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Different hypotheses have been proposed to account for the geologic evolution of the southwestern margin of
Gondwana in the Early Paleozoic, involving accretion and displacement of different terranes in a protracted
convergent margin. In order to constrain and understand the kinematic and paleogeographic evolution of the
Pampia terrane a paleomagnetic study was carried out in different Cambrian to Devonian units of the Eastern
Cordillera (Cordillera Oriental) and the Interandean Zone (Interandino) of NW Argentina. Paleomagnetic
poles from the Campanario Formation (Middle to Upper Cambrian): 1.5°N 1.9°E Ags =9.2° K=37.46 N=38;
and Santa Rosita Formation (Lower Ordovician): 8.6°N 355.3°E Ags =10.1° K=26.78 n =9, representative of
the Pampia terrane, are interpreted to indicate a Late Cambrian significant displacement with respect to the

Keywords:
Paleomagnetism
Northwestern Argentina

Gondwana Rio de la Plata and other Gondwana cratons. A model, compatible with several geological evidences that
Paleozoic explains this displacement in the framework of the final stages of Gondwana assembly is presented. We
Pampia propose a simple dextral strike-slip kinematic model in which Pampia and Antofalla (— Arequipa?) blocks

moved during Late Cambrian times from a position at the present southern border of the Kalahari craton into

its final position next to the Rio de la Plata craton by the Early Ordovician.
© 2011 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

It is well known nowadays that the final assembly of Gondwana
was achieved after a series of multiple collisions (e.g. Meert et al.,
2001, 2003; Sanchez Bettucci and Rapalini, 2002; Kroner and Cordani,
2003; Tohver et al., 2006; Trindade et al., 2006) in the Late
Neoproterozoic and Early Paleozoic during the Brasiliano (600-
550 Ma) and Pampean (550-510 Ma) orogenic cycles (Ramos, 1999;
Collo et al., 2009; Hauser et al., 2011). According to Meert (2001) and
Meert et al. (2001) the main orogenic events ended around 530-
500 Ma, although movements of small blocks may have continued
afterwards. However, the configuration, history and paleogeography
during the Gondwana amalgamation is quite debatable because of the
scarcity of reliable paleomagnetic data (Cordani et al., 2000; Sanchez
Bettucci and Rapalini, 2002; Meert and Torsvik, 2003; Tohver et al.,
2006; Cordani et al., 2009).

Spagnuolo et al. (2008) carried out a paleomagnetic survey on the
Middle-Late Cambrian Mesén Group, exposed in the province of Salta,
NW Argentina (22°49'-22°50'S; 64°50"-65°00'W). The results of this
study permitted to obtain the first Cambrian paleomagnetic pole (FC)
for NW Argentina, which suggests that the area underwent a
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significant clockwise rotation. Three alternatives were proposed in
that work: i) FC pole is representative of Gondwana and implies a
complex APWP with high drift velocities of the supercontinent; ii)
significant displacement of Pampia during the final stages of
Gondwana assembly; iii) an Andean rotation related to the regional
deflections associated to the Bolivian Orocline. Considering that the
original paleomagnetic data came from a single locality and no age for
the rotation was available, Spagnuolo et al. (2008) chose the more
conservative third alternative as the most likely.

The aim of this work is to provide new paleomagnetic data in order
to test the original interpretation of Spagnuolo et al. (2008) and to
better constrain the paleogeographic evolution of the Pampia Terrane
(Fig. 1) in the Early Paleozoic, when the final processes of Gondwana
assembly were taking place. Pampia (see Ramos et al., 2010 for a
review) is located to the west of the Rio de la Plata craton (Rapela et al.,
2007; Favetto et al., 2008), to the east of the Cuyania composite terrane
(Villar, 1975; Kraemer et al., 1995; Escayola et al., 1996; Ramos, 2000)
and to the north of the North-Patagonian Massif (Chernicoff and
Zappettini, 2003). Its northern boundary is not precisely defined due to
the thick cover of Cenozoic sediments of the Chaco-Pampean plains.
The oldest exposed rocks of the Pampia block are Late Neoproterozoic
units of different metamorphic grade, with generally higher grades
towards the south in the Cérdoba and San Luis Ranges (e.g. Sims et al.,
1998; Steenken et al.,, 2004; Fig. 1) and lower grades in the
metasediments of the Puncoviscana Formation in the Eastern
Cordillera (Acefiolaza and Toselli, 1981; Rapela et al., 1998a, b; Fig. 1).
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Fig. 1. a) North and central Argentina with the sampling areas and the morphotectonic provinces. b) Terrane boundaries (Astini, 2003; Ramos, 2004; Rapela et al., 2007; Favetto et al.,
2008; Tohver et al., 2008; Ramé and Mir6, 2010) and shear zones (dotted lines) of Martino (2003), Simpson et al. (2003). c) Digital elevation model of Caspald-Santa Ana locality and
the paleomagnetic samples (white stars). CAS 1-2: Santa Rosita Formation, CAS 3-4: Baritd Formation. d) Digital elevation model of Matancillas locality and the paleomagnetic
samples and sites (white stars). IM 11-14: Campanario Formation (Spagnuolo et al., 2008), IRU 25-28: Lizoite Formation, IRU 22-24: Santa Rosita Formation. e) Digital elevation
model of Parada del Condor locality and the paleomagnetic samples (white stars). IRU 1-7: Lizoite Formation. IRU 8-18: Campanario Formation.

