread data were averaged. Itis also
possible that the high LSM, or the relative difficulty finding a close mix, indicates
failure to include a potential end-member that has not yet been defined for the
Zapata Formation. This possible end-member might be sought in the still highly
unexplored Sarmiento ophiolite and its complicated rock assemblages.
Regardless, the mix performed here generates a shale that is relatively close in
composition to the Zapata shale (Table 4) (Fig. 14A). Because there is a significant
compositional difference between the shale from the lower and the upper
sections of the Zapata Formation, we performed additional mix calculations to
determine differing provenance between them. These calculations yielded higher
LSM values but do show an interesting progression from a Sarmiento and
Tobifera dominated area (lower Zapata) to one dominated by the Patagonian
batholith and related volcanic rocks (upper Zapata; Table 6) (Fig. 14B).

The Punta Barrosa shale generates a clean mix from the potential end-
members using all the REE, with a LSM of 1.7 and a nearly perfect compositional
match (Table 5). Its mix is strikingly different from that of the Zapata shale,
although the difference is still comprehensive of plausible tectonic scenario, as
discussed below. The best match was obtained by mixing 30% Sarmiento basalt,
2% intermediate Tobifera rocks, 54% Eastern Andean Metamorphic Complex,
and 15% Patagonian granodiorite (Fig. 14).

There is growing uncertainty about which elements or combinations of
elements in shale are the most faithful provenance indicators (Hessler, 2001; Fedo
et al., 1997). Fedo et al. (1997) determined that in some cases, Th and Sc might be
better provenance indicators than REE alone (Table 2). To supplement
provenance information provided by REE analysis, Th and Sc data for Zapata
and Punta Barrosa shales are plotted with end-member data in Figure 15. This
plot suggests a mixed source for the Punta Barrosa and a slightly different source
for the Zapata Formation.

Selected samples from the lower and upper Zapata Formation were
analyzed for Rb-Sr and Sm-Nd (Table 7). ¥Sr/*Sr ratios indicate that there are
two isotopically slightly distinct sources for rocks of the Zapata Formation, one

with intermediate ratios (0.705-0.707) from an arc or continental-arc source, and
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one with higher ratios (>0.710) indicative of a closer affinity to a crustal source.
This interpretation is also supported by Nd isotopic data, in which less negative
Nd-values correlate with lower Sr-ratios and more negative values correlate with
higher Sr-ratios. ¥Sr/*Sr results also indicate that the upper Zapata samples
have an arc affinity, whereas the lower Zapata have a stronger continental
influence, likely reflecting exposure of continental rocks on horst blocks during
initial Zapata deposition. The ¥Sr/*Sr data help to exclude a predominant
cratonic source for the Zapata shale. These data fit well with results from the REE

shale mixes.
DISCUSSION

The widely accepted model for retro-arc basin evolution in the
southernmost Andes suggests that the cratonic areas of Argentina to the east and
north east supplied sediment to the Zapata Formation, which records the final
stages of sedimentation in the Rocas Verdes basin (Herve et al., 2000, Wilson,
1991). A western sediment source has been recognized for the Punta Barrosa
Formation, representing the initiation of deposition into the new foreland basin
(Fig. 16) (Wilson, 1991; Suarez and Pettigrew, 1976). Based on new data from the
Zapata and Punta Barrosa formations, our study adds complexities to this model
and encourages debate about the evolution and geometry of retro-arc basins in
the Andean Cordillera of southern Patagonia.

Uncertainties about the amount of tectonic shortening in the northern
Magallanes basin complicate paleogeographic reconstruction. Winslow (1981)
conservatively estimated shortening to be between 30-160 km for various
segments of the southern Andean belt. A combination of thin- and thick-skinned
tectonics is invoked to explain the shortening (Kraemer, 1996, and 2002;
Harambour, 2002; Winslow, 1981), but outcrop inaccessibility and sparse
subsurface data are limiting factors in constructing balanced structural cross
sections. A thick-skinned shortening event with basement involvement is

observed in proprietary seismic data (Harambour, 2002). Recently, Kraemer

(2002) estimated that total orogenic shortening was 110 km at 50° S, increasing to
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a minimum of 300 km and a maximum of 600 km at 56° S, but balanced cross

