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Abstract

The tectonic configuration of northern Patagonia is recognized through geological and geophysical studies, which define several areas
characterized by positive and negative gravity anomalies with steep gravity gradients. Positive areas are interpreted as continental crust with
Grenvillian and Pampean basement. The Pampean basement occurs to the north and south of the interpreted suture between Patagonia and
Gondwana South America. Most negative anomalies are interpreted to represent Gondwana igneous and sedimentary rocks. Areas characterized
by steep gravity gradients are coincident with shear zones and mylonitic belts that were active during Gondwana times, a period of great magmatic
and tectonic activity in northern Patagonia. Dextral movement along the E—W-trending Huincul Fault Zone resulted in block collage, west—
northwest crustal translations, and counterclockwise rotation of large crustal blocks belonging to the North Patagonia Massif. The indentation of
blocks within the North Patagonia Massif resulted in tectonic escape of the surrounding blocks, each with a different trajectory. Escape tectonics
may explain the diversity of stress directions during Gendwana Orogeny.

© 2008 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The physiographic and geological differences between cen-
tral Argentina and Patagonia led pioneer authors to consider
Patagonia as being geologically different from South America,
mainly during Gondwana time (Keidel, 1925; Windhausen,
1931, Dalmayrac et al.; 1980). The transcontinental boundary
between these two crustal terranes was inferred from several
photolineaments, including the Huincul Fault zone, the Rio
Limay Lineament and the Salinas Trapalco-Laguna Curico
Lineament (Fig. 1) (Turner and Baldis, 1978).

The zone where this interpreted boundary is located is co-
vered by two Mesozoic basins and Tertiary—Quaternary sedi-
ments (Figs 1 and 2). There are no outcrops of Neopaleozoic
rocks and thus the geological configuration at that time is
unknown. Permo-Triassic igneous rocks in the North Patagonia
Massif and the Carboniferous marine Tepuel Basin occur to the

* Corresponding author. Tel.: +54 291 4515901x3031; fax: +54 291 4595148.
E-mail address: usgregor@criba.edu.ar (D.A. Gregori).

south of the proposed boundary. To the north of the boundary are 38
several Carboniferous marine and continental basins occur 39
(Andacollo, EI Imperial, Carapacha, and Claromecd), Contem- 40
poraneous igneous complexes are located in the Chadi Leuvua 41
and San Rafael Blocks, which are also located to the north of the 42
boundary (Fig. 1). 43

Cambrian rocks (Pampean Orogeny) are widely represented in 44
north-central Argentina (Sierras Pampeanas de San Luis and 45
Coérdoba, Figs | and 2) and crop out directly north of the bound- 46
ary, in the Rio Colorado High (Kostadinoff et al., 2005). Dis- 47
continuous outcrops together with gravimetric surveys (Delpino 48
et al., 2005) in this area, allow correlation between the Rio 49
Colorado High and the outcrops of the Sierras Pampeanas. 50

In the North Patagonian Massif, Pampean rocks are repre- 51
sented by the El Jaguelito and Nahuel Niyeu Formations 52
(Gonzalez et al., 2002), but the connection with the Rio 53
Colorado High throughout the hypothetical boundary is not clear 54
due to the Quaternary cover (Figs 2 and 3). Sedimentary rocks 55
deposited in Upper Cambrian to Devonian marine basins (Fa- 56
matinian Orogeny) also crop out to the north (Sierras Australes) 57

1342-937X/$ - see front matter © 2008 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.gr.2008.04.005

Research (2008), doi:10.1016/5.gr.2008.04.005

Please cite this article as: Gregori, D.A., et al., Tectonic significance and consequences of the Gondwanide orogeny in northern Patagonia, Argentina, Gondwana



Original_text: - 
Original_text: - 
Original_text: - 
Original_text: - 
mailto:usgregor@criba.edu.ar
http://dx.doi.org/10.1016/j.gr.2008.04.005
http://dx.doi.org/10.1016/j.gr.2008.04.005

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

2 D.A. Gregori et al. / Gondwana Research xx (2008) xxx—xxx

GOLFO
SAN MATIAS

Figures 2, 3 and 4

600 km

Emerged areas of
Pampean age (~ 700-523 Ma)

Emerged areas of
Pre-Pampean age (> 700 Ma)

B=

1 Huincul Fault Zone
- Igneous rocks (~290-205 Ma) 2 Rio Limay Lineament
3 Chadi Leuvu Block
4 San Rafael Block
5 Rio Colorado High
6 Salinas Trapalcé-Laguna Curicé Lineament
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Fig. 1. Configuration of western Gondwana showing location of Neopaleozoic basins, positive areas (3, 4 and 5), major structural lineaments (1, 2 and 6) and areas
with active magmatism. Major positives areas are represented by Precambrian cratons, the Sierras Pampeanas and Colorado High. Question marks indicate sectors

where the geological configuration is unknown.

and to the south (Sierra Grande) of the boundary (Figs 2 and 3),
however, correlation between these basins is uncertain because
they are covered by Tertiary—Quaternary sediments.

In order to explain the differences between central Argentina
and Patagonia, Ramos (1984) proposed that Patagonia represent
an allochthonous terrane separated from Gondwana—South
America by a marine basin before Carboniferous times. This
terrane approached Gondwana—South America, initiating
north—south directed subduction with a final stage of collision
between both continental blocks in the Permian. The subduction
stage produced Permo-Triassic arc-related magmatism in the
North Patagonia Massif, while the terrane accretion produced
intense Permian folding and thrusting in the Sierras Australes.

There are several doubts about this hypothesis. For example,
no outcrops of basic-ultramafic rocks with oceanic crustal affi-
nities have been found. The pattern of the gravimetric and

magnetic anomalies (Kostadinoff and Labudia, 1991, Kostadin- 74
off et al. 2005) north, south and over the proposed boundary are 75
incompatible with the existence of a belt of high-density rocks 76
below the Quaternary cover, as would be expected in the Ramos 77
(1984) hypothesis. Paleomagnetic studies by Rapalini (1998) in 78
the Famatinian rocks of the North Patagonian Massif (Silurian— 79
Devonian Sierra Grande Formation) indicate that Patagonia has o
not undergone latitudinal displacements relative to South 81
America since Devonian times. The continuity of the Pampean 82
belt southwards of the supposed boundary (Gonzalez et al., 83
2002; Rapela and Pankhurst, 2002; Kostadinoff et al., 2005) is 84
also at odds with the tectonic model of Ramos (1984). 85

Additionally, several authors (e.g., Rapalini and Vizan, 1993, ss
Rosello et al., 1997) have interpreted the Gondwana deformation 87
in the Sierras Australes and North Patagonian Massif as resulting ss
from intraplate compression. This deformational event is also 89
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Fig. 2. Major geological features of northern Patagonia. The area where the supposed boundary between central Argentina and Patagonia is located is covered with
Tertiary—Quaternary deposits. The eastern and western ends of this zone are occupied by Jurassic—Cretaceous sediments of the Colorado and Neuquén Basin. Minor
outcrops are Pampean and Famatinian rocks. Gondwana intrusive and volcanic igneous rocks are located in central and western North Patagonian Massif. Jurassic and
Tertiary volcanic rocks cover large areas of this Massif, precluding stratigraphic correlations.

preserved in the Cape Fold Belt (South Africa), the Malvinas
(Falkland) Islands, and in Antarctica and constitutes the ‘Samfrau
Orogenic Zone’ (Sohnge, 1983, Davidson et al., 1987, Dalziel
et al., 1987).

The aim of this paper is to investigate the existence of suture
zone or terrane boundary between northern Patagonia and central
Argentina to test the tectonic model of Ramos (1984). If a suture
exists between the Patagonia and continental South America, we
aim to better understand its nature and define the tectonic con-
figuration of northern Patagonia during Gondwana times. In order
to investigate the geological configuration between the North
Patagonian Massif and central Argentina, we undertook geophy-
sical and geological studies in northern Patagonia.