Several tectonic models support the accretion of a parauthochtho-
nous or fully allochthonous Pampia Terrane (Ramos, 1988; Kraemer
et al,, 1995; Escayola et al., 1996; Rapela et al., 1998a, b, 2001; Von
Gosen et al., 2002; Ramos et al., 2010) to the Rio de la Plata craton.
They either propose eastward (present coordinates) subduction of
oceanic crust under the Rio de la Plata craton (Kraemer et al., 1995;
Escayola et al., 1996; Escayola et al., 2007) or subduction to the west,
under Pampia (Ramos, 1988). The age of this collision is also under
discussion, some authors suggesting the Neoproterozoic (Ramos,
1988; Kraemer et al., 1995; Escayola et al., 2007) and others the Early-
Middle Cambrian (Rapela et al., 1998b; Von Gosen et al., 2002;
Steenken et al., 2004; Ramos, 2008; Ramos et al., 2010). Different

regions or cratons have been proposed for the origin of this terrane.
Rapela (2000) and Von Gosen et al. (2002) postulated that Pampia
originated close to the Rio de la Plata craton. Links with the Arequipa-
Antofalla terrane have also been proposed (Rapela et al., 1998b;
Keppie and Bahlburg, 1999; Bahlburg et al., 2000; Rapela, 2000; Kleine
et al., 2004; Collo et al., 2009) as well as with Amazonia (Tosdal, 1996;
Sims et al., 1998; Sanchez Bettucci and Rapalini, 2002; Steenken et al.,
2004; Rapela et al., 2007; Adams et al., 2008a; Ramos et al., 2010) and
the Kalahari craton (Schwartz and Gromet, 2004; Whitmeyer and
Simpson, 2003; Rapela et al., 2007; Drobe et al., 2009).

Non collisional tectonic models suggest that after deposition of the
Puncoviscana Formation (and equivalent units to the south), on a
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passive margin developed on the Rio de la Plata craton (Pifidn Llamas
and Simpson, 2006), eastward subduction began on that margin and
finished with the collision of an oceanic spreading ridge at around
525 Ma (Mir6 et al., 2005; Pifian Llamas and Simpson, 2006; Schwartz
et al., 2008).

Paleomagnetism is the only tool to quantitatively define the
displacement and geographic positions of terranes in pre-Jurassic
times. In order to constrain the paleogeographic position of Pampia
and its relations with other West Gondwana cratons in Cambrian
times, new paleomagnetic studies were carried out on Cambrian,
Ordovician and Devonian sedimentary units in NW Argentina.

2. Geological setting

The Central Andes in northwestern Argentina (Gansser, 1973;
Ramos, 1999) are presently affected by normal subduction (~30°) of
the Nazca Plate under South America. This region is subdivided, from
west to east, into the Puna, Eastern Cordillera (Cordillera Oriental)
and Subandean Ranges (Sierras Subandinas) morphotectonic pro-
vinces (Fig. 1a). The regional structures of the Eastern Cordillera
constitute a dominant thick-skinned, east-vergent thrust system
(Keidel, 1943). Its eastern margin, which includes its transitional
boundary with the Subandean Ranges, is known as the Interandean
Zone (Kley, 1996), and is characterized by double vergence structures
(Baldis et al., 1976) and a high topographic relief.

The stratigraphy of this region consists of metasediments assigned
to the Ediacaran-Early Cambrian Puncoviscana Formation (Turner,
1960; Buatois and Mangano, 2003; Schwartz and Gromet, 2004; Do
Campo and Ribeiro Guevara, 2005; Adams et al., 2008a); Middle to
Late Cambrian shallow platform quartzites, sandstones and red to
greenish shales of the Mesén Group (Turner, 1960); Ordovician
marine successions of sandstones interbedded with conglomerates
and black shales best represented by the Santa Victoria Group (Turner,
1960; Astini, 2003); marine clastic sediments with iron beds of
Silurian-Devonian age (Astini, 2003); fluvial and eolian deposits of
Carboniferous-Permian age; sediments and volcanics of the Creta-
ceous-Lower Paleocene Salta Group rift basin and Cenozoic sediments
of the Andean foreland basin (Mon and Salfity, 1995).