sections have not been published between these two areas. The maximum
shortening postulated by Kraemer (2002) for Upper Cretaceous strata involves a
short episode of west-directed subduction of the Rocas Verdes oceanic floor
under the Patagonian batholith (Fig. 16C). Limited west-directed subduction also
seems possible in the northern portion of the Rocas Verdes basin, where the
Cordillera Sarmiento probably represents only a fragment of the original oceanic
crust. The oceanic basin was estimated to have a minimum width of 25 km in its
narrower northern extreme in the Ultima Esperanza district (de Wit, 1977).
During obduction, the foreland basin, which developed atop attenuated crust,
may have had different shape and character than typical foreland basins. Biddle
et al. (1986) recognized that the stratigraphic succession associated with the
eastern Magallanes basin is anomalously fine-grained. Wilson (1991) noticed
discordances between the shaly strata to the east and the coarser facies to the
west.

Because of this atypical lithofacies relationship, a few aspects of early
Magallanes basin evolution merit consideration. Contrasting the Magallanes
basin with the Andean foreland basins of Bolivia, the Bolivian foreland is located
over a full thickness of continental crust (i.e., the Brazilian shield; DeCelles and
Horton, 2003), whereas the Magallanes basin developed atop attenuated crust.
Recent estimates of ~1000 km of lithosphere underthrusting westward under the
Andean belt for the foreland basin system of Bolivia (DeCelles and Horton, 2003)
spark speculations about a foreland basin on attenuated crust such as the
Magallanes basin. Such a basin may have been broader, associated with flexural
loading that propagated further east and significant underthrusting westward.
The lack of a major sediment source on the continent side of the broad basin
starved the eastern and the central region of coarse-grained sediment (Biddle et
al., 1986). Sediment derived from the rising Cordillera and the arc to the west
was sequestered in the western side of the basin. Even though structural
evidence is needed to support such a basin setting, our compositional data and

interpretation of the sedimentary packages seem to suggest this scenario as a
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possible explanation of the “anomalies” of Magallanes basin as described by
Biddle et al. (1986).

Provenance and depositional setting

Based on field observations across the Ultima Esperanza District, we
conclude that the Zapata Formation blanketed a significant extent of the Rocas
Verdes basin seafloor. Continuous deposition of dark mud is suggested by its
conformable stratigraphic contact with underlying pillow basalt of the Sarmiento
ophiolite (Fig. 6C), and its transitional contact with rhyolitic flows of the Tobifera
Formation in the outcrops of Fjordo Lolos (Fig. 3). There is a little or no sand in
the Zapata Formation, but an intermittently active arc along the Patagonian belt
can be inferred from our geochemical data, by a few published pluton ages
beginning from the latest Jurassic (Martin et al., 2001; Thomson et al. 2001), and
from detrital zircon analyses (Fildani et al., 2003). The Zapata/Punta Barrosa
transition described earlier represents the initiation of significant sand deposition
in the basin. Petrographic data reveal compositionally immature sandstone with
abundant volcanic lithic grains. A sample from this interval yielded zircon grains
that established a depositional age not older than 95+2 Ma (Fildani et al., 2003).
Detrital zircon-age distributions in the Punta Barrosa Formation also indicate arc
activity in the Early Cretaceous (Fildani et al., 2003). An ammonite collected in
the lower Zapata Formation at Peninsula Taraba (Fig. 3) confirmed the Tithonian
lower age limit of the formation (Cortes, 1964). Zapata strata accumulated for 40-
50 m.y. The well-bedded nature of the shale sequence suggests that the basin was
closed (starved), not significantly influenced by currents or large waves, and the
abundance of pyrite suggests that it was probably deposited as hemipelagic
sediments in anoxic conditions.

The Zapata Formation has most commonly been interpreted to represent
deposits of an outer shelf to slope environment (Wilson, 1991, 1983; Suarez and
Pettigrew, 1976). Suarez and Pettigrew (1976) considered the Zapata Formation
(Erezcano Formation in their paper) as an outer shelf deposit on the eastern,
cratonic side of the Rocas Verdes basin. Cecioni (1957) and Cortez (1964)
reported deep-water (upper bathyal?) micropaleontological assemblages from

some of the Zapata Formation outcrops they visited in the Ultima Esperanza
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district. Zapata beds overlying the basalt of the Sarmiento Ophilite suggest that
these beds were deposited at a minimum depth of 2500-2700 meters (average
depth for oceanic crust, from Kennett, 1982).

