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The southern and central Andes reflect significant along-strike differences of tectonic activity, including
shortening, alternating flat-to-normal subduction styles and magmatism. In northern Patagonia, the
subduction/supra-subduction system, fore arc, arc and back arc basins developed in an extensional setting
during the Paleogene. This was accompanied by landward migration of calc-alkalic magmatism which
changed to synextensional bimodal volcanism of rhyolitic ignimbrites and interbedded tholeiitic and alkalic
basalts. These Paleogene events occurred during a time when the Farallon-Aluk active ridge reached the
South American plate, and the Farallon plate subduction was interrupted. They represent a new tectonic
regime, characterized by a transcurrent plate margin. The presence in the back arc of a rigid lithospheric block
of 100,000 km? represented by the North Patagonian Massif focused the rotation of the coastal blocks. This
resulted in the development of two Paleogene extensional regions to the north and south, respectively, of the
Massif and replaced the former back arc. Plate rearrangement caused by the inauguration of the Nazca plate
and its regime of orthogonal subduction at the beginning of the Miocene, re-established typical calc-alkaline
arc magmatism at the former upper Cretaceous arc locus. Present seismic activity in the subducted plate and
tomographic modeling of p-wave velocity anomalies in the upper mantle also suggest the presence of a
subduction gap that lasted for most of the Paleogene in northern Patagonia.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Local complexities and along-plate changes in the tectonic regime
are characteristic features of the active continental margin of the
Americas. The Andean margin in South America is a good example in
which major changes can be recognized from the early Tertiary to the
present. The geometry of the subducted slab along the Andean margin
varies in dip from sub horizontal flat-slab segments to normal
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subduction (dipping around 30°) (Barazangi and Isacks, 1979; Cahill
and I[sacks, 1992; Engdahl et al., 1995, 1998). Northern Patagonia is a
normal subduction segment bounded to the north by northern Chile
flat-slab segment (27° to 33°S), and to the south (47° to 55°S) by a
shallow dip slab segment (Heintz et al., 2005).

These variations have drastic effects in the tectonic style, the
evolution of sedimentary basins and the cycles of magmatism from
extensional to compressional regimes. These major changes can be
recognized and characterized at present by direct observation and
deep geophysical surveys (Barazangi and Isacks, 1979; Bijwaard et al.,
1998; Cahill and Isacks, 1992; Engdahl et al., 1995; Heintz et al., 2005;
Tassara and Yafiez, 2003). However, their identification in past times
requires detailed field-based studies and a careful characterization of
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magmatic rocks as witnesses of past deep-seated processes. In
particular, the marked along-strike differences in the late Tertiary
tectonic evolution of the central and southern Andes gives an
excellent opportunity to study the interplay between angle of
convergence, subduction geometry and tectonic response of the
overriding heterogeneous continental lithosphere.

The aim of this paper is two-fold. On one hand, we show geologic,
geochemical and geophysical evidence that suggest the presence of a
Paleogene subduction gap of northern Patagonia (Fig. 1A). On the
other hand, we propose a new regional tectonic model to explain this
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Paleogene subduction gap that is characterized by bimodal synexten-
sional calc-alkaline, tholeiitic and alkaline volcanism at a distance of
400 km from the former arc trench.

2. Geological setting and main tectono-magmatic constraints of
the northern Patagonian region

Three main geological constraints are crucial to understand the

tectono-magmatic evolution of the northern Patagonian region during
late Mesozoic and Tertiary times. These are (1) the North Patagonian
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Fig. 1. (A) Seismicity and schematic geodynamic setting of the Andean Margin. Major hypocenter distribution (see legend) shows differences between southern and northern Andes.
The subduction trench (barbed solid line) and the age of the oceanic plate is indicated per each accretionary segment, along with the primary morphologic structures of the oceanic
crust. * indicates Loncoche area. The gray area is the North Patagonian Massif. The location at the trench of the boundary between Antarctica and Nazca plates is at the Taitao
Peninsula. (B) Geometry of the subduction slab beneath South American plate modified after the Regionalized Upper Mantle model (Gudmundsson and Sambridge, 1998). The
location of the North Patagonian Massif is sketched based on topographic and tomographic data. Thick brackets show flat slab segments (Gutscher et al., 2000). The symbol * shows
the location of the Loncoche area interpreted as the center of the partial rotation of the northern and southern coastal blocks. Neogene clockwise coastal block rotation (to the north
of Loncoche) is from Beck et al., 2000; the counter-clockwise coastal block rotation (to the south of Loncoche) is from Beck et al. (1986).
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Batholith (NPB) and Cenozoic volcanic activity with respect to plate
tectonic history, (2) the role of the North Patagonian Massif (NPM) in
the back arc, and (3) Tertiary rotation and drift history of the coastal
blocks. The most outstanding features of these three elements
(Fig. 2A) are depicted here based on previously published studies.
The correlation with the new geochemical (volcanism) and seismic
data will be discussed later on in this paper.

2.1. The Northern Patagonian Batholith, the Cenozoic volcanic activity
and the plate tectonic history

The northern segment of the Northern Patagonian Batholith (NPB;
44° S to 36° S) shows a Paleogene decrease of magmatic activity that
leads to a magmatic gap from ~30 to ~15 Ma (Aragén et al., in press;
Cingolani et al., 1991; Gonzalez Diaz, 1982; Munizaga et al., 1988;
Pankhurst et al., 1999; Rapela, 1987). The upper Miocene plutonic
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rocks formed after the gap are bimodal, with predominant gabbro and
leucogranite compositions, in contrasts to the abundant intermediate
rocks of the upper Cretaceous batholith (Rapela and Kay, 1988).

The decrease of magmatic activity (plutonic) in the NPB was
accompanied by an eastward shifting of the calc-alkaline magmatic
alignment (volcanic) to the position formerly occupied by the back arc
region (Rapela et al., 1987) as a bimodal volcanic belt (the Eastern
Paleocene-Eocene volcanic belt (EPEB) Fig. 2A). The EPEB silicic
volcanism develops a large upper Paleocene-Eocene ignimbrite flare-
up, interbedded with minor Eocene tholeiitic lavas (Aragén et al.,
2004b) and alkalic lavas (Aragon et al., 2005). This volcanism is coeval
with extension that was identified in both back arc (Cazau et al., 1989;
Giacosa and Heredia 2004; Giacosa and Marquez, 1999; Mancini and
Serna, 1989; Silvestro and Zubiri, 2008) and fore arc locations
(Charrier et al., 2002; Jordan et al., 2001). Tectonic inversion took
place in the upper Miocene (Charrier et al., 2002; Giacosa and
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Fig. 2. Geotectonic constraints of northern Patagonia. A) Selected tectono-magmatic units of northern Patagonia and South-central Chile: (1) The Chilean Coast Ranges are
subdivided into (a) The Peninsular Coast Range; composed of blocks that moved northward more than 400 km. and that stand against a Transverse Range. (b) The Coast Range
(sensu stricto); it consists of the metamorphic pair (Serie Oriental with Low P/T gradient, Serie Occidental with High P/T gradient) and rocks of Permian-Triassic age. (c) The
Transverse Range; comprises the eastwardly bent geological units of the Coast Range s.s.. The Transverse Range separates the Central Valley to the north, from an embayment
influenced valley to the south. (2) The subduction related magmatic belts are shown by the North Patagonian Batholith and units constructed by Neogene arc volcanism.
(3) Synextensional back-arc calc-alkalic and alkalic volcanism is indicated by the Eocene and Oligocene belts and the Somon Cura plateau lavas. (4) The North Patagonian Massif is
bounded by the Gualicho, Limay, Gastre and Los Chacays lineaments. B) Profile across South American plate at North Patagonian Massif latitude ~42°S (A-B at Fig. 3A) with gravity-
modeled crustal thickness and elastic thickness after Tassara and Yafiez (2003). Note the greater crustal thickness (>5 km) beneath the North Patagonian Massif with respect to

both; the surrounding backarc and the arc crust.
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Marquez, 1999; Jordan et al., 2001). Afterward, magmatic activity
along the NPB reappeared in the upper Miocene with the emplace-
ment of gabbros and leucogranites and the development of present
day stratovolcanoes in the magmatic arc.

Studies based on ocean floor magnetic anomalies (Cande and
Leslie, 1986; Pardo Casas and Molanr, 1987; Somoza, 1998; Somoza
and Ghidella, 2005) show that for most of the Paleogene period, the
convergence between ocean and continental plates at the latitude of
northern Patagonia occurred at a very small angle (<15°), and the
Farallon-Aluk active ridge reached the South American pate devel-
oping a triple junction. However, at about ~23 Ma the Farallon plate
split into the Cocos and Nazca plates to the South and Juan da Fuca
plate to the North as a result of global rearrangement of plate
boundaries (Lonsdale, 2005), and the convergence angle increased to
the extent that it became almost perpendicular to the subduction
front. This Paleogene interval of Farallon-Aluk-SAM triple junction
and of small angle convergence is coincident with the magmatic
activity gap in the NPB and the eastward shifting of the calc-alkaline
magmatism to the position formerly occupied by the back arc.