The Middle to Late Cambrian Mes6n Group is subdivided into three
units: the Lizoite, Campanario and Chahualmayoc Formations. The
Campanario Formation is a dominantly green and purple fine-grained,
thoroughly bioturbated succession with minor fine-grained sand-
stones (Mangano and Buatois, 2004). Its age is bracketed between the
Middle and Late Cambrian according to stratigraphic considerations
(Turner, 1960; Sanchez and Salfity, 1999; Acefiolaza and Acefiolaza,
2002; Astini, 2008) and between Early and Middle Cambrian
according to ichnofossils (Mangano and Buatois, 2004). Adams et al.
(2008b) and Augustsson et al. (submitted for publication) have
recently obtained a maximum depositional age by SHRIMP and LA-
ICP-MS U-Pb on detrital zircons in the range of 521-502 Ma,
suggesting Late Cambrian as the most likely age for this unit.

The Santa Rosita Formation, which is the basal unit of the
Ordovician Santa Victoria Group, is composed of Late Cambrian to
Late Tremadocian (Buatois and Mangano, 2003) sandy and shaly
shallow marine packages interbedded with some conglomerates
(Astini, 2003).

The Baritd Formation is characterized by sandstones and white
and purple silty shales assigned to the Late Silurian-Early Devonian
(Turner and Méndez, 1975; Dalenz-Farjat et al., 2002).

3. Paleomagnetic sampling and methods

In the field, oriented hand-sample blocks were collected. At the
laboratory each block was drilled in order to obtain 4 to 7 cylindrical
cores, which were sliced into one to three standard paleomagnetic
specimens (2.2 cm height and 2.54 cm diameter).

The Lizoite quartz-rich sandstones (with no positive paleomag-
netic results) and Campanario Formation were sampled at Parada del
Coéndor locality (22.9°S 65.3°W; Fig. 1e) in the eastern part of the
Santa Victoria Ranges. Eleven samples (4 sites) were collected from
the Campanario Formation obtaining 43 specimens (see Table 1).

The Santa Rosita Formation was sampled at three localities:
Matancillas (22.8°S 64.9°W; Fig. 1d), Santa Ana (23.3°S 65.0°W;
Fig. 1c) and Caspald (23.3°S 65.1°W; Fig. 1c). At Matancillas three
hand samples (1 site) were drilled obtaining 21 specimens, at Santa
Ana 8 hand samples (2 sites) were drilled in 29 specimens and at
Caspala 13 specimens were obtained from 2 hand samples (1 site)
(see Table 1).

A preliminary paleomagnetic study of the Bariti Formation was
carried out in Caspala (23.3°S 65.1°W; Fig. 1c). Two hand samples
from 1 site were collected (9 specimens, Table 1)

Intensity and direction of the natural remanent magnetization
were measured with a DC-SQUID (2G-750R) cryogenic magnetome-
ter. AF cleaning was achieved by means of a static three-axes
degausser attached to the cryogenic magnetometer. Thermal demag-
netization was applied with an ASC dual chamber oven, with internal
magnetic fields below 5nT. Bulk magnetic susceptibility was

Table 1
Samples collected at each locality.
Unit Site Sample Specimen
Locality: Parada del Condor
Campanario Formation PC 1 IRU 8 A-a A-b B
IRU 9 A B-b B-c
IRU10 B C D E
IRU11 A B C
PC2 IRU12 A B C D E F
IRU13 A B C D E F
IRU14 A B Ca Cb E F
PC3 IRU15 A B C
IRU16 C
PC4 IRU17 A B-a B-b C D E F
IRU18 B
Formacién Lizoite PC5 IRU 1 B C D E F
IRU 2 A B Ca Cb D E
IRU 3 A B C
IRU 4
PC6 IRU 5 A B C D
IRU 6 A-a Ab B C D E F
G
IRU 7 A B C
Locality: Matancillas
Lizoite Formation MAT1 IRU25 A B C
IRU26 A B C
IRU27 A B C D
MAT2 IRU28 A-b Ac B C D E
Santa Rosita Formation MAT3 IRU22 A B C D E F
IRU23 A B C D E G
IRU24 A B C D E G H-b
H-a |
Locality: Santa Ana
Santa Rosita Formation STA1 SA1 A-a A-b B C D
SA2
STA2 SA3
SA 4 A B Ca Cb D
SAS5 A Bb B-c C
SA6 A B C
SA7 A B Ca Cb D E
SA8 A B C D E F
Locality: Caspald
Santa Rosita Formation CA 1 CAS 1 C D E F G H L
M N
CAS2 A B C
Barit(i Formation CA2 CAS 3 A B-a B-b C D
CAS4 A B C D




C.M. Spagnuolo et al. / Gondwana Research 21 (2012) 406-421 409

Table 2

Susceptibility axes (k1, k2, and k3). Int: Intensity, D: declination. I: inclination (both in geographic coordinates). *: after structural correction. L: lineation. F: foliation. P: anisotropy
degree. T: shape parameter. a) Campanario Formation. N=6: without IRU11 site. b) Santa Rosita Formation.