The mafic geochemical signature of the Zapata Formation contradicts the
accepted depositional model for this formation. A cratonic source would be
characterized by a much more significant light-to-heavy REE fractionation in the
samples (Fig. 13). Even though possible intermediate source terranes were likely
exposed in the Deseado Massif area during Zapata Formation deposition
(Echeveste et al., 2001; Varela et al., 1991), it is unlikely that these sources would
override signatures of cratonic materials (Precambrian gneiss) and dominant
felsic volcanic rocks associated with the massif (Echeveste et al., 2001) (Fig. 1).
Furthermore, the Zapata Formation of the Ultima Esperanza district was
deposited even farther west than where it is currently located, if the shortening
associated with the Andean orogeny is considered. A more likely source terrane
for the Zapata Formation is the Sarmiento Ophiolite and the underlying Tobifera
Formation (Fig. 16D). The least mean square mix (LSM) indicates that more than
half of the Zapata Formation REE signature must have come from basaltic rocks.
The Tobifera Formation may have influenced composition of the Zapata
Formation locally, but overall the REE patterns trend toward a mafic source. The
Th-Sc plot suggests that an andesitic arc might have played a role during the
later stages of Zapata Formation deposition. Geochemical mixes suggest that the
lower Zapata Formation was derived from local sources (Sarmiento and
Tobifera) that switched to arc related sources in the late Neocomian when the arc
was fully developed (Fildani et al., 2003) (Fig. 14B).

Wilson (1991) used the presence of slumped intervals in the Zapata
Formation to infer an eastern source. We were not able to verify these paleoslope
indicators in the field, but because the Zapata Formation was deposited in a
closed basin characterized by topographic relief inherited by the Tobifera
extensional phase associated with horsts and grabens, slumped intervals likely
reflect local slopes.

The Punta Barrosa Formation reflects the appearance of a well-developed
fold-thrust belt based on the multi-modal mineralogic and geochemical character

of its sediments. The Punta Barrosa Formation is the first recognizable deposit
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related to a foreland setting within the Magellanes basin, and sources of
sediments are indicated by paleocurrent patterns. Southern sources are
precluded by uniformly south to south-east directed paleocurrent indicators in
the formation (Wilson, 1991; Cortes, 1964; this study Fig. 2). Seismic reflection
profiles indicate a buried platform gently sloping to the southwest on the
Argentinean side of the Magallanes basin (Biddle et al., 1986), which may have
sequestered sediments supplied from the east. The Punta Barrosa depocenter
was likely isolated from eastern sediment sources by a submerged forebulge (cf.
DeCelles and Giles, 1996), or by a remnant basement high that partitioned the
basin. To the east, the presence of shaly intervals equivalent to the Punta Barrosa
Formation (the Margas Verdes and the Middle Inoceramus Formation) seems to
support this scenario (Biddle et al., 1986; Natland et al., 1974). Entrenchment of
the foredeep is even more evident for the overlying Cerro Toro Formation that
was deposited even in deeper water than the Punta Barrosa (~2000 m, Natland et
al., 1974).

Punta Barrosa framework-grain composition of sandstone plots primarily
in the recycled orogenic field, with ~20% of the samples plotting into the
dissected arc field (Fig. 11A). The relative abundance of volcanic and
metamorphic grains and the general paucity of plutonic lithic-grains indicate a
mixed arc-thrust belt (recycled orogen) source (Fig. 11A). Schist, slate, andesite
(microlitic), and some felsic volcanic lithic grains are present in varying
proportions in all the samples analyzed. Volcanic clasts mainly show microlitic
fabric (60-70% volcanic grains), but alteration and partial replacement (by calcite)
affects most of the volcanic clasts, resulting in uncertain estimates. The arc was
never the exclusive source terrane during deposition of the Punta Barrosa
Formation, as it was for the older (Zapata equivalent) Yaghan Formation south of
the Ultima Esperanza district (Dott et al., 1982). Yaghan Formation sandstone
composition plots exclusively in the intermediate volcanic arc field (Dott et al.,
1982). A comparison with sandstone composition reported by Scott (1966) for the
Cerro Toro indicates an even lower amount of volcanoclastic grains for this
formation.

The geochemical signature of the Punta Barrosa Formation reflects a

mixed source terrane; it is dominated by arc-related volcanics and an uplifted
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metamorphic complex with minor basaltic and mafic rock input. Both
geochemical and petrographic data confirm that the Andean fold-and-thrust belt
had a greater influence on the composition of the Punta Barrosa Formation than
on the Zapata Formation. The presence of metamorphic lithic clasts confirms that
sediment derived from the northwest, where extensive metamorphic complexes

are still present in outcrops, consistent with paleocurrent measurements.