2.2. The role of the North Patagonian Massif in the back arc

A further striking distinctive feature of the Northern Patagonian
Andean segment is the presence of the North Patagonian Massif
(NPM), located at 400 km east of the trench (Fig. 2A). Gravity data
(Tassara and Yafez, 2003) suggest a ~40 km thick crust beneath the
NPM and a normal (~35 km) thickness in the surrounding back arc and
fore arc (Fig. 2B). The NPM has remained undeformed by Cenozoic
tectonics, other than vertical faulting, drag folds of the sedimentary
cover (Coria et al., 1975), and uplift as shown by the marine
Maastrichtian-Danian undeformed to slightly tilted sediments that
cover the 1200 m height of the NPM. This suggests that the NPM has
behaved as a thicker crustal block with respect to the back arc that is
easily deformed by the Neogene tectonics.

In order to understand the tectonic role of the NPM it is necessary to
underline some of its geomorphologic features that constrain its uplift
history. The surface of the geological ensemble in the NPM formed by
Paleozoic basement rocks and mid-Jurassic volcanic rocks shows a
large planation surface (Aragén et al, 2010; Gonzédlez Diaz and
Malagnino, 1984) that is interpreted as resulting from widespread
upper Jurassic and Cretaceous erosion. Most of the broad planation
surface of the NPM as well as the surrounding back arc was covered by
shallow marine sediments of Danian-Maastrichtian age. These
undeformed marine sediments are useful to determine the uplift
history of northern Patagonia as a first constraint, since the
100,000 km? of the NPM block between the Gastre, Limay, Gualicho
and Los Chacays lineaments (Fig. 2A), show the undeformed Danian-
Maastrichtian marine sediments lying now at 1200 m above sea level,
with respect to the deformed marine sediments lying at 500-700 m
above sea level in the surrounding back arc surface. The second
constraint to the uplift history of the NPM is the Somon Cura Plateau
basalts (Fig. 2A) (SCPB; Kay et al., 1993). These late Oligocene basalt
lavas spill as cascades from the top of the plateaus of the NPM to the
surrounding back arc. Therefore the NPM uplift occurred sometime
between the upper Paleocene and upper Oligocene. A third constraint
is that in the back arc that surrounds the NPM contains the upper
Paleocene-Eocene (EPEB) and Oligocene (WOB) synextensional
volcanism and between them the development of Nirihuau basin
(NB Fig. 2A); NPM uplift thus can be considered synextensional. With
these constraints, it is argued here that even though the uplift of
Northern Patagonia back arc started from mid Paleocene time, an
Eocene or early-Oligocene uplift drove the NPM planation surface to an
elevation of at least 500 m above the surrounding back arc to build a
high-lying plateau, now at 1200-1400 m above sea level (Aragén et al.,
2010). This uplift of the NPM is coeval with the extensional regime of
the surrounding back arc and rules out a fold and thrust origin.

The work of Tassara and Yafiez (2003) based on gravity data,
suggests that, compared to the surrounding back arc, the NPM crust is at
least 7 km thicker and has a much greater elastic thickness (T.) than the
surrounding back arc crust, reaching 70 km (T.) beneath the NPM root
zone (Fig. 2B). The differences in rheology thickness imply large
increases in lithosphere strength that may reach values of 10 times for a
cratonic lithosphere compared with the adjacent back arc (Hyndman et
al., 2005). Even though the NPM is not as cold or thick as a craton, these
relative NPM/back arc thickness and rheology differences can account
for the non-deformable mechanical behavior of the NPM with respect to
the back arc. A second geological feature that has suffered little or no
deformation in Eocene-Oligocene times other than rotation, extension
and uplift, is the coastal block (Fig. 2; North Patagonian Batholith and
Chilean Central Valley) that shows a normal crustal thickness (33 km)
but very thick elastic thickness T. (~70 km) (Tassara and Yafiez, 2003)
with respect to the back arc.

2.3. The coastal blocks Tertiary rotation and drift history from
paleomagnetic data

The present-day Nazca-South America plate boundary between 33
and 47°S shows a gently ocean-ward convex curvature nearly centered
on the position of the NPM and the Loncoche area (Fig. 1). The
deformations of the Benioff plane around the NPM is also recorded in the
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Table 1

Selected major-element and trace element analyses of lavas and ignimbrites from Rio Chubut Medio Volcanic field.

Pre-caldera tholeiites

Caldera collapse ignimbrites

Intracaldera calc-alkalic volcanism

PN-2-06 PN-5-06 QL 9801 QL 9802 QL 9803 QL 9807 LP 17 LP 19 LP 20 LP21 LP 22 LP 23 EPP-T EPP-1 EPP-B EPP-6 Di-EPP R-1 IGESC8682 IR-1-04
Si0, 55.09 58.72 77.61 79.83 87.68 85.06 56.64 61.54 58.20 55.37 60.18 60.35 70.11 77.51 76.73 76.89 79.23 82.72 73.72 78.94
TiO, 1.60 1.44 0.09 0.08 0.07 0.18 125 1.00 1.13 132 1.00 0.99 0.47 0.11 0.12 0.12 0.10 0.08 0.21 0.21
Al20; 15.63 17.06 1134 10.11 6.32 7.23 16.55 15.75 16.20 16.81 16.00 16.03 14.27 12.11 12.61 12,53 11.49 9.56 16.81 1245
Fe,05 9.75 8.77 3.36 2.14 1.55 2.51 7.89 6.32 7.35 8.24 6.57 6.41 492 1.76 1.94 1.90 1.14 0.76 1.93 1.69
MnO 0.24 0.06 0.02 0.02 0.01 0.01 0.11 0.11 0.08 0.14 0.09 0.11 0.10 0.03 0.04 0.04 0.01 0.01 0.03 0.01
MgO 3.78 1.71 0.41 0.23 0.20 0.71 443 3.25 429 4.58 3.60 3.58 0.32 0.08 0.04 0.05 0.06 0.01 0.02 0.16
Ca0 7.91 530 2.88 1.16 142 1.54 6.33 441 597 6.65 5.39 5.14 2.09 0.53 0.49 0.47 037 0.13 0.86 0.52
Na,0 4.03 4.38 3.18 5.49 1.73 1.22 4.29 4.81 433 4.64 4.24 4.41 3.81 3.67 3.48 332 3.60 2.80 241 3.36
K,0 1.60 2.17 1.08 091 0.96 1.49 223 2.56 2.16 1.93 2.69 2.75 3.82 4.18 4.52 4.66 3.97 3.88 3.89 2.59
P,05 0.38 0.38 0.02 0.02 0.08 0.06 0.30 0.25 0.28 0.31 0.24 0.22 0.11 0.02 0.02 0.02 0.02 0.03 0.13 0.08
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Ba 262 286 21 14 86 421 310 383 310 349 394 368 1011 671 779 740 834 580 699 462
Sr 427 411 104 35 139 58 162 224 305 422 280 321 174 18 60 16 60 14 60 293
Y 27 25 19.2 27.7 159 28.1 23 28 25 25 29 30 57 74 70 66 54 37 49 38
Sc 19 16 16 13 15 17 14 14 11 2 <1 <1 <1 <1 <10
Zr 220 256 1070 896 475 531 207 282 234 206 289 294 453 341 363 346 301 275 334 192
\ 214 189 8 8 4 21 131 92 118 145 102 100 <5 <5 <5 <5 <5 <5 13 19
Cr 82 77 <20 <20 35 <20 65 43 62 72 294 55 <20 <20 <20 <20 <20 <20 61 2
Co 47 28 6 2 3 12 27 22 27 29 25 21 17 12 18 26 18 25 10
Ni 46 43 <15 <15 169 <15 67 45 69 70 287 31 24 <15 <15 23 <15 21 4 6
Cu 30 44 11 12 <10 <10 32 17 29 33 28 23 <10 <10 <10 <10 <10 <10 3 10
Zn 83 71 334 313 131 153 59 56 70 71 65 53 91 135 112 122 66 40 131
Ga 20 22 27 22 22 17 23 20 19 21 20 19 24 23 25 24 24 19 24
Rb 179 18 125 112 262 60 45 62 61 42 275 181 85 189 85 111 157
Nb 12 15 52.9 47.5 28.8 25.7 18 21 19 18 24 22 33 40 39 39 35 28 25 32
Cs 123 143 20.6 7.6 0.5 12 0.8 0.6 12 14 17 9.4 6.1 6.6 29 2.5
Hf 323 251 11.7 133 5 6.7 57 5 6.9 7.1 12 10 11 10 8.8 8.4
Ta 9.1 7.6 34 42 15 1.9 1.6 15 22 1.9 31 3.38 4 44 3.7 43 <10
Pb 5 <5 5 5 <0.5 <0.5 5 <0.5 5 <0.5 9 22 10 11 9 6 <2
Bi <0.06 <0.06 <0.06 0.07 0.19 0.1 0.11 0.14 0.15 0.11 0.64 <0.05 0.49 0.55 0.42 0.12
Th 114 17.8 6.53 7.44 443 6.5 4.88 4.04 6.47 6.55 10.4 12.8 135 133 118 10.2 25
u 2.5 145 35 1.03 1.04 1.55 12 0.99 1.62 1.62 243 3.32 3.26 3.53 3.31 1.58
La 24 26 33 173 14.5 14 216 21.6 22.5 22.1 26.2 26.4 55.4 50.3 56.1 54.6 442 55 47
Ce 122 37.2 343 338 45 53 45 43 52 52 114 103 112 115 90 118
Pr 1.08 5.06 4.1 3.99 498 5.66 5.05 493 5.82 5.76 124 116 122 124 10
Nd 4.52 22.7 155 155 223 24.7 222 23.1 247 242 529 51.2 54.4 52.6 441
Sm 1.69 6.98 4.27 4.47 494 5.56 4.9 5 532 5.07 123 11 121 123 9.57
Eu 0.143 0.458 0.255 0.72 1.526 135 1.368 1.498 1.305 1.309 1.824 2.715 2.035 1.861 1.38
Gd 2.5 6.02 3.53 453 438 491 435 477 5.04 513 113 10.1 10.8 10.9 8.36
Tb 0.55 1 0.62 0.88 0.78 0.88 0.81 0.83 0.89 0.93 2.14 1.86 2.04 2.03 1.53
Dy 3.51 4.99 3.36 5.46 4.24 5.03 4.39 437 4.94 491 12 9.97 116 10.8 7.83
Ho 0.75 0.92 0.61 1.12 0.83 1.03 0.84 0.86 0.99 0.94 2.33 1.94 2.25 1.95 143
Er 2.03 244 1.63 3.25 2.39 2.85 247 2.44 3.04 3.04 6.82 573 6.4 543 4.06
Tm 0.304 0.344 0.239 0471 0.328 0.437 0.382 0.356 0.428 0.449 1.008 0.878 1.005 0.828 0.609
Yb 1.78 1.89 1.56 2.93 224 2.8 248 2.24 275 2.69 6.54 527 591 5.1 349
Lu 0.243 0.24 0.204 0.442 0.298 0.401 0.306 0.288 0.39 0.42 0.878 0.735 0.819 0.543 0.392
Sr87/Sr86i 0.7036 0.70591 0.70331 0.70367 0.70714 0.70393 0.70952 0.70426 0.70389 0.70711
La/Yb 1.85 9.15 9.29 478 9.64 7.71 9.07 9.87 9.53 9.81 8.47 9.54 9.49 10.71 12.66
Zr/Y 55.73 3235 29.87 189 9 10.07 9.36 8.24 9.97 9.8 7.95 4,61 5.19 5.24 5.57 743 6.82 5.05
Ba/La 10.92 11 6.36 0.81 5.93 30.07 14.35 17.73 13.78 15.79 15.04 13.94 18.25 15.49 13.19 15.27 13.12 12.71 9.83
Nb/La 0.5 0.58 16.03 275 1.99 1.84 0.83 0.97 0.84 0.81 0.92 0.83 0.6 0.78 0.7 0.64 0.63 0.45 0.68
Y +Nb 721 75.2 44.7 53.8 41 49 44 43 53 52 90 114 109 105 89 65 74 70
La/Th 0.29 9.97 2.22 1.88 4388 3.32 461 547 4.05 4.03 533 3.73 422 4.63 433 2.2
La/Ta 0.36 228 4.26 333 144 11.37 14.06 14.73 1191 13.89 17.87 12.57 12.75 14.76 10.29
Ba/Rb 0.12 0.78 0.69 3.76 1.18 6.38 6.89 5.63 6.46 8.76 3.68 371 9.16 3.92 9.81 5.23 445