Specimen k1 k2 k3 L F P T
Int D I D* I Int D19 1 D* I Int D I D* I

a) Campanario Formation

IRU 9A 1.0211 340 27 156 3 1.0173 239 19 246 5 0.9616 119 55 45 84  1.004 1.058 1.062 0.876
IRU 10B 1.0177 326 32 143 1 1.0132 59 1 55 12 09690 149 58 238 79 1.004  1.046 1.050 0.820
IRU 11A 1.0122 157 9 135 38 1.0006 50 59 1 50 09872 252 29 261 8 1.012 1.014 1.025 0.082
IRU 11B 1.0065 11 12 189 5 09990 103 9 95 39 09945 230 75 285 51 1.008 1.005 1.012 —0.247
IRU 12B 1.0135 341 27 341 0 1.0113 249 2 250 4 09753 155 63 69 86 1.002 1.037 1.039 0.888
IRU 13D 1.0142 65 9 62 4 1.0130 331 26 152 1 0.9728 172 63 257 86 1.001 1.041 1.042 0.945
IRU 14B 1.0129 277 9 98 3 1.0041 13 33 8 9 09830 173 55 200 81 1.009 1.021 1.030 0.417
IRU 15A 1.0198 342 32 342 1 1.0109 251 13 72 8  0.9693 142 55 245 82 1.009 1.043 1.052 0.656
N=8 1.0130 356 27 162 1 1.0080 252 7 72 3 09800 149 62 275 87 1.005 1.028 1.033 0.695
N=6 1.0150 329 30 322 0 1.0120 239 1 52 2 09730 147 60 231 88 1.003 1.039 1.043 0.835
b) Santa Rosita Formation

SA 4B 1.0272 1 24 356 2 1.0134 143 61 229 87 09594 264 16 87 3 1.014  1.056 1.071 0.604
SA 5B-b 1.0294 5 29 358 8 1.0181 157 58 220 79 09525 268 12 89 8 1.011 1.069 1.081 0.716
SA 5B-c 1.0289 5 30 358 9 1.0173 163 59 230 77 09538 269 9 89 11 1.011 1.066 1.079 0.700
SA 7D 1.0292 356 21 173 2 0.9992 135 63 329 88 09716 260 16 83 1 1.030 1.028 1.059 —0.027
SA7E 1.0275 358 22 174 0 1.0066 142 64 276 8 09659 263 14 85 4 1.021 1.042 1.064 0.336
SA 8A 1.0306 19 29 9 13 1.0149 145 47 161 75 09545 271 29 277 7 1.015 1.063 1.080 0.600
N=6 1.0280 4 23 359 2 1.0110 145 61 235 87  0.961 266 16 89 2 1.017 1.053 1.070 0.511

measured with a Bartington MS-2 susceptibility meter after each
thermal step to control possible chemical changes induced by heating
of the samples. Magnetic components were determined by principal
component analysis (Kirschvink, 1980) with maximum angular
deviation (MAD) values under 13° (only one remanence direction
was determined with a MAD of 16.9°). Acquisition of isothermal
remanent magnetization (IRM) curves was performed with a pulse
magnetizer (ASC Scientific IM-10-30) in order to identify the
magnetic carriers at each site. The anisotropy of magnetic suscepti-
bility (AMS) was measured with a Kappabridge MFK 1-B at 15
different positions to define the AMS ellipsoid. All the laboratory
analyses were carried out at the Paleomagnetic Laboratory (INGEO-
DAV) of the Department of Geological Sciences of the Universidad de
Buenos Aires (Argentina).