Basin setting and evolution

The data collected from the Zapata and Punta Barrosa formations support
a revised interpretation of Mesozoic basin configuration and evolution of the
southernmost Andes. Evolution of the Rocas Verdes/Magallanes basin was
initiated by an extensional phase (Gondwana break-up) which, at least in its
early stages, more closely resembled a rift system with a “basin-and-range”
geometry than a fully oceanic backarc setting (Fig. 16A). Eventually, oceanic
seafloor was produced at the westernmost side of Patagonia corresponding to
the initiation of the Rocas Verdes basin (Dalziel et al., 1974), probably coeval with
arc evolution to the west. Plate configuration in the Late Jurassic is not well-
known, but continuous subduction of oceanic crust associated with the Phoenix,
Farallon, and Nazca plates under South America is confirmed by pluton ages
present in the northern Patagonian batholith (north of 47°) (Pankhurst et al.,
1999). In contrast, the southern Patagonian batholith is poorly studied and
mapped. Pacific plate spreading rate slowed in the Late Jurassic to Early
Cretaceous (Bartolini and Larson, 2001). This slowing might have enhanced the
extensional late phase of Rocas Verdes basin, initiated during Gondwana break-
up. When spreading rates in the Pacific accelerated in the later Neocomian,
coupled with Atlantic Ocean separation, oceanic crust in southernmost South
America was obducted during closure of the marginal basin, and their patchy
distribution may reflect the very irregular configuration of this oceanic floor (Fig.
1). The associated arc, as reflected in our LSM analysis and in the detrital zircon
record (Fildani et. al, 2003), was active at this stage (Bruce et al., 1991), but it is
not clear how well developed and continuous it was south of 47° S (Martin et al.,

2002). The irregular extensional basin is interpreted to have been partitioned by
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structural highs comprised of continental basement (Fig. 16B), resulting in a
setting analogous to the modern Sea of Japan (Jolivet et al., 1999). Basement
uplift resulted in the formation of two or more sub-basins, preventing coarser
arc-derived sediment from reaching the easternmost edge of the basin (future site
of Magallanes basin), thus starving the Zapata Formation of sand (Fig. 16C). The
presence of pillow basalt in contact with the lower Zapata Formation (Fig. 6C)
indicates that it accumulated contemporaneous with, or soon after, formation of
the oceanic basin floor. However, the geochemical signature of the formation
changes from a more mixed source in the lower part of the section to an almost
entirely mafic source upwards. Few samples from the lower Zapata Formation
indicate affinities consistent with the geochemical signature of the underlying
Tobifera Formation mudstone collected in the field, suggesting a more local
source for part of lower Zapata Formation.

Sedimentologically, the presence of slumped intervals is expected in an
environment characterized by horst and graben like the Rocas Verdes basin; less
than two degrees of slope are sufficient to trigger slumping (Stoker et al., 1998;
Coleman and Prior, 1988). The fact that no coarse- or medium-sandstone units
are present in the Zapata Formation, but are described by other authors (Suarez
and Pettigrew, 1976) in coeval sediments of the southern Rocas Verdes basin
closer to the possible arc, supports the idea of the formation of sub-basins during
extension. The lack of sandstone could have been perpetuated by formation of a
piggy-back basin during inversion related to the early compressional phase that
continued to sequestrate sediment to the west (Fig. 16C). Early inversion is
suggested by the presence of fine- to medium sandstone at the Upper Zapata-
Punta Barrosa transition. Zircon grains in this sandstone yield a depositional age
of 95+2 Ma, whereas the depositional age of the Punta Barrosa Formation is
established to be not older than 92 + 1 Ma (Fildani et al., 2003).

If regional compression commenced during deposition of the Zapata
Formation, obducted ophiolitic blocks may have been exposed to the west of the
basin (Fig. 16C). The geochemical signature of the upper Zapata Formation
shows close affinity to mafic source rocks, supporting the interpretation that
exposed ophiolitic blocks were likely an important source, possibly coupled with

arc related andesitic sources. Basin subsidence was enhanced by oceanic crust
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obduction, and the fragmented Rocas Verdes basin was likely already
characterized by deep-water sedimentation. Zapata Formation strata deposited
below wave base and microfossil assemblages in the upper bathyal environment
support this depositional environment interpretation (Cortes, 1964).