2. Geological background
2.1. Pampean rocks (Neoproterozoic—Middle Cambrian)

Rocks assigned to the Pampean Orogeny (Late Proterozoic—
Middle Cambrian) are widely distributed in central Argentina

(Sierras Pampeanas de San Luis and Cordoba, Fig. 1), but are 107
scarce in northern Patagonia (Figs 2 and 3). Low-grade phyllite 108
and metasandstone within the La Pampa Province are inter- 109
preted as part of the Las Piedras Metamorphic Complex by 110
Tickyj et al. (1999). Correlation between the La Pampa Pro- 111
vince and central Argentina was established by radiometric 112
dating (Linares et al., 1980) and gravimetric data, which de- 113
monstrated the presence of a north—south trending belt in the 114
subsurface (Figs 1-3) connecting the La Pampa province 115
outcrops with those of the Sierras de San Luis and Cérdoba 116
(Kostadinoff et al., 2001, Delpino et al., 2005). 117

In the south part of the La Pampa province, near the supposed 118
boundary, a gravimetric study showed the existence of a positive 119
east—west trending residual gravity anomaly (Figs 3 and 7) 120
coincident with outcrops of Pampean rocks (Kostadinoff et al., 121
2005). This anomaly crosses the proposed northern Patagonia 122
boundary (Kostadinoff et al., 2005), which suggests that the belt 123
of Pampean rocks of central Argentina continues in the sub- 124
surface (Fig. 3) into northern Patagonia (Rio Colorado, Choele 125
Choel). In the north-eastern sector of the North Patagonian 126

—
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Fig. 3. Distribution of outcrops and subsurface arrangement of the Pampean—Famatinian rocks. The Rio Colorado High, as defined by Kostadinoff et al. (2005) is
located in the southern and central parts of the La Pampa Province. The western border of the Famatinian Claromec6 Basin, also of Pampean age, was established by
Kostadinoff and Labudia (1991). The Algarrobo borehole found Pampean rocks of this positive area. Outcrops of the Famatinian igneous rocks are scarce both north

and south of the supposed boundary.

Massif, previous gravimetric data across the interpreted suture
zone showed the existence of anomalies interpreted to be the
Pampean low-grade phyllite and metasandstone intersected in
the Algarrobo borehole (Fig. 3) (Kostadinoff and Labudia,
1991).

In the North Patagonian Massif, low and medium-grade
metamorphic rocks are more abundant than in the La Pampa
Province. The El Jaguelito and Nahuel Niyeu formations and the
Mina Gonzalito Complex consist of phyllite, metasandstone,
marl, amphibolite and limestone. Fossil remains analogous to
those of the Pampean rocks of central Argentina occur in the El
Jaguelito Formation (Gonzalez et al., 2002). Radiometric dating
(U/Pb) using detritial zircons indicate ages of >535 Ma for the El
Jaguelito Formation, >515 Ma for the Nahuel Niyeu Formation
and >535-540 Ma for the Mina Gonzalito Complex (Pankhurst
et al., 2006), which were deformed and metamorphosed during
the Pampean Orogeny (Dickerson, 2004).

2.2. Famatinian rocks (Upper Cambrian—Devonian)

Famatinian sedimentary rocks (Ventana Group) occur in the
Sierras Australes and the Claromec6é Basin (Buenos Aires
province), located to the north of the proposed Patagonia bound-
ary (Fig. 3). They comprise mainly quarzite with minor conglo-

merate and pelite deposited in a marine platform environment.
These units have been linked to the Table Mountain and Bok-
keveld groups within the Cape Fold Belt in South Africa (Keidel
1916, Keidel 1925), and sedimentary successions on the Malvinas
(Falkland) Islands and the Ellsworth Mountains (Antarctica)
(Buggisch, 1987). 15

In the North Patagonian Massif the Sierra Grande Formation 155
has similar lithologies, paleofauna, and deformation character- 15
istics as the Ventana Group of the Sierras Australes. These 157
similarities suggest that both units were deposited in the same 158
basin, part of which is now buried underneath the Mesozoic 159
Colorado basin. 160

Famatinian granites are represented in La Pampa Province by 161
the Pichi Mahuida Group (Fig. 3), which is dated between 431+ 162
12 and 397425 Ma (Sato et al., 1996, Tyckyj et al., 2002). 163
These dates are similar to the Famatinian magmatic event of the 164
Sierras Pampeanas de San Luis (Sato et al., 1996). In the North 165
Patagonian Massif (Fig. 3), this magmatic event is represented 166
by the Arroyo Salado Granodiorite (476+4 Ma, U/Pb zircon 167
and 467+16 Ma, Rb/Sr), Hiparsa Granite (357+57 Ma, Rb/Sr) 168
and the Punta Sierra Granite (483422 Ma, Rb/Sr, Varela et al. 169
1998). 170

The timing of Famatinian deformation and metamorphism in 171
the North Patagonian Massif is constrained by an Arenigian age 172

(=2}
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(ca472 Ma) obtained from U/Pb analysis of metamorphic zircon
(Pankhurst et al., 2006) from schists of the Mina Gonzalito
Complex. Deformation associated with this event is typical of
central Argentina and suggests continuity of the Famatinian Belt
into northern Patagonia (Pankhurst et al., 2001).

2.3. Gondwana rocks

In La Pampa Province the Gondwana magmatic rocks crop
out as a NW-SE trending belt (Figs 1 and 4) that extends from
the San Rafael and Chadi Leuvi Blocks to Lopez Lecube
(Linares et al., 1980, Llambias and Leveratto, 1975, Llambias
et al., 1996, Gregori et al., 2003). Sedimentary successions
deposited in a continental setting form the small Carapacha
Basin in the La Pampa Province (Fig. 4). In the Sierras Australes
and the Claromecdé Basin (Figs 1 and 4) occurs glacio-marine to
fluvial sedimentary sequences of the Permo-Carboniferous
Pillahuincé Group. These basins display lithological and struc-
tural features similar to the Karoo Basin in South Africa (Keidel,
1916).

In the North Patagonian Massif, magmatic rocks are widely 191
represented by three separate belts that are oriented SW—NE, 192
W-E and NW-SE. The NW-SE trending belt is present in the 193
studied area and extends from Yaminué to the Atlantic coast 194
(Fig. 4). Foliated granites (Yaminué, Tapera, Maria Teresa, 195
Laguna Medina, Pefias Blancas and La Laguna) and non-foliated 196
plutonic complexes (Donosa, Calvo, Navarrete, Flores, Paile- 197
man, Tembrao, La Verde) outcrop along the belt (Llambias and 198
Rapela, 1984, Rapela and Caminos, 1987, Grecco et al., 1994, 199
Giacosa, 1997). 200

Several small Middle to Upper Triassic continental rifts are 201
located in the Los Menucos and the Comallo areas. These rifts 202
mainly contain pyroclastic deposits (Fig. 4). 203
3. Geophysics 204

Few geophysical surveys have been carried out south of the 205
Colorado and Negro rivers (Fig. 2). Chernicoff and Zappettini 206
(2004a,b) undertook aeromagnetic studies to the east and west 207
of Choele Choel (Fig. 3), whereas Kostadinoff et al. (2005) 208
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described several gravimetric and magnetic anomalies, as well
as the continuation of the Huincul Fault zone and the Choele
Choel High (Figs. 3 and 10). Unpublished internal reports on
seismic surveys by Yacimientos Petroliferos Fiscales (YPF)
provide information about the subsurface architecture in this
region. Seismic survey locations are shown in Fig. 5. Seismic
velocities, lithological and age interpretations are based on
correlations with boreholes and reflection profiling in the
Neuquén Basin (Orchuela and Ploszkiewicz, 1984, Cabaleiro
et al., 2002) (Fig. 6).

We report here additional geophysical measurements that
help to constrain geology and tectonics in this region. Magnetic
data were collected using a G-856 proton precession magnet-
ometer. The daily geomagnetic variation and the International
Geomagnetic Reference Field values were used to calculate
magnetic anomalies. Gravity measurements were carried out
using a Worden gravimeter. Both, gravity and magnetic measu-
rements were done on benchmarks of the Instituto Geografico
Militar and Servicio Geologico Argentino, whose elevation
precision vary between 1 and 30 cm.