One pilot group of 6 specimens from the Campanario Formation in
Parada del Condor locality was demagnetized with alternating fields
(AF)in 16 steps: 3,6, 9, 12, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90 and
100 mT. Another pilot group of 7 specimens was demagnetized with
high temperatures in 19 steps: 100, 150, 195, 250, 300, 350, 400, 450,
480, 500, 520, 540, 560, 580, 600, 620, 640, 660 and 680 °C. According
to the obtained results the remaining specimens of the collection were
demagnetized by high temperatures in 11 steps: 190, 290, 400, 450,
500, 545, 580, 600, 640, 660 and 680 °C. Acquisition of IRM tests were
performed by applying increasing direct magnetic fields in 14 steps of
17, 29, 44, 61, 90, 150, 250, 350, 450, 600, 1000, 1640 and 2400 mT,
while back field were produced in 13 steps of 29, 61, 90, 122, 137, 150,
250,302, 350, 400, 450, 600 and 735 mT. AMS studies were performed
only in 8 specimens, as the Kappabridge MFK 1-B became available
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Fig. 2. Anisotropy of magnetic susceptibility of the Campanario Formation. a) In situ and bedding corrected distribution of the susceptibility axes. B: Bedding plane. b) Anisotropy
degree (P) vs. average susceptibility (Km). c) Anisotropy degree (P) vs. shape parameter (T). d) Foliation vs. Lineation, Flinn's diagram (Jelinek, 1981).
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after most of the collection had been already subjected to
demagnetization.

The reported preliminary paleomagnetic study of the Santa Rosita
Formation is the first one carried out in this Ordovician unit. AF
demagnetizations were done in 17 steps between 3 and 100 mT and
high temperature demagnetizations in 10 to 20 steps up to 680 °C.

4. Paleomagnetic results and interpretation
4.1. Campanario Formation

The AMS study shows an oblate fabric with a low degree of
anisotropy, between 1.012 and 1.062 (Table 2a). After bedding
correction, K3 coincides with the vertical while K1 and K2 are
contained into the bedding plane (Fig. 2; Table 2a). These directional
results plus the low anisotropy degree suggest a depositional or early
diagenetic fabric.

Intensity of natural remanent magnetization varies between 0.287
and 30.85 mA/m and initial susceptibility between 3.9x 10> and
18x 107> (SI) indicating a wide variation between sites. Thermal
demagnetization curves (Fig. 3) show that at Parada del Céndor
locality hematite is the main magnetic carrier with unblocking
temperatures close to 680 °C, except for site IRU 11 that presented a
much wider range of unblocking temperatures and from which no
reliable directions were obtained. IRM curves (Fig. 4a) show
saturation fields over 2500 mT, while the back field curves (Fig. 4a)
show remanence coercivity of 550 mT, both suggesting that the
dominant phase is hematite.

A high temperature magnetic component was isolated in most
sites and samples except at IRU 11 (Fig. 3; Table 3). These
paleomagnetic results are virtually identical to those (IM) obtained
from the same formation at Matancillas (Spagnuolo et al., 2008;
Fig. 1d), located ~35 km to the east from Parada del Céndor (Fig. 1e).
Remanence directions from both studies were merged and analyzed
together. Comparison of mean site remanence directions before and
after bedding correction indicates a significantly better grouping of
directions after correction. This can be tested statistically by applying
the fold test of Watson and Enkin (1993). After the application of the
bedding correction the statistical parameters improve significantly:
kappa (K) increases from 4.79 to 19.68 and ags diminishes from 9.5°
to 4.3° (Fig. 5). Since seven specimens showed opposite polarities, a
reversal test was applied. The test of McFadden and McElhinny (1990)
classified the result as positive, class “C” (critical angle: 16.2°,
observed angle: 10.9°). Positive fold test and AMS results indicate a
pre-tectonic magnetization. On the other hand, the occurrence of both
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2 4 6 2 4 6
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Fig. 4. Normalized isothermal remanent magnetization (IRM) curves. a) Campanario
Formation specimens. The initial shallow slopes indicate hematite as the principal
magnetic carrier. b) Santa Rosita Formation. c¢) Baritt Formation.

IRU 11B IRU 10E
wwW vV
Axis=
TMmA/M
p ™
N
Axis=
0.05MmA/M
1,0 1.0
2 a4 6 5 4 6
x100 C x100 C

Fig. 3. Representative demagnetization behavior of analyzed specimens (geographic coordinates) of the Campanario Formation. In the vector diagram, closed (open) symbols

represent projections on the horizontal (vertical) plane.
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Table 3

411

Characteristic remanent magnetization of specimens, samples and sites of Campanario Formation. (*) Bedding corrected data. K and owgs: statistical parameters of Fisher (1953). Lat:
latitude, (—) south latitude. Long: longitude. See Spagnuolo et al., 2008 for the detailed IM components.