By the time that the Punta Barrosa Formation was deposited, the fold and
thrust belt was fully developed and coarse sediments were able to reach the
basin. Sandstone composition reflects rock assemblages similar to those cropping
out in the Andean Cordillera today (Fig. 16D). The orogenic belt where the
Sarmiento ophiolite, and the Tobifera and Zapata formations presently crop out
was considerably different at the time of Punta Barrosa Formation deposition.
The foliated beds of the Tobifera Formation at Fiordo Peel (west of Torres del
Paine complex across the Patagonian icecap) was buried to a depth of almost 10
km (3 kb pressure; Hervé, written communication, 2003), indicating that portions
of this formation now cropping out on the Andean Cordillera were probably
deeply buried during Punta Barrosa deposition.

Supplemental sandstone data obtained with the electron microprobe
offers additional insights into the post-depositional history of the Punta Barrosa
Formation. Albitization of plagioclase is a common reaction during burial
diagenesis (Ramseyer et al., 1992). Most authors agree that the conversion from
detrital high-temperature plagioclase to low-temperature albite occurs at
temperatures higher than 100°C (110-120°C, Boles, 1982; 120-160°C, Boles and
Ramseyer, 1988). As described above, albite is the common plagioclase in the
samples, along with chlorite, and sphene. The albite-epidote-chlorite-sphene
mineral assemblage found in the Punta Barrosa samples implies greenschist
facies metamorphism (Frey, 1987), despite a sampling strategy designed to

collect unaltered samples by avoiding heavily tectonized areas.
CONCLUSIONS
The Zapata Formation and the Punta Barrosa Formation record the

transition from Rocas Verdes extensional basin to the Magallanes retroarc

foreland basin. The Zapata Formation was deposited during the late extensional
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phase of the Rocas Verdes basin over a time span of 50-40 m.y. During the
Neocomian through early Late Cretaceous the Zapata Formation blanketed a
significant part of the seafloor of the Rocas Verdes basin, derived from mafic
rocks such as the Sarmiento ophiolite. Two possible connected basin
configurations were most likely: (1) a rift related partitioned basin with
numerous topographic highs and lows that caused Zapata sediments to have
been supplied by different local sources, and (2) early inversion of the basin
exposed oceanic crust that was partially recycled into the Zapata shale.
Eventually, the presence of an andesitic arc appears in the Zapata geochemical
signature. The upper Zapata Formation records a more consistent signature from
a possible andesitic arc especially in the Th-Sc signature. The paucity of
sandstone beds in the Zapata indicates that the basin was partitioned, and that
arc-related sand was unable to reach the basin. Zapata sediment was not derived
from eastern cratonic areas, as previously inferred.

The Punta Barrosa Formation records the evolution of a mature fold-
thrust belt and deposition in its associated foreland basin, based on the multi-
modal mineralogic and geochemical character of its sandstone and shale. The
presence of an arc is clearly indicated but not predominant. The metamorphic
terranes recognized in the Andean Cordillera are significantly represented in the
sediment that reached the basin. Lithic metamorphic sand grains are present
throughout the formation. Part of the formation underwent greenschist
metamorphism as indicated by the mineral assemblage Albite + Epidote +
Chlorite + Sphene, reflecting tectonic burial in the thrust belt.

The Magallanes basin was superimposed on the attenuated crust of a
rifted basin that was probably broader than previously postulated. The presence
of a submerged forebulge likely partitioned the basin and fostered contrasting
styles of sedimentation. For this reason the deep-water cycle initiated by Punta
Barrosa Formation was deposited in an elongated, apparently narrow foredeep.
Magnitude of shortening and prograding migration of the orogenic belt were
greater than formerly assumed, based on our reconstruction of a partitioned

extensional Zapata backarc basin.
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Rb-Sr

Samples Lab. number |Rb, ppm |Sr,ppm |¥Sr/*Sr Ri
XRF XRF (T = 140 Ma)