A total of 1647 gravimetric stations and magnetic measure-
ments were collected in the La Pampa Province and the Rio
Negro Province. Geographic positions of the stations were
determined using GPS. Locations and distribution of the new

gravity and magnetic measurements are shown in Fig. 5. The 233
resulting residual anomaly map (Fig. 7A) allowed us to compare 234
known geology with specific gravity signatures. Residual 235
anomalies were obtained after subtracting the regional gravity 236
response (which is mostly attributed to the isostatic effects 237
associated to the slow postglacial uplift of Patagonia) from the 238
Bouguer gravity anomaly map. Density and magnetic suscept- 239
ibility determinations (Table 1) were carried out at Universidad 240
Nacional del Sur on representative samples from the survey 241
area. Magnetic susceptibility was measured in situ. Gravimetric 242
gradients were calculated using Surfer 8™. 243

4. Results 244
Three areas with positive gravimetric anomalies, four with 245

negative anomalies and several features characterized by steep 246
gravity gradients (Figs 7A and 8A, B) were recognized during 247

this study. 248
4.1. Positive anomalies 249
4.1.1. Chimpay—Gobernador Duval High 250

Residual anomalies within the range —27 to —14 mGal, a 251
relatively positive anomaly occur from Chimpay to Gobernador 252
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Fig. 6. A) Refraction shots (YPF) in the Chimpay—Gobernador Duval High. Basement rocks with seismic velocities up to 6600 m/s are compatible with the presence of
a Grenvillian basement composed by tonalitic rocks. B) Refraction shots (YPF) in the Rio Colorado High. Basement rocks, mainly of Pampean age are covered by
small thickness of Tertiary—Quaternary sedimentary rocks. C) In the Choele Choel High the basement depth show a more irregular configuration, possibly related to
faulting. D) Refraction shoots in the Neuquén Basin, showing the thickness of the Mesozoic sequences. Basement exhibits seismic velocities in the order of 5500 m/s.
E) In the El Caldén Basin only Upper Cretaceous—Tertiary rocks were detected.

Duval and Puelén (Fig. 7). Refraction shots by the YPF (Yapeyti  thickness of 300 m. In order to satisfy the observed anomalies a 257
to RNS, Fig. 6A) indicate a thickness of more than 1000 m for  density contrast of +0,32 g/em® between the Mesozoic sedi- 258
the Mesozoic Neuquén Basin near Gobernador Duval. In the mentary rocks and those of the basement (Table 1) is required. 259
Chimpay-La Japonesa area this basin reaches a maximum  No outcrops of basement rocks with such high density were 260
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Densities and magnetic susceptibilities

Age Unit Lithology Density (gr/cm?) Magnetic susceptibility
La Pampa Province

Tertiary Rio Negro Formation Sandstones 2.45 Not determined
Cretaceous Neuquén Group Sandstones 2.55 Not determined
Jurassic Mendoza Group Pelite 2.50 Not determined
Jurassic Lihuel Calel Rhyolites Rhyolite 2.58 Not determined
Jurassic Lihuel Calel Rhyolites Rhyolite 2.61 Not determined
Jurassic Lihuel Calel Rhyolites Rhyolite 2.60 Not determined
Permian Carapacha Formation Sandstone 2.65 Not determined
Permian Carapacha Formation Sandstone 2.67 Not determined
Ordovician San Jorge Formation Limestone 2.71 Not determined
Cambrian Los Viejos Granite Granite 2.61 Not determined
Cambrian Los Viejos Granite Granite 2.60 Not determined
Cambrian Los Viejos Granite Granite 2.60 Not determined
Cambrian Las Piedras Complex Pelite 2.63 Not determined
Cambrian Las Piedras Complex Pelite 2.64 Not determined
Grenvillian Las Matras Complex Tonalite 2.89 Not determined
Rio Negro Province

Tertiary Somoncura Formation Basaltic lava flow 2.48 0.006500
Tertiary Somoncura Formation Basaltic lava flow 2.62 0.007000
Tertiary Somoncura Formation Basaltic lava flow 2.53 0.001240
Jurassic Marifil Complex Rhyolite lava flow 2.33 0.000120
Permian Yaminué Granite Granite 2.55 0.000350
Permian Navarrete Granite Granite 2.53 0.000090
Silurian—Devonian Sierra Grande Formation Quartzite 2.57 0.0
Silurian—Devonian Sierra Grande Formation Quartzite 2.55 0.0

Cambrian Nahuel Niyeu Formation Pelite 2.65 0.000130
Cambrian Nahuel Niyeu Formation Pelite 2.70 0.000280
Cambrian El Jaguelito Formation Pelite 2.56 0.000190

detected in the Neuquén Basin. However, Grenvillian (~ 1,0 Ga)
basement composed of tonalite and trondhjemite were studied
by Sato et al. (2000) in the Las Matras area (Fig 1), which is
located 130 km north of Gobernador Duval. We interpret the
Chimpay—Gobernador Duval High to be composed of basic-
intermediate rocks (seismic velocity 5400-6600 m/s) covered
by sedimentary rocks deposited in the Jurassic—Cretaceous
Neuquén Basin. Such igneous rocks could also explain positive
magnetic anomalies, which range between 250 and 175 nT
(Fig. 9) in this area.

4.1.2. Rio Colorado High

Several relatively positive residual gravity anomalies (6, —8
and — 11 mGal) appears between Pichi Mahuida, Cerro Los Viejos
and Rio Colorado (Kostadinoff and Llambias (2002) (Fig. 7A).
These anomalies are considered to reflect Pampean basement,
which is composed of small outcrops of amphibolite, gneiss,
micaceous schist, phyllite and metasandstone of the Las Piedras
Metamorphic Complex and granite and granodiorite of the Pichi
Mahuida Group (Linares et al., 1980; Tickyj et al., 2002). The
anomalies are due to relative uplift of blocks similar to those that

occur in the Sierras Pampeanas de San Luis y Coérdoba. The NW— 281
SE margin of Rio Colorado High is coincident with a steep gravity 282
gradient (near 1 mGal/km) between Cerro Los Viejos and 38° S 283
(Figs 7A and 8A, B). Fig. 7B shows the measured and the 2s4
modeled anomalies in the Rio Colorado High considering a 285
density of 2.65 g/cm?® for the basement rocks. According to the 2s6
geometries of the anomalies and the outcrops, the Rio Colorado 287
High is believed to represent a block-faulted system. 288

Refraction shots by YPF (numbers 20 to 25, Fig.6B) show 289
the existence of basement rocks with high seismic velocity 290
(5000 to 6000 m/s), which are interpreted as the Las Piedras 201
Complex. This basement deepens to the south, reaching 700 m 292
below the surface near the Huincul Fault zone. Magnetic ano- 203
malies are relatively low in this area and suggest the absence of 294
paramagnetic rocks in the basement (Fig. 9). 295

4.1.3. Choele Choel High 296

The Choele Choel High (Kostadinoffet al., 2005) is a positive 297
residual gravity anomaly of +10 and +15 mGal (Fig. 7A and B) 298
with steep (2 mGal/km) gradients (Fig. 8A, B). The northern 299
boundary is defined by the Huincul Fault Zone and lineament 300

Fig. 7. A) Residual anomalies map showing distribution of positive and negative anomalies. The kidney-form anomaly known as the Choele Choel High (Kostadinoff
et al., 2005) is clearly distinguishable. The Neuquén and Carapacha basins appear as negative anomalies. The north-eastern border of the Ramos Mexias anomaly is
evidently demarked. The white line represents the profile modeled in Fig. 7B. B) Gravity modeled N-S profile from Carapacha Basin to the Bajo de Valcheta anomaly.
The geological configuration was obtained from data of surface geology and seismic profiles. The measured densities and the size of the rock bodies were used to
compute prismatic model (Heiland, 1951). Note that similar densities were used for the Pampean basement. Measured and modeled anomalies show good adjustment.

Research (2008), doi:10.1016/5.gr.2008.04.005
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Fig. 8. A) Map showing direction and magnitude of the vectors that represent gravity gradients. Major ones are related to the Huincul Fault Zone and the NW and SW
borders of the Choele Choel High. B) 3-D model produced by the second derivate operator, showing the configuration and distribution of the lineaments. The Huincul

Fault zone and the borders of the Choele Choel High are evident.

“A” (Kostadinoff et al. 2005). The southern boundary (Figs 7A,
B, 8 and 10) is a complex, arcuate system that is formed by 3
lineaments, which are defined by steep (1-2 mGal/km) gravity
gradients (B, C and E: Fig. 10). The model of Fig. 7B requires a
slighter increase in the basement rocks density to explain the
measured anomaly and as showed in this figure the Choele
Choel High represent an uplifted block.