<15 =below detection limit.

(444

262-81¢ (1102) 60S sa1sAydouoda / ‘b 32 u9sniy g



Table 1 (continued)

Post-caldera tholeiites Post-caldera alkalic basalts
99-4 99-9 CE-1 ES-00- ES- 99-  CE-2/ ES-00- 99-2 ES-00-  CE-98- CE-4- CE-4- CE-98-  ES-00- ES-99- ES-99- ES-99- VC-21-  VC-25- VC-6 ZEB-1-  ZEB-4-  ZEB-5-
3 PILL 12 9801 6 14 05B B N 02 9 13C 13B 13A 04 04 04 04 04

Si0, 51.95 55.13 57.24 5330 53.61 6159 59.05 6031 6035 61.22 66.58 66.85 67.77 67.24 66.59  67.86 69.7 66.58 50.30 48.13 47.54 53.00 54.19 55.75
TiO, 145 152 155 139 1.58 139 156 1.30 132 104 0.68 099  0.69 0.78 0.67 0.70 0.70 0.75 1.26 0.95 274 152 1.93 1.53
Al205 1697 1844 17.69 1664 1649 17.01 1691 1579 1640 16.83 16.45 1696 16.56 17.79 1692 1621 16.29 16.08 16.74 16.90 16.54 17.17 16.44 17.34
Fe,03 9.56 4.85 497 949 9.77 045 5.57 7.26 6.82 6.25 3.86 3.27 1.76 148 3.07 3.20 1.28 2.16 11.29 12.33 13.54 9.09 10.01 7.35
MnO 0.17 014 013 0.15 0.24 0.13  0.18 0.18 0.08 0.12 0.14 0.07  0.09 0.04 0.05 0.10 0.05 0.05 0.16 0.16 0.18 0.13 0.12 0.18
MgO 630 4.89 447 512 4.26 3.14  3.00 2.93 259 284 0.70 0.64 057 0.17 0.31 0.35 0.19 0.19 7.12 9.02 548 5.01 3.65 3.11
Ca0 8.81 992 758 9.11 8.37 10.81 6.65 4.98 482 585 1.77 195 151 1.58 1.15 1.41 1.50 1.46 9.12 9.62 7.86  8.55 7.21 8.06
Na,0 355 386 435 3.89 4.36 339 497 5.07 496 474 5.71 538  6.10 6.68 5.69 6.16 5.90 8.71 3.17 2.65 392 397 4.50 4.77
K0 079 088 161 091 134 1.61 1.71 2.16 225 111 3.97 3.55 4.80 4.07 5.56 4.02 4.35 4.01 0.57 0.16 158 1.19 1.48 1.58
P,05 045 038 041 ND. N.D. 048 040 N.D. 043 N.D. 0.15 034 014 0.18 N.D. N.D. N.D. N.D. 0.26 0.08 0.61 038 0.48 0.34
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Ba 1845 245 283 235 235 241 344 353 351.1 255 522 528 521 578 585 545 548 556 168 32 411 606 311 257
Sr 410 534 473 609 437 392 332 436 381.1 521 160 219 159 206 182 175 179 205 537 463 521 532 513 401
Y 20 22 25 23 33 18 38 30 28 23 48 40 51 48 41 40 38 36 22.7 13.7 313 216 25 255
Sc 26 10 13 20 23 9 16 11 16 10 8 7 16 8 6 5 <5 7 30 26 25 27 23 27
Zr 142 150 186 179 246 126 303 295 256 214 694 442 581 729 614 240 144 240 1125 335 1942 166.4 191 230.7
\" 184 176 147 186 191 85 121 111 112 106 9 23 10 17 9 9 11 15 191 156 244 179 223 183
Cr 161 71 51 90 92 56 22 47 13 44 <20 2 <1 <20 30 28 30 28 146 243 27 8 11 2
Co 45 36 36 45 45 34 35 26 26 37 22 10 61 13 32 3 2 3 47 56 41 18 35 34
Ni 103 34 37 32 22 27 15 10 7 26 <15 10 14 <15 6 <1 <1 <1 84 158 48 14 15 8
Cu 39 39 40 51 35 49 16 31 14 23 <10 22 <2 <10 6 3 3 6 38 44 37 13 72 24
Zn 80 80 73 107 112 66 89 105 71 116 106 225 87 71 164 98 54 142 109
Ga 186 15 12 17 17 2 5 18 192 18 23 24 21 25 23 24 24 25 16.6 135 208 182 20.8 204
Rb 22 7 28 19 39 46.2 83 79 64 10.8 4.6 29 18.8 15.9 12.3
Nb 113 14 20 10 21 10 29 23 232 3 435 56 53 46.1 19 51 51 53 74 0.5 268 16.6 20.1 20.5
Cs 14 0.2
Hf 3 5 145 14.8 2 1 3 3 3 4
Ta 1.6 <10 <10 <10 21 <10 4.9 <10 4.5 <10 <10 <10 <10 0.9 0.3 2.2 1.6 2.2 1.7
Pb 12 18 23 4 <2 21 18 <2 15 8 6 2 29 9 16 14 3 27 <2 <2 <2 17 <2 <2
Bi <5 <5 <5 <5 <0.6 <5 <0.6 <5 <5 <5 <5
Th 3.8 3 2 5 11 134 8.41 11 8.79 5.7 25 35 2.6 33 1.7
u 0.4 <1 1 <1 1 14 241 3 2.96 0.1 0.1 0.6 0.8 1 0.9
La 26.2 213 444 48 29.6 0.5 182 163 24.8 234
Ce 92.9 98.2
Pr 5.7 7.5 10.2 10.8 33 1 7.2 54 6.8 5.8
Nd 223 274 38.5 41 139 5 279 214 27.7 222
Sm 5 5.8 7.99 8.24 34 2.1 6.7 53 6 49
Eu 1.5 1.7 212 234 13 0.8 22 1.5 1.8 1.8
Gd 49 6.2 7.34 7.59 4.2 2.8 6.8 5.2 6 5.8
Tb 0.7 0.9 1.38 137 9.7 04 1 0.7 0.8 0.7
Dy 3.7 5.2 8.07 7.99 43 2.6 5.8 4.2 49 4.7
Ho 0.8 1 1.63 1.6 0.8 0.5 1.2 0.8 0.9 0.9
Er 22 2.8 5.07 4.86 23 1.5 32 2.2 26 2.7
Tm 0.3 0.4 0.81 0.81 0.3 0.2 0.5 0.3 0.4 04
Yb 1.6 26 5.33 5.16 2.1 12 2.8 2 23 2.5
Lu 0.2 0.4 0.83 0.8 0.3 0.2 0.4 0.3 0.3 04
Sr87/Sr86i 0.7
La/Yb 16.37 8.19 8.33 9.3 14.1 0.42 6.5 8.15 10.78 9.36
/Y 7.1 6.82 744 775 7.46 7 7.97 9.96 914 913 14.46 1117 1139  15.19 1495 597 3.77 6.73 4.96 2.45 6.2 7.7 7.64 9.05
Ba/La 7.04 16.48 11.76 12.04 5.68 64 22,58 37.18 12.54 10.98
Nb/La 0.43 1.09 0.98 0.96 0.25 1 147 1.02 0.81 0.88
Y+ Nb 313 36 45 3343 54.06 28 67 52.13 512 26.13 91.5 9558 104 94.1 59.67 91.23 89.39 88.68 30.1 14.2 58.1 382 45.1 46
La/Th 6.89 1.59 5.28 5.46 5.19 0.2 5.2 6.27 7.52 13.76
La/Ta 16.37 10.14 9.06 10.67 32.89 1.67 8.27 10.19 11.27 13.76
Ba/Rb 839 35 10.11 12.68 8.82 7.6 6.29 6.59 9.03 15.56 6.96 14.17 3223 19.56 20.89
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continental crust by the clockwise and counter clockwise fore arc block
rotations with respect to a center corresponding to the Loncoche area in
Chile (Fig. 1B). The fore arc to the north of Loncoche area has Cretaceous
ash-flow tuffs and upper Tertiary tuffs with paleomagnetic data that
show a Neogene 14° clockwise rotation (Beck et al., 1986; Vietor et al.,
2004; Vietor and Echtler, 2006) since the beginning of subduction of the
Nazca plate in the middle Miocene. Instead, the fore arc to the south of
the Loncoche area (Peninsular Block, which comprises the Puerto Montt
Peninsula and the Chiloe Island) and North Patagonian Batholith
granites and mafic dikes to the west of the Liquifie-Ofqui fault have
paleomagnetic data from Oligocene-early Miocene volcanic rocks that
show a Neogene 14° counter-clockwise rotation with little internal
deformation (Beck et al., 2000; Rojas et al., 1994).