Site/ Specimen D (°) 1(°) MAD/ags Bedding D (°) 1(°) VGP*
sample ©) Strike (°) Dip (°) ) ) Lat Long
Mean IM 11 123.0 79.9 9.7 K=29.13 n=9 94.5 44.6 —13.7 1.1
Mean IM 12 290.4 853 8.7 K=35.68 n=9 824 57.2 —8.7 356.0
Mean IM 13 85.1 60.0 - K=— n=1 814 41.7 —-1.8 359.6
Mean IM 14 67.6 54.4 52 K=136.95 n=7 68.8 234 14.1 4.8
IRU 8 8 A-b 284.0 —12.6 49 219 34 275.0 —42.5 133 183.4
8B 281.6 —35 33 219 34 275.8 —33.1 12.1 190.0
IRU 9 9A 289.4 2.2 7.8 219 34 286.3 —29.7 20.8 195.6
9B-b 269.6 6.5 3.1 219 34 267.0 —19.6 1.2 194.2
IRU 10 10B 249.6 144 5.4 219 34 2523 —4.0 —15.4 195.7
10C 256.0 104 3.7 219 34 256.0 —10.5 —10.7 194.2
10E 245.9 28.2 4.4 219 34 256.1 9.7 —14.7 203.8
Mean PC 1 268.5 6.8 16.6 K=14.13 n=7 266.0 —19 1.0 193.8
IRU 12 12A 103.8 22.6 4.0 253 27 90.4 339 —75 7.7
12B 105.4 224 49 253 27 92.1 344 —9.1 7.9
12C 113.2 22.7 3.1 253 27 99.9 379 —16.8 8.2
12D 104.8 20.6 3.5 253 27 92,5 325 —9.0 9.2
12E 105.9 14.3 3.7 253 27 96.8 273 —11.7 13.8
12F 96.2 23.8 1.7 253 27 824 31.6 0.1 6.0
IRU 13 13A 100.3 36.4 29 253 27 779 442 0.2 356.3
13B 99.7 323 32 253 27 80.4 40.5 —0.7 359.8
13C 103.8 40.8 4.6 253 27 77.5 49.4 —14 352.2
13D 110.2 39.7 35 253 27 84.7 513 —7.7 353.2
13E 110.6 421 3.0 253 27 82.8 53.5 —-7.0 350.6
13F 91.5 31.2 24 253 27 743 331 6.7 1.9
IRU 14 14 A 109.2 252 34 253 27 943 38.5 —12.0 6.0
14B 1124 323 33 253 27 93.0 46.0 —12.8 0.1
14 C-b 929 333 1.0 253 27 734 383 59 358.4
14E 101.4 240 0.7 253 27 87.3 341 —4.8 6.4
14 F 100.9 26.1 34 253 27 85.5 35.7 —3.6 4.8
Mean PC 2 103.6 289 43 K=70.12 n=17 86.4 39.2 —54 25
IRU 15 15A 73.0 16.6 3.1 219 38 56.2 337 213 352.5
15B 70.5 22.0 2.6 219 38 49.8 36.4 25.0 347.0
15C 749 6.3 4.0 219 38 64.9 264 16.6 1.2
Mean IRU 15 729 15.0 12.6 K=96.52 n=3 57.3 324 211 353.7
IRU 17 17 A 285.7 79.5 1.9 351 66 75.8 334 53 23
17 B-a 330.1 77.5 2.1 351 66 67.8 279 13.7 1.8
17C 293.1 81.5 42 351 66 75.7 311 6.1 3.6
17D 3219 81.5 4.5 351 66 72.6 279 9.6 4.0
17E 317.6 83.7 2.1 351 66 75.1 274 7.6 5.4
17 F 271.5 78.5 4.7 351 66 784 353 2.6 23
Mean IRU 17 302.4 81.1 3.8 K=310.93 n=6 74.0 30.5 7.5 3.2

Specimens mean

Dec=92.0° Inc=53.9° ag5 =9.5° K=4.79 R=46.88 n=59

Dec*=81.5° Inc*=37.7° 5™ = 4.3° K*=19.68 R* =56.05

Mean VGP (samples): Lat: 1.5°S Long: 1.0°E Ags =4.0° K=22.90 n=59
Sites mean

Dec=80.8° Inc=69.5" 01g5 =41.8° K=2.71 R=542N=8

Dec*=78.3° Inc* =36.5° ags* = 10.8° K* =27.45 R*=7.74

Mean VGP (sites): Lat: 1.5°N Long: 1.9°E Ags =9.2° K=3746 N=8

polarities suggests that enough time elapsed during magnetization of
the studied rocks to average out secular variation. A site-based mean
of the bedding corrected remanence direction yields a direction at
Dec=78.3°Inc=36.5° N (sites) =8 g5 = 10.8° (Table 3 and Fig. 6). A
virtual geomagnetic pole (VGP) was computed from each remanence
direction. Their mean is the paleomagnetic pole calculated for the
Campanario Formation (this result should replace the one published
by Spagnuolo et al., 2008) FC2: 1.5°N, 1.9°E, Ags =9.2°, K=37.46,
N = 8. The paleopole position indicates a paleolatitude of around 20°
for deposition of the Campanario Formation sediments in the study
region.