Refraction shots by YPF in this area (Puesto Segatore to 308
profile number 8, Fig. 6C) indicate the existence of rocks with 309
seismic velocities of 4500 to 5320 m/s which are covered by 310
Mesozoic—Cenozoic rocks. Such rocks exist at depths between 311
200 and 600 m in the eastern and southeastern parts of the 312
Choele Choel High (Profiles 8 to RN19) and to a depth of 313
1000, m when approaching lineament “A”. 314

Research (2008), doi:10.1016/j.gr.2008.04.005
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Fig. 9. Map showing distribution of the magnetic anomalies. No obvious correlation with- Bouguer anomalies was observed. Most anomalies are discontinuous and

segmented.

Candidates that fulfil such seismic velocity are the phyllite,
muscovite-bearing schist, and metasandstone of the Las Piedras
Complex that are exposed in the Rio Colorado High: The seismic
velocities may also be explained by phyllite, metasandstone,
marble and pelite of the Nahuel Niyeu and-El Jaguelito for-
mations (Fig. 3), which are temporally correlated with the Las
Piedras Complex, and crop out in the Nahuel Niyeu—Valcheta
area (Caminos and Llambias, 1984).

If ultramafic rocks were emplaced in a Pampean basement of
this density (Table 1) an anomaly of more than 100 mGals could
be expected. Most ultramafic belts in suture zones show values
between +50 and + 120 mGals(Gibb and Thomas, 1976, Kunar
et al., 2004, Williams et al., 2006). However, this region does
not display anomalies of this magnitude and the seismic profiles
also do not suggest the existence of rocks with seismic velo-
cities sufficient to be sourced from ultramafic rocks.

The magnetic survey (Fig. 9) shows scarce magnetic ano-
malies, with maximum values of +75 nTand minimum values of
—75 nT. These data also preclude the existence of mafic—
ultramafic rocks in this area and are more consistent with a
magnetic source such as the non-magnetic rocks such as
Pampean low-grade metamorphic rocks.

4.1.4. Viedma High

Gravity anomalies from the Viedma High (Figs. 7A and 10)
vary between 1 and 15 mGal, (Figs. 7A and 10), suggesting a
density contrast caused by rocks with similar densities to that
which caused the Choele Choel High. The contact between both
of these gravimetric highs is defined by NW—SE and NE-SW
lineaments that follow narrow belts with steep gravity gradients
(Figs 7A, 8 and 10). Unfortunately, there are no seismic profiles

located in this area, but outcrops in the nearby Salinas del 345
Gualicho area (Fig. 3) belong to the Nahuel Niyeu Formation 346
(Figs. 3 and 10). Minor outcrops of the Sierra Grande Formation 347
and Gondwana igneous rocks are also present. Drill holes at 348
O Connor and Elvira (Kaasschieter, 1965) intersected low- 349
Lerade metamorphic rocks to a depth between 400 and 475 m. 350
(Fig. 7). 351

The positive gravity anomalies associated with the Viedma 352
High extend northwards (Kostadinoff and Labudia, 1991 and 353
Kostadinoff, 1992) and link with positive gravity anomalies 354
located to the west of Sierras Australes (Figs. 2, 3, 7A and 10). 355
The Algarrobo drill hole, and refraction data near Bahia Blanca 356
(Estancia El Recuerdo and Puerto Belgrano, Bonorino et al, 357
1987), indicates seismic velocities similar to those that are 358
interpreted to be the source of the Choele Choel High (i.e. low- 359
grade metamorphic rocks of the Las Piedras Metamorphic 360
Complex). 361

The distribution of positive anomalies in the Viedma High 362
and in the Choele Choel High supports the interpretation that a 363
belt of Pampean rocks extends from the southern part of the 364
Buenos Aires province to northern Patagonia (Figs. 3 and 10). 365

4.2. Negative anomalies 366

4.2.1. Neuquén Basin 367

The Mesozoic Neuquén Basin (Figs 2, 7A and 10) is cha- 368
racterized by gravity lows between —54 mGal and —32 mGal. 369
Seismic data (Fig. 6D) and drill hole information indicate that the 370
sedimentary sequences reach an approximate thickness of 371
3000 m. Negative gravity anomalies (—41 mGal) near Chelfor6 372
represent small depocenters, whose thicknesses decrease to 373

Research (2008), doi:10.1016/j.¢r.2008.04.005
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750 m near Chimpay (Fig. 7A). Magnetic anomalies in this area
vary between — 125 and +125 nT (Fig. 9) and are attributed to the
presence of Fe-oxides in the Cretaceous Neuquén Group (400 m
thick) that covers this portion of the basin.

4.2.2. Carapacha Basin

The scarce outcrops of the Permian continental Carapacha
Basin and the volcanic rocks near Puelches in La Pampa pro-
vince (Fig. 4) are coincident with negative gravity anomalies
(-40 to —30 mGal: Fig. 7A). The density contrast between
these rocks and those of the Pampean basement is relatively low
(Table 1 and Fig. 7B), which led to Kostadinoff et al. (2001) to
estimate a thickness of 2700 m for this basin. This is sub-
stantially more than the 900 m thickness estimated by Melchor
(1999). Based on these results, Kostadinoff and Llambias
(2002) considered the subsurface extent of the basin to be
greater than that suggested its surface extent.

Therefore, the gravimetric minimums of —/fll, —/\31 and
—/flO mGal located northeast of Gobernador Duval, as well as
those located west of Cerro Los Viejos and Pichi Mahuida (—41
and — 36 mGal), possibly represent an extension of the Carapacha
Basin (Figs. 7A, B and 10). In the Carapacha Basin, the
Gondwana volcanic rocks unconformably overlying the Paleo-
zoic sedimentary sequences in the Carapacha Basin and are in-
terpreted to contribute to the negative anomalies. The magnetic
anomalies (- 275, — 225 and — 125 nT: Fig. 9) are due to the low
susceptibility of the Paleozoic sedimentary rocks and the
Gondwana acidic volcanic rocks.

El Loro L.-'.“-%@r.n-?i? r
et

Nahuel Niyeu lineament system (Arro
Barda de Lucho, Arroyo Salado, Laguna
Quiroga and Ramos lineaments, Tardugno
Musters and Huanteleo faults and

41°00°S=—
Belts with steep gravity
/ radients. -
ranscurrent-strike slip
8 fault zones
e D Low gkavity gralglle:'t\l
i zone: Reverse faul
Refraction profile el
- Neuquén -
Basin @ 9
m Estancia Eg
El Calden 3o
Basin &}

the Nahuel Niyeu, Railer and Rana thrust sheets

D.A. Gregori et al. / Gondwana Research xx (2008) xxx—xxx

4.2.3. Estancia El Caldén Basin 401

A relatively small negative residual gravity anomaly, 402
(—24 mGal: Fig. 7A) is located near the Estancia El Caldén 403
(Kostadinoff et al., 2005), north of the Huincul Fault Zone. A 404
density contrast of —0.2 g/em’® between the Pampean basement 40
and the Mesozoic sedimentary units suggests a sedimentary 406
thickness of 1700 m (Figs. 7A and 10). Refraction data in this 407
area (Fig. 6F) indicate a greater than 1000, m thick sedimentary 408
pile. The seismic data suggest velocities consistent with Lower 409
Cretaceous and Upper Tertiary sedimentary successions, which 410
cover the Paleozoic rocks. 411

4.2.4. Ramos Mexias anomaly 412

The Ramos Mexias anomaly is part of a continental-scale 413
anomaly (500 km in diameter); located in the south-western part 414
of the North Patagonian Massif (Blitzkow et al., 1994). The 415
Ramos Mexias anomaly corresponds to a large area of several 416
negative gravity anomalies (—46 mGal to —35 mGal, Figs. 7A 417
and 10) located south of the lineament “B) (Fig. 10). Outcrops 418
include Pampean metamorphic rocks and Gondwana intrusive 419
and volcanic rocks. The metamorphic rocks belong to the 420
Nahuel Niyeu Formation and include micaceous and amphibo- 421
lite schist, marble, and amphibolites. The intrusive rocks (minor 422
tonalite, granodiorite and granite) belong to the Gondwana 423
Navarrete Plutonic Complex. The volcanic rocks (acidic ignim- 424
brite) are part of the Treneta Volcanic Complex (Caminos et al., 425
2001) and the Triassic volcaniclastic Los Menucos Complex 426
(Cucchi et al., 1999). 427
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Fig. 10. Distribution of basins, positive areas and lineaments found during this study. Structural lineaments in the Valcheta, Ramos Mexias, and El Cuy areas are related
to the lineaments with steep gravity gradients. Locations of refraction shots are displayed.
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Table 2

Belts of steep gravity gradients

Salinas del Gualicho

represent this lineament.