Furthermore, paleomagnetic data show that the southern peninsular
fore arc (Fig. 2, south of the Loncoche area) has moved northward by
about 400 km in early Tertiary time (Beck et al., 2000; Garcia et al., 1988).
The thickened Eastern Series south of the Loncoche area and Temuco
(Fig. 3) suggest that this is the docking area of the northward drifting
peninsular block. The fault system that separates the eastern from the
western series runs along strike with the plate margin and can be related
to a Paleogene Proto Liquifie-Ofqui transcurrent fault system. At the
latitude of Temuco, a strong S inflection of the Proto Liquifie-Ofqui fault
develops a Transverse Range that separates the Central valley to the
north with respect to the Puerto Montt embayment to the south. This
oblique fault system is now reactivated by the Lanalhue fault system.

Further considerations can be made regarding this Paleogene
active plate margin and the Paleogene extensional setting of northern
Patagonia. Contrary to the Neogene coastal block rotations north and
south of the Loncoche area, paleomagnetic data for upper Mesozoic
plutonic rocks to the east of the Liquifie-Ofqui fault suggest (for the
Paleogene) mainly counter clockwise rotation to the north of
Loncoche and mainly clockwise rotation to the south of Loncoche
(Fig. 1B) (Beck et al., 2000; Garcia et al., 1988). Thus a rotation reversal
of the coastal blocks occurred by about middle Miocene time, and can
be correlated with the Farallon plate break up that gave rise to the
Nazca plate, and the tectonic reversal of the extensional Paleogene
faults during the Neogene compressive event shown by Jordan et al.
(2001), Charrier et al. (2002), Giacosa and Marquez (1999).

3. Geochemical features of synextensional
Paleocene-Eocene volcanism

Voluminous calc-alkaline volcanic activity developed during
Paleogene more than 400 km east of the plate margin (Rapela et al.,
1983; Rapela and Kay, 1988) under an extensional tectonic setting
(Giacosa and Heredia 2004; Mancini and Serna, 1989; Rapela et al.,
1983; Rapela and Kay, 1988; Silvestro and Zubiri, 2008). This
Paleogene volcanism is related to the development of the Nirihuau
basin (Cazau et al., 1989; Spalletti, 1983). In the Paleogene calc-
alkaline volcanism, two main belts of volcanic activity are recognized
(Fig. 2A); an eastern late Paleocene-Eocene belt (EPEB) and the
Western Oligocene belt (WOB) (Rapela et al., 1987).

The eastern upper Paleocene-Eocene belt (EPEB) is composed of
bimodal calc-alkaline volcanic rocks (basalt-rhyolite) with large amounts
of ignimbrites and a subordinate amount of andesites and basalts toward
the top of the sequence (Rapela et al., 1987). Most radiometric ages range
from 60 to 42 Ma (Rapela et al,, 1983). In the EPEB volcanic rocks, the
rhyolites and dacites predominate as large ignimbrite plateaus and
subordinate domes, lava flows and subvolcanic rocks (Aragén and
Mazzoni 1997; Rapela et al., 1987). Small amounts of tholeiitic basalts
that evolve to trachyte (Aragén et al., 2004b) and alkali basalts (Aragén et
al,, 2005) are present towards the top of the sequence. The WOB volcanic
rocks also start as dacite-rhyolite flows and ignimbrites and become
more andesitic to basaltic to the top of the sequence.

Representative rocks from the EPEB have been sampled for
geochemical characteristics in order obtain additional information

regarding tectonic events during the Paleogene in this sector of the
North Patagonian region. The results will be contrasted with geological
and geophysical data. This study is based in a detailed sampling of the
volcanicrocks at the Rio Chubut medio area (Fig. 2A, and Table 1), since
it shows a complete and well age-constrained sequence of the EPEB
(Aragén and Mazzoni, 1997), with the complete range from calc-
alkaline rhyolites and andesites, tholeiitic basalts and trachytes and
alkali basalts.

3.1. Sampling and analytical techniques

3.1.1. Sampled units

A total of 45 samples from the EPEB at the Rio Chubut medio area
were collected for geochemical characterization. These include
basalts, andesites, trachytes and rhyolites. A total of 200 samples
were collected for petrographic study.

Fig. 4 shows a vertical section of volcanic activity in the EPEB that
has been summarized as Pre-caldera, Caldera and Post-caldera stages.

The Pre-caldera volcanic rocks are tholeiitic basalts with zoned
plagioclase, augite and chloritized olivine in a devitrified groundmass,
and have a K/Ar radiometric age of 57.8 Ma (Mazzoni et al., 1991).

At the Caldera stage, the most abundant volcanic products by far are
rhyolitic ignimbrites related to a 25 km diameter collapse caldera with
an erupted volume of more than 300> km (Aragén and Mazzoni, 1997).
These ignimbrites form a large plateau, with a maximum thickness of
about 100 m and remnant outcrops covering an area of about 400 km?2.
Two main units can be distinguished. The lower unit is characterized as
being composed of high silica rhyolithic (sanidine free), and poorly
welded undeformed pumice ignimbrites. The upper unit consists of
high silica rhyolites and highly welded ignimbrites with fiamme. Both
units have volcanic, plutonic and metamorphic lithoclasts and a small
amount of small crystal clasts (2 mm diameter).

Andesites rocks composed of zoned plagioclase, augite and
groundmass, form necks, feeders, sills and etmoliths of 1 to 50 m
thickness. Rhyolites are almost aphyric, with small amounts of
microporphyritic anorthoclase. They form glassy perlithic domes of
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\V] vV 47 Ma

Alkaly basalts
48/49 Ma

$
Rhyolite
domes

Post-Caldera
Stage

47-49 Ma

‘) Andesite

sills and Caldera

etmoliths Sta ge
56-49 Ma

Plateaux

Ignimbrite

& L

Pre-Caldera
Stage

| 57.8 Ma

Lefipan Formation
| (Danian)

Fig. 4. Schematic lithostratigraphic column of the EPEB at the study area, related to the
caldera and ignimbrite flare-up stage. The continental EPEB lies upon Danian estuarine
silts of Lefipan Formation.
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200 to 400 m diameter and 80 m thickness and devitrified foliated
rhyolite domes of 200 to 500 m diameter and 100 m thickness (Aragén
etal.,2001,2004a). The K/Ar radiometric ages of these caldera collapse
ignimbrites and intracaldera calc-alkaline lavas range from 56 to
49 Ma (Mazzoni et al., 1991; Wilf et al., 2005).

The Post-caldera sequence is formed by tholeiitic and alkalic lava
flows. The tholeiitic basalts spread over an area of 100 km? and have
an average thickness of 200 m. They evolve to trachytic ignimbrites.
Basalts are microporphyritic rocks with a dominant assemblage of
olivine altered to bowlingite, zoned plagioclase, and diopside rich
augite-rimed hypersthenes (Aragén et al., 2004b) and have a K/Ar
radiometric age of 47 Ma (Mazzoni et al., 1991).

The alkali basalts form the last Paleogene volcanic episode in the
region. These spread inside and outside the caldera over an area of
350 km? and have an average of 50 m thickness. They are character-
ized by microporphyritic olivine, augite and zoned plagioclase

(Aragén et al., 2005), and have “°Ar/3>°Ar radiometric ages of 48 to
49 Ma (Gosses et al.. 2006).