ST02 -24 BL | 3081 85.4 2374 0.706306 + 38 0.70423
ZP-01-01 3087 52.0 136.5 0.707185 + 27 0.70499
ZP-01-02 14801 48.7 130.9 0.706281 + 39 0.70414
ZP-01-03 14802 54.2 174.7 0.706721 + 78 0.70493
11/27 -2 14803 66.2 41.5 0.716126 + 86 0.70693
11/28 - 2A 3088 93.6 81.6 0.713213 £ 43 0.70660
11/28 - 2B 14804 107.6 89.0 0.712595 £ 60 0.70563
11/28 - 3A 14805 3.9 50.3 0.705727 £ 40 0.70528
11/28 - 3B 14806 3.6 19.8 0.705924 + 74 0.70489
Sm-Nd

Samples Lab. Sm, ppm |Nd, ppm |™Nd'*Nd |Tpm Ma |exp

number D.IL D.L (T = 140 Ma)

S5T02-24 BL 3081 3.906 15.362 0.512524 1316.8 -1.46
ZP-01-01 3087 2.577 12.588 0.512471 976.0 -1.96
11/28 - 2A 3088 6.313 28.576 0.512397 1228.7 - 3.58

TABLE 7. Rb-Sr and Sm-Nd values for samples of Zapata Formation. At the time of
the analyses the following standard values were obtained: 87S1/86Sr = 0.71026 +
0.00002 (20) for NBS-987 and 143Nd/144Nd = 0.511847 + 0.00002 (20) and 0.512662 +
0.000027 (20) values for La Jolla and BCR-1, respectively.
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Figure 1
Simplified geologic map of the southern Andes (compiled and modified from
Thomson et al., 2000, Biddle et al., 1986, and Wilson, 1991). Magallanes basin
structure contours on top of the Jurassic volcanic rocks in meters (from Biddle et
al., 1986). Inset shows position of Figure 1 in South America; box show the area
of interest and location of Figure 2, Figure 3, and Figure 5.
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Figure 2
Location map of the region between Puerto Natales and the Argentinean border
(Lago Argentino) with location of Cerro Ferrier, La Peninsula, and Torres del
Paine complex. The Punta Barrosa Formation outcrop is the dotted area.
Paleocurrent data are from locations indicated in map. (Map modified from
Wilson, 1991; Skarmeta and Castelli, 1997; and ENAP unpublished maps).
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Figure 3
Detailed map of the Cordillera Sarmiento, Cordillera Riesco, and Peninsula
Staines with major outcrops visited indicated by stars. Modified from Allen,
1982. Courtesy of Mauricio Calderén (Universidad de Chile).
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Figure 4
Generalized stratigraphic column (not representative for thickness) with
lithostratigraphy related to major tectonic events and consequent basin settings.
(stratigraphic column modified from Wilson, 1991).
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Figure 5
Map of rock assemblages of the Patagonian Andes north and west of the area of
interest representing possible sources for sediments of the Magallanes basin
(modified after Thomson et al., 2000). Location of Figures 2 and 3 is indicated.
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Figure 6
A. Metamorphosed rhyolitic flows of the Tobifera Formation at the transition
with the Zapata Formation in Fiordo Lolos (see Fig. 3). B. Sarmiento ophiolite
pillow basalts on the western side of Cordillera Sarmiento. C. Zapata Formation
conformably overlying the basalt of the Sarmiento complex on the eastern side of
Peninsula Taraba. Prof. Umberto Cordani for scale.
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Figure 7
A. Zapata Formation type section at the Puesto Zapata (west of Cerro Ferrier),
(figure modified and simplified from Wilson, 1991). B. Upper Zapata (transition
to Punta Barrosa) measured section on lower flank of Cerro Ferrier (location S 51°
6.312" W 073° 16.033). C. Lower Punta Barrosa Formation measured on Cerro
Ferrier (S 51°07.435", W 073° 15.825"). (m = mud, s = silt, fs = fine-sandstone, ms =
medium-sandstone, ¢s = coarse sandstone).
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Figure 8
A. Typical thin-bedded shale with fine-grained sandstone of the Zapata
Formation in the southern outcrops. B. Well bedded Zapata shale on the western
side of Cerro Ferrier. See Figure 2 for location. C. Lower Punta Barrosa
Formation on west side of Cerro Ferrier (arrows indicate measured section in
Figure 7C). D. Upper Punta Barrosa outcrop with thicker-bedded sandstone (at
Park Headquarters). This picture shows the transition between the Punta Barrosa
sandstone and the muddier lower interval of the Cerro Toro Formation.
Measured section of part of this photo in Figure 9. Ellipses indicate people for
scale in C and D.
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