Lineament Location Gradient Direction Surface evidence Related to Possible age
(mGal/km)
A Salitral Bajo de 1-1.3 SW-NE Not surface evidence, due to the The continuity of the Sierra Blanca de la Totora, Pati Co The Sierra Blanca de la Totora, Pati Co and
Menucos to Chimpay Tertiary—Quaternary cover. and El Loro fault system (200 km long) El Loro fault system were active during
emplacement of the Upper Paleozoic granitic
bodies located between these lineaments
(Saini-Eidukat et al., in press)
B Cerro Mesa to 1-1.2 in the NW-SE A system of topographic lows Parallel to the Pangaré Mylonite (Gregori et a., 2000) and The Pangaré Mylonite was active
Laguna La Larga NW segment. (Salitral Ojo de Agua, Laguna Larga) Salinas Trapalco—Laguna Curico lineament (Ramos and during Upper Paleozoic
0.5 in the W— Cortés, 1984. See our Fig. 1 and 2) (Saini-Eidukat et al., in press)
E segment.
C Laguna La Larga to 0.5 SW-NE Not surficial expression, The continuity of the Nahuel Niyeu lineament system, According to von Gosen (2003) the
Bajo La Salamanca extensive Tertiary—Quaternary cover. which is a major structure 25 km wide, 65 km long Nahuel Niyeu, Railer and Rana thrust
between the Salinas Trapalco—Laguna Cuirico Lineament sheets indicate N—S transport during
(Ramos and Cortés, 1984) and the Somoncura Plateau. the Neopaleozoic.
Include the Arroyo Seco, Barda de Lucho, Arroyo Salado,
Laguna Negra, Quiroga and Ramos lineaments, the
Tardugno, Musters and.Huanteleo faults and the Nahuel
Niyeu, Railer and Rana thrust sheets
Q1 D Puesto Medina to 1 NW-SE Parallel to the Salinas Trapalco— Possibly related to the El Jaguelito Fault zone (Ramos, El Jaguelito Fault zone
Estaciéon Mancha Blanca Laguna Curic6 lineament 1975. See our Fig. 11) and associated minor
(Ramos and Cortés, 1984. See mylonitic belts were
our Fig. 1 and 2) active during the
Upper Paleozoic
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4.2.5. Lagunas Dulces anomaly

The Lagunas Dulces anomaly is a negative gravity
anomaly (—20 mGal) that is located north-eastwards of San
Antonio Oeste (Figs. 7A and 10). This anomaly is interpreted
to be caused by the Lagunas Dulces Granite (Kostadinoff,
1992). A drill hole at this locality intersected granitic rocks
(249+ 10 Ma: Kaasschieter, 1965) at a depth of 370 m. Be-
cause the geometry and magnitude of this anomaly is similar
to those coincident with outcrops of the Gondwana Navarrete
Granodiorite, we interpret the Lagunas Dulces anomaly to
be caused by intrusion of Gondwana granitic bodies in the
Pampean basement.

4.2.6. Bajo de Valcheta anomaly

The Bajo de Valcheta anomaly is a negative anomaly of the
order of —10 mGal, located between the Viedma High and the
Ramos Mexias anomaly. The area is coincident with outcrops of the
low-grade metamorphic rocks of the Nahuel Niyeu Formation
(Figs. 7A, B and 10). According to the model in Fig. 7B a density of
2.65 g/em® is required to satisfy the observed anomalies. No
significant magnetic anomalies (Fig. 9) can be recognized at this
location.

4.2.7. Laguna del Zorro anomaly

The Laguna del Zorro gravity anomaly (Figs. 7A and 10) is
located to the north-west of the Viedma High and is bounded by
lineament “C” (Fig. 10). The geometry and magnitude of the
anomaly is similar to the Lagunas Dulces anomaly and is there-
fore interpreted to be sourced from the same or similar Gondwana
intrusive body.

4.3. Belts of steep gravity gradients 456

In order to validate the continuity of the Huincul Fault zone 457
and other structural lineaments proposed by Turner and Baldis 458
(1978), we focused on areas with steep gravity gradients in the 459
gravity anomaly map. Such steep gradients are usually interpreted 460
as representing fault structures (Nettleton, 1976), boundaries of 461
rocks with contrasting petrophysical characteristics or sutures 462
(Gibb and Thomas, 1976, Wellman 1978, Coward and Fairhead 463
1980, Gibb et al. 1983). Differences in density or thickness 464
between blocks are often responsible for steep gradients (Gibb 465
and Thomas, 1976, Thomas, 1983, Kunar et al. 2004, Williams 466
et al., 2006). Values between 0.5 and 2 mGal/km, were obtained 467
using the gradient and second derivate operator. A 3D image 468
generated using Surfer 8™ (Fig. 8B), show several lineaments 469
defined by belts with steep gravity gradients. 470

Table 2 indicates the name, location, gradient, any surface 471
evidence and possible age of each lineament, while their loca- 472
tion is shown in Fig. 10. Three main lineament orientations 473
directions can be recognized: lineaments A and C are NE-SW 474
trending; lineaments B, D and E are NW-SE trending; and 475
lineaments F, G and the Huincul Fault zone are E-W trending. 476
The E-W lineaments exhibit more complex geometries than 477
the other lineaments. Most lineaments form the boundary of the 478
Choele Choel High (e.g. A, B, C, E and the Huincul Fault 479
zone). 480

4.3.1. Huincul Fault zone 481
Because the Huincul Fault zone (Kostadinoff et al., 2005) 482
crops out in the Neuquén Basin (Windhausen, 1914 and Keidel, 483
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1925), its configuration and kinematics are relatively well con-
strained. The Huincul Fault Zone displays dextral strike-slip
movement (Orchuela and Ploszkiewicz, 1984) and a zig-zag
along strike pattern (Figs. 2 and 10). This pattern suggests
that both transtensional and transpressional conditions occurred
during fault movement, resulting in the contemporaneous deve-
lopment of positive and negative flower structures. This fault
system was active from Upper Paleozoic—Triassic times, as
recorded by continental depocenters associated with the tran-
stensional subsidence (Vergani et al. 1995).

Its eastwards continuity was suggested by Turner and Baldis
(1978), and established by Orchuela and Ploszkiewicz (1984)
based on interpretation of seismic reflection data. The high gra-
vimetric gradients between Neuquén and Cubanea (Figs. 7, 8B
and 10) support the continuity of the Huincul Fault Zone until 63°
40% with maximum g ts (2 al/km) between the
Neuquén Basin and 64° 452}%:239O 20@;

The section between Neuquén and Chimpay shows a
smooth releasing bend (F—=—=\0), anges to a restraining
bend in the Chimpay 40¢7 section. The gravity
anomalies are discontinuous along the fault zone. In the area
between Chimpay and Cubanea, the differences in magnitude
of the anomaly between the Choele Choel High and the
Carapacha Basin and the Rio Colorado High mark the trace of
this fault zone. In the section between Chimpay and Neuquén,
such differences in the anomalies are less evident, but high
gravimetric gradients (2 mGal/km) are interpreted to reflect
the location of the fault zone.

Magnetic anomalies are diffusely coincident with the
interpreted fault zone between 5,and 10 km north of Chichinales
and Choele Choel. These anomalies are low-amplitude (175 to
75 nT, Fig. 9) and are interpreted to be related to the Albian—
Coniacian red beds of the Neuquén Group, which contain
abundant Fe-oxides (hematite). The sediments have a magnetic
susceptibility of 0.006500 SI (Telford et al, 1990), which is
sufficient to explain the magnitude of the magnetic anomalies.
These low-magnitude anomalies 'do not compared magnetic
anomalies typically observed.in sutures zones because suture
zones are generally composed by serpentinite zones associated
with sheared peridotites; which have a magnetic response
>500 nT (Ferraccioli et al., 2002). The Huincul Fault zone is
therefore unlikely to be a suture.

In the Neuquén—Chichinales section (Fig. 10) the
Neuquén Group is 1000, m' thick, but in the cliffs located
south of the Rio Negro, only the upper section of this unit
crop outs. In contrast, the area north of the fault zone, Upper
Cretaceous—Lower Tertiary marine Malargue Group crop out,
suggesting more than 500 m of vertical displacement across a
fault zone.