3.1.2. Analytical techniques

Analyses were carried out on rocks with no alteration and clear
phenocrysts. For ignimbrite rocks hand picking of ground mass and
pumice was performed to eliminate foreign lithoclasts. Major element
analyses were performed by ICP, and trace elements by ICP-MS. The
samples with full REE determination were performed by Neutron
Activation.

3.2. Results of the geochemical study
3.2.1. Major elements

Geochemical data (Table 1; Fig. 5) of the EPEB show that calc-
alkaline and tholeiitic rocks major element compositions do not differ

70 SiO2 %

O SSVZ Southern Andes Volcanic Zone from 37° to 43° S

O Alkaly Basalts (48-49 Ma)

® Pos-Caldera Tholeiitic Basalts and trachytes (47 Ma)
o Intracaldera Calc-alkaline etmoliths,
domes and ignimbrites (52-49 Ma)

B Pre-CalderaTholeiitic Basalts (57.8 Ma)

Fig. 5. Major elements versus SiO, diagrams for samples from the EPEB. The orange field show the Neogene volcanic arc at the same latitude (SVZ rocks), plotted as reference in all
diagrams. Data of SVZ is from Gerlach et al. (1988), Lopez Escobar et al. (1991), Lopez-Escobar et al. (1992), Mella et al. (2005), and Tormey et al. (1991).
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Fig. 6. AFM diagrams with the calc-alkaline (CA) and tholeiitic (TH) fields, to show temporal and compositional variations of: A) Northern Patagonian Batholith plutonic rocks with
respect to; B) the EPEB volcanic rocks at the same latitude of the active margin. North Patagonian Batolith data is from Rapela and Kay (1988).

much from the present day Southern Andes Volcanic Zone (SVZ)
southern segment (37°-43°S) volcanism and the Tertiary northern
(38°-43°S) segment of the North Patagonian Batholith (NPB) (Fig. 6).
The pre- and post-caldera basalts show a tholeiitic trend in the FeO*/
MgO versus SiO, diagram (Fig. 7; Miyashiro, 1974) but this is not so
evident when considering the alkalis, as in the AFM diagram (Fig. 6).
The post-caldera tholeiitic basalts and andesites are also associated
with trachytes, and alkali basalts (Ne normative hawaiites, Fig. 7). The
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O Alkaline Basalts (48-49 Ma)
® Tholeiitic Basalts and trachytes (47 Ma)
o Intracaldera Calc-alkaline sills, domes, ignimbrites (52-49 Ma)

m Large caldera Calc-alkalne ignimbrites (56-53 Ma)

Fig. 7. Total alkalis and FeO*/MgO versus SiO, for the rocks of the EPEB. The fields for
alkalic and subalkalic and for tholeiite and calc-alkaline are from MacDonald (1968)
and Miyashiro (1974).

Caldera stage shows trachy-basalts, andesites, dacites (in the trachyte
transition) and rhyolites of calk-alkaline nature (Fig. 7).

The most outstanding differences between EPEB and SVZ are that
EPEB calc-alkaline and tholeiitic rocks show normal to high K,0O
contents, that are much higher than those of present SVZ arc
compositions (Fig. 5), and that EPEB tholeiitic rocks have a much
lower Al,O5 content with respect to calc-alkaline volcanics (Fig. 5).

3.2.2. Trace elements

Large ion lithophile (LIL) Ba, Rb of the EPEB have similar
concentrations to the NPB and the SVZ (Fig. 8), for a given Silica
content (Fig. 9), but are relatively enriched in high field strength
(HFS) incompatible elements such as Nb, Ta, Y (Figs. 8 and 9). The
EPEB calc-alkaline and tholeiitic rocks have incompatible element
ratios Ba/Nb<30; Ba/La<15; and Nb/La>0.5 values which are not of
orogenic andesites (Gill, 1981) and are much lower than those of SVZ
basic rocks (Table 1; Fig. 10).

Similar (but not so sharply) low incompatible trends in volcanic
centers from behind the Andean SVZ volcanic front, compared to
those along the front, have been associated with a lower input of
fluids derived from the subducted Nazca plate below the front
(Hickey-Vargas et al., 1986, 1989; Lopez Escobar et al., 1977, 1976,
1992, 1993, 1995; Stern, 1991). But, this is not so for the EPEB since
the Ba content for both EPEB and SVZ is the same for any given silica
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10 VAG Volcanic arc Granites
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o Intracaldera Calc-alkaline domes and ignimbrites (52-49 Ma)

m Caldera collapse Calc-alkaline ignimbrites (56-53 Ma
<= North Patagonian Batholith Tertiary Granitoids (39°-43°S)

Fig. 8. Rb versus (Y + Nb) discrimination plots for the main Cretaceous and Tertiary
plutonic igneous units of the North Patagonian Batholith compared with respect to the
EPEB volcanic rocks. Different granites types fields after Pearce et al. (1984). Granitoids
data is from Cingolani et al. (1991).
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Fig. 9. Ba, Nb, La and La/Yb versus SiO,, for rocks of the EPEB, compared with respect to
the southern segment of the SVZ rocks (orange field) and Tronador volcanic arc rocks
(TR) at the same latitude at the active margin of the South American plate. The SVZ and
Tronador data is from Gerlach et al. (1988), Lopez Escobar et al. (1993), Mella et al.
(2005), and Tormey et al. (1991).

content (Fig. 9). The low Ba/Nb ratios of the EPEB is due to the higher
Nb contents (Fig. 9)

The relation between HFS incompatible and LIL trace elements of
the NPB (upper Cretaceous-Tertiary) and the EPEB (Fig. 8) shows a
slight HFS enrichment in the Tertiary plutons of the batholith that
suggest an overall transition to a more HFS rich Paleogene igneous
rocks.

The Th-Ta-Hf/3 diagram (Fig. 11) shows that Ta of EPEB volcanics
are enriched with respect to a Th and Hf (high-Ta/Hf ratio), the WOB
volcanic rocks also show a Th decrease with respect to a medium-Ta/
Hf ratio. Instead the SVZ remains with a low Ta/Hf ratio, as expected in
volcanic arcs.

REE patterns of the EPEB subalkalic rocks (Fig. 12) are relatively
flat with light REE enrichment of with respect to heavy REE (except

for the lower unit of the caldera collapse ignimbrite). The EPEB La/Yb
(8-10) ratios are relatively constant as SiO, increases (Fig. 9), and are
slightly higher than the southern segment of the SVZ (Cf. Lopez
Escobar et al., 1977; Tormey et al., 1991) but much the same as the
Pleistocene Tronador lavas (Cf. Mella et al., 2005). In this respect
Lopez Escobar et al. (1977), Tormey et al. (1991) considered the La/Yb
variations along-strike the SVZ to be a consequence of crustal
thickness, melting degree and depth of magma source variations,
and the southern segment of the SVZ represents the thinnest crust,
largest degree of melting and shallowest magma source (garnet free
mantle) regions of the SVZ. The EPEB has higher La concentrations
than the SVZ, but similar La concentrations to the La rich (Group II, of
Mella et al., 2005) Pleistocene Tronador volcanic rocks (Fig. 9). The
lower Yb contents and higher La/Yb ratios of the EPEB suggest the
presence of garnet in the source and a deeper mantle source for these
magmas with respect to the southern part of the SVZ, and similar to
the group II of the Pliocene Tronador volcanic rocks as proposed by
Mella et al. (2005) for these rocks.

Subalkalic basaltic and andesites samples do not have a Eu
anomaly, although dacites through most rhyolites show a slight Eu
anomaly, and the ignimbritic rhyolites of the caldera collapse show a
strong Eu anomaly. The alkali basalts show a wide range of REE
patterns and of La/Yb (0.42 to 14) ratios with OIB affinity.

3.2.3. Sr isotopes

Sr isotopic ratios were determined on EPEB volcanic rocks
(Table 2). Isotopic analyses were conducted at the Centro de Pesquisas
Geocronoldgicas (Universidade de Sdo Paulo, Brasil), and the Sr
concentration at the Centro de Investigaciones Geoldgicas (Universi-
dad Nacional de La Plata, Argentina) as described by Cingolani et al.
(1993).

Initial Sr isotopic ratios EPEB range between 0.70331 and 0.70952.
The lower value is presented by a voluminous caldera collapse
ignimbritic rhyolite and the higher by the andesite etmolith. The Sr
isotopic ratios of rocks from the EPEB are independent of their SiO,
and Sr contents (Table 2, Fig. 13), and show a flat pattern close to the
0.7035 ratio. The higher values are few and related to the andesitic
sills and etmoliths (within caldera magmatism).

4. Seismicity and tomography

The distribution of earthquake hypocenters (Fig. 1A) is one of the
most reliable methods by which to constrain the geometry of the
subducting slab at depths between 50 and 200 km. The seismic
pattern of the South America active margin from the Triple Junction at
the Taitao Peninsula in Southern Chile to Peru (Fig. 1A) shows along-
strike differences related to the subduction of the Nazca plate that are
also visible in the 3D regionalized upper mantle (RUM) seismic model
of South America (Fig. 1B; Gudmundsson and Sambridge, 1998).
These marked regional differences are the well known flat-slab
segments of central Chile and central Peru (heavy bracket in Fig. 1B)
and the adjacent segments of normal (=30°) subduction (Barazangi
and Isacks, 1979).