The recalculated paleomagnetic pole for the Campanario Forma-
tion is consistent with 6 of the 7 quality factor criteria of Van der Voo
(1990), i.e.: i) the age of the rock is well known and different tests
suggest a primary magnetization of the unit; ii) the result was
obtained with enough number of samples and acceptable small
errors; iii) samples were treated by standard demagnetization
procedures and magnetic components calculated with principal
component analyses (Kirschvink, 1980); iv) positive fold and v)

reversal tests and vi) there is no matching of the paleopole with
younger ones. All these arguments suggest that the FC2 paleopole is a
reliable recording of the Late Cambrian magnetic field at the Eastern
Cordillera.

When rotating the pole into African coordinates, according to the
Euler pole 43.017°N 329.935°E 58.842° (Reeves et al., 2004) the
position of the paleomagnetic pole became 33.7°N 34.7°E (Fig. 7). The
comparison of this pole with different paleomagnetic poles of
Gondwana (Grunow and Encarnacién, 2000; Meert et al., 2001;
McElhinny et al., 2003) show a significant clockwise rotation (Fig. 7).

4.2. Santa Rosita Formation

The samples from the Matancillas (Table 1) locality show IRM
acquisition curves that do not saturate until 2 T (Fig. 4b; IRU 24) and
back field curves (Fig. 4b; IRU 24) that show a remanence coercivity of
450 mT, characteristic of hematite. Demagnetization curves show
unblocking temperatures of 580 °C (magnetite) and ~640 °C (Ti-
hematite) (Fig. 8a). At higher temperatures the samples showed
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Kmax [ ¢ Dec  Inc k a9
-50 102.6 61.7 272 14.1
40 99.9 60.2 3.00 13.0
=30 97.5 58.7 3.34 121
-20 954 57.1 3.74 1.2

0 920 538 479 95
10 905 523 548 &7
20 892 506 631 80

40 86.9 47.3 8.55 87
50 859 456 10.02 6.2
60 84.9 43.9 11.76 56
70 84.0 42.2 1375 5.2
80 83.2 405 15.90 48
90 824 38.7 18.00 45
100 816 37.0 19.73 43
110 80.8 35.2 20.72 42
120 80.0 334 20.73 42

140 78.5 29.7
150 778 279

115. 804 343

-50 0 100 150
%

Fig. 5. Fold test of Watson and Enkin (1993) of the Campanario Formation.

viscous behaviors. Two components were isolated from these samples
(Fig. 8a): a low-temperature (A) and an intermediate-temperature
(between 200 °C and 580 °C) carried by magnetite (B). Component A
was randomly oriented, while component B was the only one present
in most of the samples with a good directional consistency.

IRM curves for samples from Caspald locality indicate the presence
of hematite and a ferrimagnetic phase (Fig. 4b; CAS 2). The
demagnetization curves (Fig. 8b) show unblocking temperatures of
680 °C (hematite). A component of low temperature (A) was defined
between 0 °C and 500 °C (associated to the ferrimagnetic phase),
while a component of higher temperature (B) was isolated between
510 °C and 680 °C (Fig. 8b). Component A has a random distribution
while component B is well grouped.

Samples of site STA 2 from Santa Ana locality have initial
susceptibilities between 40x10™> and 317x107> SI and NRM
intensities between 0.419 and 566.700 mA/m. There is a direct

Beddling corrected

In situ

d Encrarnacign 2000

500 21

eert et al. 200

A 0
k hinny ef al. 2003)

7

Fig. 7. Paleomagnetic poles from Lower Paleozoic NW Argentina and N Chile and the
485 (Grunow, 1995), 485 (McElhinny et al., 2003), 495 (Grunow and Encarnacion,
2000), 500 (Meert et al., 2001) and 510 Ma (McElhinny et al., 2003) mean poles of
Gondwana. CHO: Choschas Granite (Forsythe et al., 1993), SR: Santa Rosita Formation
(this work), Fc2: Campanario Formation (this work), GA: Achala Granite (Geuna et al.,
2008) and PoC: Barit Formation (this work). South America poles were rotated to
Gondwana configuration according to the Euler rotation pole 43.017°N 329.935°E
58.842° (Reeves et al., 2004) Africa in its present position.

correlation between higher initial magnetization intensity and
susceptibility values with coarser grain sizes. IRM and back field
curves (Fig. 4b; SA 4) indicate the presence of hematite and
magnetite. Demagnetization curves present unblocking temperatures
of 680 °C (hematite) and 580 °C (magnetite). Two components were
defined (Fig. 8c): a low-temperature (A) between 175 °C and 580 °C
in three specimens associated to magnetite and a high-temperature