Due to the outline of the Huincul Fault Zone, the section
between Plaza Huincul and Picun Leufu (Fig. 10) and between
Neuquén and Chimpay represent domains of dextral transpres-
sive shear (Orchuela and Ploszkiewicz, 1984), where basement
rocks are exposed i fault zone. In the section between
Chimpay and 64° 15‘%] deformation appears to be transten-
sional based on the existence of small depocenters associated to
the fault zone.

5. Mylonitic belts and lineaments with steep gravimetric and 541
high magnetic gradients in northern Patagonia, southern La 542
Pampa and Buenos Aires provinces 543

Northern Patagonia is characterized by the presence of seve- 544
ral mylonitic belts and regional structural lineaments, whose 545
geometries, deformational mechanisms and age mostly remains 546
unclear (Fig. 11). The better-known of these lineaments and 547
mylonites include: 548

a) Pangaré and La Sefia mylonites (Gregori et al., 2000), are 549
formed by two belts, each 1 km wide, 15 km long, and 550
comprising granitic augen-mylonites, protomylonites, mylo- 551
nites and ultramylonites, (Figs 10, 11 and 12A) with strikes 552
between 310° and 330°. They exhibit sinistral movement 553
associated with-an east—west compression. 554

b) Peynecura mylonitic belt (Llambias et al., 2002) is more than 555
500 m wide, 15 kmlong, and has a NNW-SSE strike (Fig. 1 1). 556
The deformation is interpreted to have occurred during the 557
Early Triassic because is related to foliated granites of such 558
age. No information about strain orientation is available. 559

¢) The El Jaguelito Fault zone is a 50 km long NW—SE dextral 560
lineament that appears in the eastern area of the North 561
Patagonian Massif (Fig. 11). According to Ramos and Cortés 562
(1984), deformation occurred during Upper Paleozoic times. 563

d) Penas Blancas and La Laguna mylonites are described by 564
Giacosa (1996). They are 10 km long, and are temporal related 565
to the foliated Permian-aged Pefas Blancas and La Laguna 566
Granites. Four more NW—SE mylonitic belts were recognized 567
during regional mapping in this area, but information on strain 568
orientation is unavailable. The timing of deformation is inter- 569
preted to be Gondwanan because the foliated granites were 570
intruded at the same time as mylonitization occur. 571

e) The Nahuel Niyeu lineament system is a major structure that 572
is 25 km wide, and extends for 65 km long (Figs. 10 and 11) 573
between the Salinas Trapalco—Laguna Curicé Lineament 574
(Figs. 1, 2 and 12A) and the Somoncura Plateau (Fig. 2). 575
Nahuel Niyeu lineament includes the Arroyo Seco, Barda de 576
Lucho, Arroyo Salado, Laguna Negra, Quiroga and Ramos 577
lineaments, the Tardugno, Musters and Huanteleo faults and 578
the Nahuel Niyeu, Railer and Rana thrust sheets (Fig. 10). 579

580
In the La Pampa province, a mylonitic belt was described in 581

Cerro de los Viejos (Figs. 11 and 12A) by Tickyj et al. (1997). A s5s2

further four belts of steep gravity gradients which were interpreted 583

as major structures were described by Kostadinoff et al. (2001). 584
These four belts include: 585

a) The Quehué lineaments is a 350 km long, 15 km wide. It is 586
defined in the gravity data by a 2 mGal/km gradient which 587
defines a structure interpreted to represent the boundaries of 588
the Triassic Quehué basin. 589

b) The Valle Daza-Cuchillo C6 lineament is a 310—320° trending 590
belt that is 100 km long and characterised by a steep gradient in 591
gravimetry data. This lineament is interpreted to represent 592
the western boundary of the Rio Colorado High (Figs. 11 593
and 12A). 594

Research (2008), doi:10.1016/1.gr.2008.04.005

Please cite this article as: Gregori, D.A., et al., Tectonic significance and consequences of the Gondwanide orogeny in northern Patagonia, Argentina, Gondwana



Original_text: `
Original_text: `
Original_text: `
Original_text: `
Original_text: `
Original_text: `
Original_text: `
Original_text: `
Original_text: 
Original_text: 
Original_text: 
Original_text: 
Original_text: �
Original_text: �
Original_text: �
Original_text: �
Original_text: `
Original_text: `
Original_text: `
Original_text: `
Original_text: 2 
Original_text: 2 
Original_text: 2 
Original_text: 2 
Original_text: mGa
Original_text: mGa
Original_text: mGa
Original_text: mGa
Original_text: �
Original_text: �
Original_text: �
Original_text: �
Original_text:  km
Original_text:  km
Original_text:  km
Original_text:  km
Original_text: ,000
Original_text: ,000
Original_text: ,000
Original_text: ,000
Original_text: m 
Original_text: m 
Original_text: m 
Original_text: m 
Original_text: m 
Original_text: m 
Original_text: m 
Original_text: m 
Original_text: `
Original_text: `
Original_text: `
Original_text: `
Original_text:  km
Original_text:  km
Original_text:  km
Original_text:  km
Original_text:  km
Original_text:  km
Original_text:  km
Original_text:  km
Original_text: mGa
Original_text: mGa
Original_text: mGa
Original_text: mGa
http://dx.doi.org/10.1016/j.gr.2008.04.005
Hp
Note
Please insert  the minute symbol: ´

Hp
Note
Please insert  the minute symbol: ´

Hp
Note
Please insert  the minute symbol: ´

Hp
Note
Please insert  the minute symbol: ´

Hp
Note
Please eliminate the minus symbol

Hp
Note
Please insert  the minute symbol: ´

Hp
Note
Please insert  the minute symbol: ´


606

611

626

641

D.A. Gregori et al. / Gondwana Research xx (2008) xxx—xxx 17

¢) The Cerro los Vigjos lineament extends in a NW-direction for
more than 100 km from Cerro Los Viejos and is possibly
related to the Cerro Los Viejos mylonite. According to Kosta-
dinoff and Llambias (2002), the Cerro los Viejos lineament
represents the contact between the Permian Carapacha Basin
and the Rio Colorado High. This lineament and its associated
steep gravity gradient disappears in the central part of the La
Pampa province, but is identified near Algarrobo del Aguila
(Fig. 11) as a 50 km long, 15 km wide lineament with steep
gravity gradient. This NW-trending structure is considered to
be the boundary of a Triassic basin (Kostadinoffand Llambias,
2002).

d) The Macachin Rift includes Paleozoic and Mesozoic sedi-
mentary sequences deposited in a NNW-SSE extensional
basin (Figs. 11 and 12A). Outcrops of igneous and sedi-
mentary Gondwanan rocks in the central part of the La
Pampa province (Figs 2 and 4) follow WNW or NW trends,
which suggest structural control.

In the Buenos Aires Province strike-slip faults located north
and south have been used to explain the structure of the Sierras
Australes. For example, Newton and Cingolani (1990) showed
a series of WNW-ESE trending sinistral strike-slip faults near
Pigue and Cerros Colorados (Figs. 11 and 12A), which are
evident in gravity data (Alvarez, 2004). In the Bahia Blanca
area, Bonorino et al. (1987) showed the occurrence of several
lineaments with steep gravity gradients south of /Sierras
Australes. Lineaments of importance include the Salitral de la
Vidriera and Nueva Roma belts, which are strike-slip fault
zones longer than 100 km, in strike extent (Fig. 11).

6. Gondwana deformation in the Neuquén Basin,
northern Patagonia and southern La Pampa and
Buenos Aires provinces

Windhausen (1914), Keidel<(1925) and Groeber (1929)
described NE—SW structures transverse to the N—S Andean
Orogeny in the Neuquén Basin (Figs. 11 and 12A). According
to these authors, as well as Herrero Ducloux (1946) and De
Ferraris (1947) the stratigraphic and structural evidences sug-
gest folding during the Cenomanian or the Middle Jurassic.
They observed that the structures mimic the northwestern and
northern border of the North Patagonian Massif and that they
possibly formed during NW- and N-directed lateral translation
of the massif. These structures were grouped in the “Dorsal de
Huincul” (Huincul Fault zone) by De Ferraris (1947).

In the North Patagonian Massif, the Gondwana deformation
is recorded by the Pangaré and La Sefia mylonites. Clearly
defined 0 and o type porphyroclasts of K-feldspar, and shaped
lenses of Qz—K-feldspar, support sinistral movement. These
belts and the associated foliated granite (Gregori et al., 2000)
indicate maximum compression (o) in a WNW-ESE direction
(Fig. 12A) during Middle to Upper Triassic (Saini-Eidukat
et al., in press).