The age of the Nazca plate increases steadily from the south (4 Ma at
45°S) to the north (48 Ma at 20°S; Fig. 1A). As oceanic plate age
increases so should lithospheric thickness and plate subduction angle on
the one hand, while subducted plate buoyancy decreases on the other.
Nevertheless, the Andes have alternating along strike normal and flat-
slab segments apparently uncorrelated to this first-order relationship
(Fig. 1B). Variation of the subduction angle is possibly induced by
variability of crustal buoyancy, independent of the age of the subducted
slab and influenced by the local morphology and tectonics of the
subducting plate (Gutscher et al., 2000). The present seismogenic zone
beneath northern Chile appears as a large continuous belt for more than
600 km, extending to a depth >300 km (zone of increased hypocenter
density in Fig. 1). In contrast, northern Patagonia and southern Chile
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Fig. 10. Nb/La versus Ba/La diagrams. A) to demonstrate the relatively high Nb and low Ba contents of the northern Patagonia EPEB ignimbrite flare-up with respect to the present
active arc volcanism (SVZ) at the same latitude. B) The Central Andes Puna ignimbrite flare-up and its active arc volcanism (CVZ) relationship, for comparison with EPEB ignimbrite
flare-up. Notice that contrary to northern Patagonia, at Central Andes, both; Puna's back arc ignimbrite flare-up and arc volcanism at the CVZ have the same Nb and Ba ratios typical of
orogenic andesites. The SVZ data is from Lopez Escobar et al. (1993), and Tormey et al. (1991). The CVZ and Puna ignimbrites are from de Silva (1991) and Walker et al. (1991).

show a much narrower seismogenic zone (Fig. 1), with the Benioff plane
only reaching a depth <200 km. Such a tectonic configuration probably
reflects a quasi-steady condition since 23 Ma break-up of the Farallon
plate (Yafiez et al.,, 2002).

Tomographic sections are another reliable means of imaging
subducted lithosphere using perturbations of p-wave velocities in the
mantle (Bijwaard and Spakman, 2000; Bijwaard et al., 1998fast
velocities = dense, cold lithosphere; slow velocities = hot, light
material below 100 km depth typically asthenosphere).

Previous tomographic models interpretations of the neighboring
areas of northern Patagonia, such as Gutscher et al. (2000), have used
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Alkaly Basalts (48-49 Ma)
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N-Type MORB
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tomographic models to study the flat-slab segments at the central
Andes, and Heintz et al. (2005) have evaluated tomographic
resolution and worked with new improved shear wave tomographic
models of southern South America to suggest a shallow-slab segment
at the austral Andes

In northern Patagonia, the tomographic model of a vertical cross
section (Fig. 14A) passing through the NPM, shows a moderately
dipping fast velocity anomaly that coincides with seismic hypocenters
and continues to a depth of 350-400 km, and that can be interpreted
as the subducting Nazca plate lithosphere. From 400 km the fast
velocity anomaly is no longer present. A fast velocity anomaly is re-

Southern Andes Neogene Volcanic Arc
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A Volcanic Arc front from 332 to 432 S
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Volcanic arc basalts (1) island arc tholeiites (2) calc-alkaline basalts

Fig. 11. The Th-Hf-Ta discrimination diagram (after Wood, 1980) to show the different behavior of the calc-alkaline volcanic rocks of A) the EPEB and WOB, with respect to B) SVZ
arc volcanoes at the same latitude. Notice that the EPEB large caldera ignimbrites (ignimbrite flare-up) plot in the E-MORB-within plate tholeiitic field. The SVZ data is from Lopez

Escobar et al. (1993), and Tormey et al. (1991).
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Table 2

Selected Sr isotopic analyses of lavas and ignimbrites from Rio Chubut Medio Volcanic field.

Field N° Rb (ppm) Sr (ppm) Rb%7/5r86 Error Sr87/Sr86 Error Age (Ma)  Sr¥7/sr®¢(i)  SiO,
Caldera collapse ignimbrite QL 9801 179.3 103.7 50,054 0.1001 0.707507 0.000011 55 0.7036 77.61
QL 9803 124.5 138.5 26,017 0.052 0.70534 0.00001 55 0.70331 87.68
QL 9802 18 35 1,488,742 0.029775 0.707073 0.000021 55 0.70591 79.83
QL 9807 1119 58.1 55,758 0.1115 0.708031 0.000022 55 0.70367 85.06
Intracaldera calc-alkalic volcanism LP 21 414 422 0.2839 0.0057 0.704141 0.000014 52 0.70393 55.37
LP 23 62.2 3213 0.5606 0.0112 0.709939 0.000014 52 0.70952 60.35
LP 17 261.8 162.2 46,739 0.0935 0.710589 0.000019 52 0.70714 56.64
8655 106 82 3,741,826 0.074836 0.706523 0.000019 50.9 0.70382 69.29
DI EPP 85 60 4,100,835 0.082017 0.706829 0.00002 50.5 0.70389 79.23
EPP T 274.6 174 45,986 0.092 0.707501 0.000015 50 0.70426 70.11
IGES8682 157 60 7,578,155 0.151563 0.711784 0.000021 50 0.70711 73.72
Post caldera basalt flows 99-4 22 410 0.155276 0.005743 0.703524 0.000017 47.2 0.70342 51.95
153 15 840 0.051675 0.005787 0.703603 0.000016 431 0.70357 47.71

established at a depth of 650-700 km that continues sub-horizontally
along the =700 km depth for about 500 km. The lateral extent of the
anomaly gap (Fig. 14F) and the 650-700 km isolated sub-horizontal
fast velocity anomaly (Fig.14G), show that these features occupy the
whole with of the segment, and that are exclusive to this particular
Andean segment when compared to the neighbor Andean segments
(Fig. 14B, C, D, E, F and G). This shows an important lithospheric
discontinuity for the Nazca plate in northern Patagonia followed by
another possible lithospheric segment that we interpret as a remnant
of ocean plate lithosphere.

The lack of continuity between the actively subducting slab
(seismic hypocenters with the fast anomaly segment) with respect
to the fast anomaly segment lying at ~700 km in depth (for the whole
with of the northern Patagonia segment), and the apparent different
inclination of the deeper slice suggest that a slab detachment has
occurred, rather than a simple slab break-off. Furthermore, using as a
reference the distance between ocean floor ages at anomalies 5
(10.59 Ma), 13 (35.58 Ma) 18 (42.01 Ma) as seen within the
neighboring transforms of the Nazca plate (Fig. 1), the age of the
subducted lithosphere can be reasonably estimated (yellow circles in
Fig. 14A) and from the position of the subducting front it can be
estimated that subduction was re-established ~23 Ma ago. The
magmatic activity of the associated arc had begun about 15 Ma ago
(Munizaga et al., 1988) suggesting a ~8 Ma long period to rebuild
the subduction and suprasubduction steady state tectono-magmatic
structure.

8710 86 > Neogene Arc - Southern Andes Volcanic Zone
Sr¥7/sr® O Paleocene-Eocene calc-alkaline and tholeiitic volcanic rocks
U}
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Fig. 13. Variations of initial Sr isotope ratios with SiO,. The Easterly Paleocene-Eocene
Belt (open squares) is compared with the volcanic arc SVZ (orange field is for SVZ
rocks) at the same latitude. The SVZ data is from Gerlach et al. (1988), Lopez Escobar et
al. (1993) and Tormey et al. (1991).

5. Discussion

5.1. The trace elements, isotopes, tectonic setting and tomography model
assemble for the Paleogene

The EPEB has Ba, Rb and Sr concentrations similar to the SVZ that
suggest a lithosphere enriched by subduction, but the large HFS Nb, Ta
concentrations suggest a within-plate setting. This can be explained
partly by the synextensional condition of this volcanism that suggests
high degrees of decompression melting, with large volumes of silicic
calc-alkalic magmatism (ignimbrite flare-up). This bimodal associa-
tion of the calc-alkaline ignimbrite flare-up with a final stage of
within-plate alkali basalts (some with mantle xenoliths, Alric et al.,
2002) and tholeiitic basalts-trachytes also show the extensional
origin of this magmatism. The voluminous synextensional EPEB in the
former back arc is coeval with the Tertiary magmatic gap in the North
Patagonian Batholith, suggesting a slab window or slab detachment
setting and not a rollback or flat slab setting. Besides, the very small
ocean-continental plate convergence angle and the collision of the
Farallon/Aluk spreading ridge (unstable F-R-T-T quadruple junction
Fig. 15) registered for the Paleogene (Cande and Leslie, 1986; Somoza,
1998; Somoza and Ghidella, 2005) at this latitude will evolve to a
“transform” ocean-continental plate margin setting (F-R-T and F-F-T
triple junctions Fig. 15), over ruling previous suggestions of small
angle subduction (Kay and Rapela, 1987) for the Eocene. This is in
agreement with the plate-detachment suggested by the tomographic
model fast anomaly interpretation, which shows a possible detached
lithosphere with a cut-off edge at 1000 km from the present trench.
Thus, the late Cretaceous-early Paleogene detached lithospheric slice
can be part of Farallon/Aluk plates.

A similar condition of a large synextensional calc-alkalic ignim-
brite flare-up followed by tholeiitic and alkali basalts has been
described in the Basin and Range Neogene magmatism (Gans et al.,
1989; Hawkesworth et al., 1995; Hooper et al., 1995) and has been
interpreted as decompression melting of a lithosphere enriched by a
former subduction process (Hawkesworth et al., 1995).