In the El Jaguelito Fault zone, the fault pattern suggests a
dextral transcurrence along N 310° (Fig. 12A) during Upper
Paleozoic times (Ramos and Cortés, 1984). SE, S and SW

vergence occurred along the Nahuel Niyeu lineament system 650
(Fig. 12A), each of which was related to three phases of defor- 651
mation, with principle shortening directions in NE-SW, NW-SE 652
and E-W directions during Permo-Triassic times (von Gosen, 653
2003). 654

In the Sierra Grande area, the Pampean El Jaguelito Formation 655
contains evidence which supports a D1 event that was generated 656
by NW-SE or E-W shortening (Giacosa and Paredes, 2001, von 657
Gosen, 2002). In the same area, the Famatinian Sierra Grande 658
Formation is folded around open synclines and anticlines that 659
have N-S trending axial traces (Fig. 12A). The Permian Laguna 660
Medina granite intrudes the Sierra Grande Formation and records 661
a ductile E-W shortening deformation event, which was coin- 662
cident with deformation of the Sierra Grande Formation (Rossello 663
et al., 1997, von Gosen, 2002). 664

Transport directions from NE to SW during the Gondwana 665
deformation was accommodated along mylonites within the 666
Penias Blancas and La Laguna Granites (Giacosa, 2001, von 667
Gosen, 2002). 668

In the North Patagonian Massif, the Sierra Grande Formation, 669
the Laguna Medina Granite and foliated granites and mylonites 670
in the Estancias La Sefia and Pangar¢ area all indicate shortening 671
in a WNW—ESE or E-W direction (Fig. 12A). The mylonites in 672
the Pefias Blancas and La Laguna Granites and thrust sheets and 673
faults in the Nahuel Niyeu area are related to a N—S or SW—NE 674
shortening (Fig. 12A) (Giacosa, 2001, von Gosen, 2002). 675

In the La Pampa Province, the Carapacha Basin (Figs. 4, 11 676
and 12A) exhibits a NW—SE elongation, suggesting basin deve- 677
lopment occurred during NE-SW direction extension. Folding of 67s
the sedimentary successions and inversion in the Carapacha Basin 679
(Melchor, 1999) and mylonitization of the Cerro de los Viejos 6s0
granite (Tickyj et al., 1997) dated as Late Permian (25442 Ma), 6s1
suggests that both areas were affected by the same deformational 6s2
phase (Fig. 12A) related to a NE-SW shortening. 683

In the Sierras Australes of Buenos Aires Province, the 684
Pillahuincé Group (Carboniferous-Permian) was deformed 685
(Fig. 12A) between the late Early Permian and the early Late 6s6
Permian (Tomezzoli and Vilas, 1996). Deformation generated a 637
sigmoidally-shaped mountain chain. Folding and overthrusting 6ss
occurred during NE vergence (von Gosen et al., 1990). This 689
deformation was related to sinistral transpressive deformation 690
(Sellés Martinez, 1989) along the WNW—ESE Pigué transcurrent 691
fault system (Alvarez, 2004) and the Salitral de la Vidriera and 692
Nueva Roma transcurrent fault systems (Bonorino et al., 1987). 693
The deformation was interpreted to be related to transpressive 694
movement of the “Patagonian block” relative to the South 695
American craton during Permo-Triassic time (Martinez, 1980), 696
although little supporting evidence was provided. Sellés Martinez 697
(1989) considered the deformation in Sierras Australes to be 698
due to a transpressive regime between the Patagonian block and 699
the South American craton during the Late Permian oblique 700
subduction. 701

Detailed structural studies in the Sierras Australes define a 702
sigmoidal belt, with fold trends rotating >60° clockwise, from 703
WNW to NNW, a configuration attributable to dextral trans- 704
pression (Cobbold et al., 1986, 1991, 1992). Inferred directions 705
of principle shortening are oblique to the orogenic belt, and to 706
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the convergent southern margin of Gondwana and are inter-
preted to result from oblique (dextral) subduction beneath an
Andean-type margin (Cobbold et al., 1992, Craddock et al.,
1998).

Consequently, the sedimentary basins, the emplacement of
the Gondwana intrusive and volcanic rocks and the regional
structure north of the Colorado and Negro rivers are related to a
first SW—NE extension (Fig. 4), which later switched to a
shortening regime in a NE-SW or N-S direction (Fig. 12A).

In their structural analysis of northern Patagonia, Turner and
Baldis (1978) identified several NW—SE lineaments in the area
between Bajo del Gualicho and Golfo San Matias (Fig. 2). They
suggested variable compressive stresses in the North Patagonian
Massif including: west-shortening directed (Rio Limay area);
northeast-directed shortening (Salinas del Gualicho); east-
directed shortening (Sierra Grande); and southwest-directed
shortening (El Cuy). The variation in stress directions is attri-
buted to counterclockwise rotation of the North Patagonian
Massif (Fig. 12A).

7. Deformation in the southern area of the
Gondwana supercontinent

The first detailed reconstruction of the relative position of
Africa and South America during the Upper Paleozoic was
given by du Toit (1927). The continuity of an orogenic system
was extended from South America to Australia, passing just
south of the Permo-Triassic fold belts, introducing the name of
Samfrau Orogenic Zone (du Toit, 1937). This belt is nearly
equivalent to what we understand today as the Gondwanide
Orogenic Belt (du Toit, 1937).

In the South African segment, the arrangement of the Gond-
wanide Orogenic Belt and the associated basins is strongly
conditioned by the configuration of older basements blocks
(Kaapvaal, >2.5 Ga, Namaqua-Natal, =1 Ga and Gariep, Sal-
dania and Mozambique, 1-0.5 Ga): The Ordovician—Devonian
Cape Basin follows a main W-E trend along the Saldania
province with branches to the NW and NE. The Cape Fold Belt
includes southern and western tectonic domains (S6hnge, 1983),
separated by the Cape Syntaxis (Fig. 12b), across which the
structural strike, and the intensity of deformation changes marked-
ly (de Beer, 1995). The southern domain extends from the eastern
margin of the Cape Syntaxis to Port Elizabeth and is characterized
by east—west-trending, north-verging structures including bed-
ding-parallel thrusts and north-verging folds (Fig. 12B). No
evidence for dextral shearing was found in this domain.

In the western domain, strata is mildly deformed (de Beer,
1992). Folds and faults trend northwest to north (de Beer, 1990).
North-trending slickensides developed on thrust planes (Ran-
some and de Wit, 1992) and stretching lineations (Cobbold
et al., 1992) indicate a component of strike-parallel displace-
ment. The pattern of folds, faults and lineations are consistent
with overall dextral strike-slip deformation (Cobbold et al.,
1992). The Cape Syntaxis is a northeast-trending structural
domain that separates the southern and western domains (de
Beer, 1995). Based on a reconnaissance of the structure of the
syntaxis and adjacent domains, Ransome and de Wit (1992)

proposed a model in which the continental crust to the west of 762
Cape Syntaxis was rotated clockwise during syntaxis formation, 763
while crust immediately east is rotated counter-clockwise. 764

In the Malvinas (Falkland) Islands, Late Permian fold and 765
thrust belt structures form the eastward continuation of the Cape 766
Fold Belt when restored into a pre-Gondwana break-up con- 767
figuration. Detailed structural studies by Curtis and Hyam 768
(1998) and Hyam (1998) suggest that these structures devel- 769
oped in a complex strain system of combined NW—SE short- 770
ening and dextral shear. 771

In Antarctica, the Gondwanide Orogen extends through the 772
Ellsworth—Whitmore Mountain block and the Pensacola Moun- 773
tains (Curtis and Storey, 1996). During Gondwanide orogenesis 774
the Ellsworth—Whitmore Mountain block is assumed to have 775
occupied a site intermediate between the more easterly Falkland 776
Islands and the more westerly Pensacola Mountains (Curtis and 777
Storey, 1996). Structural analyses (fold orientation, shortening 778
directions and strain partitioning) indicate contemporaneous 779
development of gently plunging foreland-verging folds and 7so
asymmetric, steeply plunging folds symptomatic of deformation 7s1
within a highly oblique dextral transpressive belt (Curtis, 1997, 782
1998, Craddock et al., 1998). 783

Dextral transpressional structures are evident throughout 784
much of the Gondwanide Belt, suggesting a component of 785
dextral transpressional during the evolution of this orogenic belt. 736

Johnston (2000) indicated that the east—west-trending do- 787
main of the Cape Fold Belt ends to the west and east against the 783
northwest-trending South American and Antarctic portions of 789
the Gondwanide Orogen respectively. 790

8. Tectonic model 791

The diverse shortening directions and lateral crustal transla- 792
tions during Gondwana time north and south of the interpreted 793
boundary between northern Patagonia and Gondwana South 794
America cannot be explained as the result of homogeneous stress 795
regime (i.e. NE-SW compression due to the subduction and 796
collision of Patagonia with the southern margin of Gondwana 797
South America) as speculated by Ramos (1984), and von Gosen 798
(2002, 2003). 799

All lineaments plotted in Fig. 11 (those both related and 800
unrelated to mylonites, and the belts with steep gravity and mag- so1
netic gradients, presumably active during Gondwana times) sug- 802
gest a lineament network that defines a block system (Fig. 12A). 803
This collage of continental crustal blocks and its movement was 804
the result of a tectonic event that produced crustal fragmentation. 805
The geometry of individual blocks controlled the block movement 206
and therefore the development of mylonite belts and other linea- so7
ments. In order to explain the variable stress regime in which zone 808
of compressional and extensional tectonism were active at the 809
same time over such a large area, we require movement of crustal 810
blocks along arcuate strike-slip faults (Fig. 12A). 811

This style of deformation is common during collisional 812
orogeny, where frontal zones are deformed during indentor 813
tectonics, where the lateral terminations of the indentor involve 814
extensive escape tectonics (Ratschbacher et al., 1991). The size 815
and shape of the continental fragments involved, the orientation s16
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of the indentor, and the collision vector, influence the extent and
geometry of indentation and later escape.

Modern examples of large-scale indentation-escape orogens
are found in the Himalaya-Alpine belt. These models include the
collision of the Arabian and the European plates (west-directed
escape) and the east- and southeast-directed escape of southeast
Asia following the collision of India and Asia (Tapponnier and
Molnar, 1976). The transcurrent shear zones separating elongate
crustal slices are the most important large-scale structural fea-
tures in these Himalaya—Alpine models.

Indentation-escape tectonics is widely observed and accepted
in younger orogens, but has not been recognized to the same
extent in older mountain belts, probably because the structures
associated with such a tectonic regime are less obvious. In
addition, subsequent orogenic events may obscure the presence of
an ancient indentation-escape regime (Ratschbacher et al., 1991).

Several examples of Precambrian indentation-escape tectonics
have been described. In southern Africa, the proto-Kalahari craton
acted as a southwest-directed indenter into juvenile Mesoproter-
ozoic island-arc terranes at ca. 1100 Ma (Jacobs et al., 1993). The
associated escape tectonics regime in the orogen is shown by
extensive craton-parallel ductile shear zones and the development
of pull-apart basins in the preserved African foreland (Koras—
Sinclair basins). Other example of indenter-escape tectonic has
been reported in Australia, where the Yilgara craton indented
the Pilbara—Gawler craton during the late Paleoproterozoic
Capricorn orogeny (Krapez, 1999). Another example is the East
African—Antarctic orogen, which resulted from the collision of
various parts of proto-East and West Gondwana  during late
Neoproterozoic—early Paleozoic time (between 650 and 500 Ma).
The southern part of this Himalayan-type orogen can be inter-
preted in terms of a lateral-escape tectonic model. Small micro-
plates (the Falkland, Ellsworth—Haag, and Filchner blocks)
probably represent shear-zone-bounded blocks produced by tec-
tonic translation during lateral escape, similar to those currently
evolving in Southeast Asia.

Assuming a model of indentation-escape tectonics for northern
Patagonia, the belts with steep gravity gradients described in this
study represent transcurrent shear zones separating shear-zone-
bounded blocks (Figs. 11 and 12A). The block situated between
lineaments C, D and E has possibly acted as a northwest-directed
indenter associated with west-directed movements of the area
located south of the Huincul Fault zone. Several small blocks
were displaced west and southwest, possibly the western sector of
the Choele Choel High and the areas located west of the line A and
southwest of line B, as recorded in the La Sefia—Pangaré mylo-
nites and Nahuel Niyeu system (Fig. 12A).

The eastern sector of the Choele Choel High, between the
Huincul Fault zone and lineament E was displaced to the east and
southeast during lateral escape. In areas of transpression, such as
along the Huincul Fault Zone between Estancia El Caldén and
Chimpay (Fig. 10), rocks were faulted upwards to form positive
flower structures. Such a configuration can explain the uplift of
the Choele Choel High against the Carapacha Basin and ac-
counts for the change of detritus composition as detected in
the Carapacha and Claromec6 Basins (Rossello et al, 1997,
Melchor, 1999).

It seems probable that some blocks in the North Patagonian g74
Massif, located south of the Huincul Fault Zone, rotated counter- 875
clockwise during Permo-Triassic time (Fig. 12A). It is doubtful 876
that the deformation can be explained in terms of the collision of 877
two major crustal blocks, principally because there is no con- 878
clusive evidence for such a collision. 879

The development of the Gondwanide deformation in northern sso
Patagonia—Sierras Australes—La Pampa province in a location ss1
far from the active convergent margin of Gondwana is attri- ss2
butable to two factors: a) dextral margin-parallel translation of a 833
crustal block or blocks (Fig. 12A and B) outboard of the Gond- 834
wanide Orogen; and b) the oblique orientation of this area 835
relative to the east—west trend (present coordinates) of the 836
orogen in the Cape Fold Belt, as shown in Fig. 12B. 887

Coincidences in timing of deformation and the orientation of sss
principal stress directions; point to an evolutionary history that is 889
similar to other portions of the Gondwanide Orogen (de Wit and 890
Ransome, 1992; Cobbold et al., 1991, Vaughan and Pankhurst, 891
2008). 892

In_the southern Canadian Rocky Mountain fold and thrust 893
belt, Late Cretaccous and Tertiary deformation developed 894
~ 1500 km inboard of the active convergent margin (McMechan 895
and Thompson, 1989). Oblique (dextral) subduction of oceanic 896
plates beneath western North America resulted in the develop- 897
ment of major dextral strike-slip faults within the overriding 898
North American crust. The development of this fold and thrust 899
belt 1500 km inboard of the cordilleran margin in response to 900
oblique subduction-driven, margin-parallel dextral translation 901
was considered as an analogue for development of the Cape Fold 902
Belt (Johnston, 2000). According to the evidence presented here, 903
this model can also be applied to northern Patagonia. However, 904
the relatively extensive width of this active margin is at present 905
not fully understood. 906

9. Conclusions 907

North—South belts of Pampean and Famatinian rocks that 908
cross the supposed boundary between the northern Patagonia 909
and central Argentina regions support the presence of a 910
common continental crust in both areas. No geological or 911
geophysical evidences for oceanic crust formed by mafic— 912
ultramafic rocks between both areas have been identified. The 913
gravity and magnetic anomalies over the supposed boundary are 914
incompatible with a suture composed of such rocks. 915

The continental crust in the studied area was sliced by 916
displacements along the dextral Huincul Fault Zone and 917
several minor lineaments that represent strike-slip faults along 918
the boundaries of several continental blocks. South of the 919
Huincul Fault Zone, the indentation of these blocks, related to 920
the translation and simultaneous counterclockwise rotation 921
along a NW-direction produced escape of minor slices in W, 922
SW, E, SE, and N directions. Such movements are recorded 923
in Gondwana rocks and mylonitic belts around northern 924
Patagonia. 925

Transpression in the northern part of the massif possibly 926
produced positive flower structures, e.g.: the Choele Choel 927
High or those recognized in the Neuquén Basin. 928
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The balance of evidence suggests that the Gondwanide
Orogeny in the northern Patagonia area is due to the trans-
tensive—transpressive deformation. The dextral strike-slip
component detected in the northern Patagonia—Sierras Aus-
trales, Cape Fold Belt (Africa), and in the Ellsworth Whitmore
Mountains block (Antarctica), may reflect margin-parallel
strike-slip movements induced by oblique subduction (Cobbold
et al., 1991, 1992) beneath the convergent southern margin of
Gondwana.
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