As for most volcanoes along the SVZ, the Sr isotopic ratios of rocks
from the EPEB are independent of their SiO, and Sr contents (Table 2,
Fig. 13), but have unusually low Sr isotopic ratios in the high silica
ignimbrites of the caldera collapse stage (ignimbrite flare-up), these
ignimbrites are single eruptions with volumes of more than 300 km?
of rhyolites with little microporphyritic feldspar of 2 mm and absence
of amphibole and biotite (Aragén and Mazzoni, 1997). In the SVZ the
small Sr isotopic ratio variation is interpreted as a lack of significant
amount of crustal assimilation in conjunction with fractional
crystallization (Hickey-Vargas et al., 1989; Stern, 1991), this seems
to be also the case for the EPEB but with the difference that the larger
volumes of rhyolitic rocks with respect to basalts and fewer andesites
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Fig. 15. Schematic reconstruction and evolution of the plate configuration in the
Southern Andes during early the Eocene. Double lines indicate the Farallon-Aluk
spreading ridge moving southwards (modified from Cande and Leslie, 1986, Somoza
and Ghidella, 2005). (A) As the Farallon-Aluk spreading ridge reaches the trench, an
unstable quadruple plate junction is formed which immediately evolves to two triple
junctions; an R-F-T and a F-F-T type (R=spreading ridge, F=transform fault,
T=trench). (B) Shows (at 40°S for the early Eocene) the relative motion of the Farallon
plate to the South America plate (modified from Cande and Leslie, 1986, Somoza and
Ghidella, 2005), and the convergence rate (Pardo Casas and Molnar, 1987). The very
low relative motion angle between Farallon-SAM plates; the very low convergence rate
at this Latitude; and the high plate motion/plate convergence ratio 10/1; show that a
new transform margin (Farallon-SAM plates) is the only possible solution to replace
the old Aluk-SAM trench as the new Farallon-Aluk-SAM R-F-T triple junction migrate
by the ongoing collision and southward drift of the spreading ridge with respect to the
trench. The growth of this transform margin ends when the R-F-T triple junction
evolves to an F-F-T triple junction.

suggest that batch melting may be more important than fractional
crystallization.

The flat and low initial Sr isotopic ratios (0.7035) and the lack of
phenocryst development of the EPEB ignimbrite flare-up suggest a
young lithosphere and are consistent with a rapid movement of
magmas through the crust, due to intense extension or related to a
thinned crust in order to avoid crustal contamination and long-lived
magma chamber emplacement.

Widespread extension and magmatism continues through Oligo-
cene to lower Miocene with the development of the Nirihuau basin
(NB) between the NPM and the coastal block (Jordan et al., 2001;
Spalletti, 1983). The Western Oligocene belt (WOB) is the western
boundary of the Nirihuau basin (NB Fig. 2A), and reflects bimodal calc-
alkaline volcanism (basalt-rhyolite; Rapela et al., 1987) with OIB
affinity (Kay and Rapela, 1987). These lavas have radiometric ages of
34 to 24 Ma (Cazau et al, 1989). To the west of the Andes, the
Oligocene Coastal volcanic belt develops with OIB features and has
been interpreted to show a slab window (Mufioz et al., 2000). To the
east of the WOB, the broad Oligocene Somon-Cura basaltic plateau
(SCBP) also has OIB and Arc affinities (Kay et al., 1993). In summary,

these broad Oligocene volcanic events throughout northern Patagonia
show OIB and Arc affinity, that has been interpreted to be produced at
local or regional scale by a hot spot (Kay et al., 1993; 2004) or slab
window caused by slab roll-back (de Ignacio et al., 2001; Mufioz et al.,
2000), or small angle subduction (Kay and Rapela, 1987). The
Paleogene lithosphere detachment suggested by fast velocity anom-
alies of tomographic modeling and the within-plate geochemical
evidence for the Eocene volcanism in this study suggest that the broad
slab-window like Oligocene volcanism may be re-interpreted as the
main stage of plate-detachment and extension that had started with
the EPEB.

5.2. The synextensional-uplift in the former back arc

In addition to synextensional-calc-alkaline volcanism, northern
Patagonia back arc experienced synextensional-uplift (Aragén et al.,
2010). This is shown by the Maastrichtian-Danian marine sediments
that are covered by the Eocene volcanic rocks with thin layers of
sediments with continental floras (Wilf et al., 2005). This Eocene
uplift of the back arc is anomalous, in as much as homogeneous
extension leads to isostatic subsidence rather than uplift. Subsidence
in the back arc, fore arc and arc is finally attained by the upper
Oligocene-lower Miocene with broad transgressions from the
Atlantic and Pacific oceans respectively. Besides, in this back arc the
NPM remained as a remnant block undeformed by extension,
preserving the original thickened state, and contrary to the rest of
the back arc history, it kept on suffering further uplift until it stood as a
high plateau more than 500 m higher than the surrounding back arc in
the late Oligocene. The continuous Paleogene uplift history of the NPM
plateau is evidenced by the late Oligocene Somon Cura basalt lavas
that overlie the Danian marine sediments (on top of the NPM) and
spill (more than 400 m height difference) from the NPM plateau to
the surrounding back arc. Thus the undeformed and thick NPM block
is considered a “centralized” boundary for back arc crust deformation.
In other words, the Paleogene extension and the Neogene tectonic
inversion affected only the back arc crust surrounding the Massif.
Given the closeness of the Massif to the plate margin (Figs. 2 and 13) it
is suggested that it may have functioned as a support point for the
forces produced by subduction or transcurrent plate margin relations
in Cenozoic time.

5.3. The drift of the southern coastal block

The paleomagnetic data shows that the southern peninsular fore
arc moved northward by about 400 km in early Tertiary time (Beck et
al., 2000; Garcia et al., 1988) bounded to the east by the Liquifie-Ofqui
fault zone. Beck et al. (2000) consider that the Liquifie-Ofqui fault
zone is a site of crustal decoupling, and the sliver of South America
west of the fault is detached from the rest of the continent and has
moved relatively northward without much internal deformation. To
explain the northward transport of the peninsular block, Forsythe and
Nelson (1985) proposed an ‘indenter’ model. Problems with this
model are that such an indentation should have produced a
symmetric equivalent of the LOF south of the triple junction and is
too young to produce the 400 km displacement. To solve these
problems Beck (1988) proposed an oblique subduction model. But,
with the new evidence of the Paleogene ocean plate lithosphere gap
beneath northern Patagonia (Fig. 14) and the coeval synextensional
EPEB volcanism of within-plate affinity (Figs. 10 and 11), then the free
fore arc block (Peninsular Block), its northward movement and the
small plate-convergence angle for most of the Paleogene as the
Farallon-Aluk spreading ridge collided with South America (Fig. 15),
suggest a transcurrent plate margin setting during Paleogene along a
Proto Liquifie-Ofqui transcurrent fault (Fig. 16), rather than oblique
subduction or Neogene indentation. It is also suggested that the
docking of the Peninsular Block must be to the south of the Loncoche
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area as indicated by the thickened Eastern Series and the deformation
of the late Paleozoic and Triassic rocks at the Temuco area (Fig. 3)
along oblique faults.

Now we can consider the Haschke et al. (2006) suggestion that the
Paleogene extension and the synextensional widespread magmatism
could be explained by retreat of the trench. Paleomagnetic data show
clockwise and counter-clockwise coastal block rotation reversals with
respect to the Loncoche area, and the detachment and northward
migration of the fore arc Peninsular Block driven by very small plate-
convergence angles, showing that the geometry of extension is ruled
by the rotation of the coastal blocks with respect to a center promoted
by a small angle convergence and not a uniform trench retreat.

5.4. The recovery of subduction

The end of the northern Patagonia ocean-continental plate
transform margin is well documented as the Farallon plate breaks to
give place to the Nazca plate coeval with a sharp change of ocean-
continental plate convergence angle from very small to almost
perpendicular at ~23 Ma ago (Cande and Leslie, 1986, Lonsdale,
2005). The change from transform to subduction regime can be also
related to the tectonic inversion that occurs at mid-upper Miocene
(Giacosa and Heredia, 2004; Giacosa and Marquez, 1999), the end of
within-plate calc-alkaline magmatism, and the recovery in the upper-
Miocene of arc magmatism in the North Patagonian Batholith
followed by the development of the Southern Andes Volcanic zone.

5.5. Proposal of a new model

The tectonic model here proposed (Figs. 15, 16 and 17) considers
the two coastal blocks to behave as facing lever arms (wheelbarrow
type), having the NPM as a single central support point for both levers.
The whole system reacts to subduction-transcurrence transition since
the efforts change from perpendicular to parallel. Then, the Coastal
Blocks (levers) with respect to the NPM (undeformable support
point) are subjected to rotation reversal, causing extension during
transcurrence (Figs. 16C and D; 17B and C), and compression (at the
back arc) during normal subduction (Fig. 17D).

In this model the Proto Liquifie-Ofqui fault represents the plate
margin during the advance stage of transcurrence (when the F-R-T
triple junction evolves to F-F-T, Fig. 16D). The trace of the main fault
system has a strong inflection to the west of Loncoche (see * in Figs. 2A

Fig. 16. Schematic representation of the mechanical behavior of the two lever arms
tectonic model (wheelbarrow type) at a transform margin. (A) To the left; a
wheelbarrow type lever working with the effort almost parallel to the lever arm axis.
To the right; a shear system (B) A double wheelbarrow type lever with a single fulcrum.
(C) Young stage: showing major tectonic elements and efforts of the double lever
transform margin and the bounding subduction margins that supply the effort for the
levers. The clockwise rotation lever has a windward arm end and the counter-clockwise
lever has a leeward arm end with respect to the ocean plate motion. CR = Convergence
Rate. Extn = Extension. (D) Mature stage: As rotation continues and the R-T-F triple
junction evolves to T-F-F type, the windward lever arm is decoupled and captured by
the ocean plate. The transform margin jumps inland and the new transform fault has an
S-shape. The decoupled windward lever arm is a microplate that docks towards the
fulcrum. (E) Mechanical constraints of the double lever system. Measured rotation
angles of coastal blocks in Chile (Beck et al., 1986, 2000) suggest that the ) of counter
and clockwise rotation angles can reach as much as 30° with respect to the compressive
effort. This implies that the maximum extension this system may have reached is of 26%
at the far end of the lever, decreasing towards the fulcrum, with a maximum of 3.4% of
lateral shortening with respect to the levers length (because of tectonic reversal no data
are yet available to verify this). (F) Details of the mature stage fault system at the levers/
fulcrum junction (as in Fig. 17C Transform margin stage). The effort along-strike of the
plate margin generates the transcurrent fault (PLOF = Proto Liquifie-Ofqui Fault). The
Coastal block breaks at the edge of the support point and develops a Transverse Range
(TR) and a southern (1) and northern (2) lever, at each side of the transcurrent fault.
The support point of the levers is the Massif. As counter-clockwise and clockwise
rotation of the southern and northern coastal blocks proceeds, there is extension and
crustal thinning at the former back arc.
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Fig. 17. Tertiary tectonic evolution model of northern Patagonia: A) In the Upper Cretaceous the Aluk plate is subducted. B) By late Paleocene-early Eocene, as the Farallon plate
motion with respect the South American plate is close to parallel, the triple junction R-F-T caused by the collision and southward migration of the Farallon-Aluk spreading ridge
develops a Paleogene transcurrent plate margin episode. Along-strike transcurrent faults (Proto Liquifie-Ofqui fault system) start to develop inland. C) In the Oligocene, when the R-
F-T triple junction evolves to an F-F-T triple junction, the transcurrent plate margin fault jumps inland and the Proto Liquifie-Ofqui fault system has become the new plate margin.
During this time the southern Peninsular block rotates clockwise and the Northern coastal block rotates counter-clockwise. Both block rotations induce a significant extension at the
former back arc and fore arc, with the onset of synextensional calcalkaline-alkaline magmatism and crustal thinning. The massif is subject to strong uplift (with no deformation). In
an early stage the Peninsular Block is dragged 400 km to the north by the transcurrence along the Proto Liquifie-Ofqui fault. D) In Miocene time, the subduction tectonic setting is re-
established with the break up of the Farallon plate to yield the Nazca plate with a high convergence rate with respect to the South American plate. The reversal of coastal block
rotation is observed along with the tectonic inversion at fore arc, arc and back arc basins, the crustal thickening, and the re-establishment of the magmatic arc. The plate margin
migrates westward to the trench joining the Peninsular Block to the South American Plate.

and 3) in correspondence with the support point of the two lever
system. To the south the Proto Liquifie-Ofqui fault allows the docking
of the Peninsular Block and separates the metamorphic rocks of the
Eastern Series (low P/T gradient) with respect to the Liquifie
Metamorphic Complex to the west (Western Series).

From Loncoche to the north the Proto Liquifie-Ofqui fault runs in
the Coast Range, separating the metamorphic rocks of the Eastern

Series (low P/T gradient) with respect to a narrow strip of the Western
Series (high P/T gradient).

The transcurrence along the Proto Liquifie-Ofqui fault accommo-
dates the 400 km northward shifting of the Peninsular Block that is
detached from the continental plate (Beck et al., 2000), under a very
small plate convergence angle regime (Cande and Leslie, 1986). We
interpret that the Peninsular Block moved together with - and thus
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pertains to — the Farallon plate during transcurrence. Vice versa it
becomes integral with the South America plate during convergence
when the plate margin migrates westward to the trench during the
Neogene (Fig. 17C and D). The Peninsular region behaved therefore as
a microplate. Presently this microplate behaves integrally with the
South America plate.

Recovery of subduction at the plate margin causes the reversal of
coastal block rotation, tectonic inversion in the fore arc, arc and back
arc basins, crustal thickening, and the development of the magmatic
arc.

6. Final considerations

The Paleogene magmatic history of Northern Patagonia shows a
transition from arc to within-plate character. The northern segment of
the North Patagonian Batholith diminishes intrusiveness rates to an
upper Oligocene-lower Miocene magmatic gap. The upper Miocene
recovery of magmatic activity in the batholith is accompanied by a
change of composition to more gabbroic and leucogranitic end
members. Coeval with the decrease of intrusiveness rate in the
North Patagonian Batholith, the main magmatic activity migrated
eastwardly to generate the EPEB volcanism with large volumes of
silicic calc-alkalic magmatism (ignimbrite flare-up) with little or no
crustal contamination, and associated with a final stage of alkali
basalts (hawaiites) and tholeiitic basalts-trachytes. The synexten-
sional and enriched in incompatible and HFS element-nature of the
EPEB suggest a within-plate setting with high degrees of decompres-
sion melting of a lithosphere enriched by a subducted slab processes.

The extreme synextensional nature of the EPEB volcanism is also
shown by the flat and low initial Sr®7/sr8 ratios from basalt to
rhyolite. To the extent that microporphyritic rhyolite ignimbrite
eruptions of more than 300 km? retain an initial Sr®7/Sr® ratio of
0.70331, showing that ascent was fast (did not allow crustal
contamination), and that the back arc crust must have been thin or
subject to crustal thinning by the extension.

The Oligocene is characterized by the maximum extension, with a
widespread magmatism (from the Pacific to the Atlantic coasts) that
includes the Coastal Oligocene belt, the western Oligocene belt and
the Somon-Cura basaltic plateau (all with OIB affinity).

In addition, the tomographic modeling of northern Patagonia
suggests a Paleogene subduction gap marked by an absence of fast
anomaly continuity in the tomographic model (Fig. 14). This
subduction gap is coeval with the collision of the Farallon-Aluk
spreading ridge with South America at a very small ocean—continental
plate convergence angle (Cande and Leslie 1986), and a continental
crust break along the Liquifie-Ofqui fault with 400 km northward
drift of the coastal block (Beck et al., 2000; Garcia et al., 1988),
suggesting that the coastal block is attached to the Farallon plate and
that a Transcurrent Plate Margin was developed in Paleocene time.
Consequently we interpret that the plate margin jumps from the
trench to the strike-slip fault system situated inside the continental
plate (Proto Liquifie-Ofqui Fault) when the Farallon-Aluk-SAM R-F-
T triple junction evolves to a F-F-T triple junction (Figs. 16C and D;
17B and C). It appears therefore that the peninsular coastal block and
outward accretion prism pertain to the oceanic plate during part of
transcurrence and to the continental plate during subduction (Fig. 17C
and D). While we do not know the actual southern extension of this
region we recognize that it behaves as a microplate.

Cenozoic coastal block rotation changes are considered for the
Paleogene extensional and Neogene compression stages of North
Patagonia, in which case the presence of the North Patagonian Massif
plays a key role in the regional tectonic evolution. This thick
undeformable block, more rooted in the asthenosphere wedge than
the surrounding back arc, is the support point for the deformation of
the thinner back arc crust with respect to the thicker continental coast
blocks (levers) as the plate margin changes from subduction to

transcurrence (Figs. 15, 16 and 17). This allows the proposal of a new
tectono-magmatic model: The coastal blocks of the northern
Patagonia Andean segment break into two lever arms at the latitude
of Loncoche. Each of the two lever arms has wheelbarrow lever
geometry (rotation axis-load-effort) (Figs. 16 and 17). With this
simple double lever system, the northern Patagonia Andean segment
is subjected to extension in the regions North and South of the
support point (NPM) following the partial rotation of the two
segments. Accordingly, the calc-alkaline magmatism is shifted from
the arc to the former back arc, as synextensional calc-alkaline
magmatism interbedded with alkaline/tholeiitic lava flows. The origin
of this synextensional bimodal magmatism is most likely to be a
consequence of decompression melting of the enriched lithosphere
left by the previous slab subduction stage. At the apex of extension,
Oligocene-early Miocene basins are developed in the former fore arc,
arc and back arc. The support point (NPM) does not suffer any
deformation other than faulting and strong uplift.

The Miocene reinstatement of subduction by Nazca plate (Fig.17 D)
has the effect of inverting the sense of rotation of the northern and
southern coastal blocks and changing the tectonic setting from
extension to compression causing an upper Miocene tectonic reversal.

These Paleogene North Patagonian geologic relationships suggest a
transform margin setting much like the Neogene tectono-magmatic
history of western United States, with the transcurrent plate margin
(jumping within the continental plate) at the San Andreas fault
system (Atwater and Stock, 1998) and the synextensional bimodal
volcanism with major ignimbrite flare up and basalts in the Basin and
Range that represents the former back arc (Gans et al, 1989,
Hawkesworth et al., 1995, Hooper et al., 1995), as the Colorado
Plateau (undeformable block) is uplifted.
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