Bedding
corrected

1G4

In Situ

o 5 Bedding
,‘ corrected

Fig. 6. In situ and bedding corrected distribution of specimen remanence directions of the analyzed formations. Equal-angle stereoplot, open (closed) symbol corresponds to negative
(positive) inclination. a) Campanario Formation, in the bottom diagrams is the distribution of sites. b) Santa Rosita Formation. c) Bariti Formation.
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Fig. 8. Representative demagnetization behavior of analyzed specimens (geographic coordinates) of the Santa Rosita Formation. In the vector diagram, closed (open) symbols

represent projections on the horizontal (vertical) plane.

(B) up to 680 °C that reaches the origin of coordinates and was used to
calculate a VGP. AMS studies (Table 2b) indicate an anisotropy degree
of 7% and an oblate magnetic fabric, which is interpreted of tectonic
origin since K3 (minimum susceptibility axis) is horizontal (Fig. 9).
This suggests some caution in interpreting the paleomagnetic data
from this locality as the magnetic remanence might be affected by
tectonic deformation. Since no systematic directional IRM studies
could be performed, this issue is not defined.

IRM curves (Fig. 4b; SA 2) for site STA 1 from Santa Ana locality
show the presence of both hematite and magnetite. Demagnetization
curves (Fig. 8c) have unblocking temperatures of 580 °C (magnetite)
and 680 °C (hematite) with soft slopes suggesting a wide grain size
variation. Three components were obtained: a low-temperature (A),
an intermediate one (B) carried by magnetite and a high-temperature
(C) associated with hematite. The magnetite and hematite phases
carry components of the same direction. VGP's were calculated from

component B, since this is the most representative and is present in
most samples.

At each site one VGP (Table 4) was obtained from each block
sample by considering an average of characteristic remanence
directions. Mean directions show a better clustering after bedding
correction suggesting a pre-tectonic remanence. The elongated
distribution of the directions (Fig. 6b) suggests that some directions
from these localities may be suffering from some inclination error, as
no significant changes are observed in declination, but only in
inclination.

In situ mean direction is D=285.6° [=17.6° 095 =12.1° K=
18.98 N=9 (samples). After bedding correction, a slightly better
grouping is observed: D=68.9° 1=37.0° ag5s=12.0° K=19.34
(Table 4 and Fig. 6b), although the fold test of Watson and Enkin
(1993) and the tilt test of Enkin (2003) yield undetermined results.
The calculated paleomagnetic pole for the Santa Rosita Formation,
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Fig. 9. Anisotropy of magnetic susceptibility of the Santa Rosita Formation. a) In situ and bedding corrected distribution of the susceptibility axes. B: Bedding plane. b) Anisotropy
degree (P) vs. average susceptibility (Km). c) Anisotropy degree (P) vs. shape parameter (T). d) Foliation vs. lineation, Flinn's diagram (Jelinek, 1981).

calculated from the bedding corrected VGP is SR: 8.6°N 355.3°E
Ags =10.1° K=26.78 N=9 (Fig. 9). This paleomagnetic pole passes at
least 3 of the reliability criteria of Van der Voo (1990): i) the age of the
unit is well known; ii) the specimens were submitted to detailed
demagnetizations and iii) the paleomagnetic pole does not coincide
with others of younger age.

4.3. Bariti Formation

The initial susceptibility is between 5.8 and 7.5 x 10~ (SI) and the
NRM intensities between 1.596 and 2.284 mA/m. Specimens were not
saturated up to 2000 mT during the acquisition of the IRM, typical of
hematite (Fig. 4c). In the back field curves 2 phases with different
coercitivities can be identified (Fig. 4c). Demagnetization curves show
unblocking temperatures close to 600 °C (Ti?-hematite) and 680 °C
(hematite) (Fig. 10). In 3 specimens a low-temperature component
(A) was isolated. A high-temperature component (B) was obtained in
most samples. No tilt or fold test was applied since all samples were

Table 4

collected from the same succession with identical bedding attitude.
Component B shows a good directional consistency and a mean was
obtained from the in situ direction, which does not coincide with any
expected post-Devonian South American direction. A mean VGP was
calculated from the bedding corrected specimen remanence direction
PoC: 65.9°S 306.6°E Ags =6.8° K=66.45 n(specimens) =28 (Table 5
and Fig. 6¢). This paleomagnetic pole position is consistent with that
recently obtained from the Devonian Achala granitoid in central
Argentina (Geuna et al., 2008) (Fig. 7).

5. Interpretation of the Early Paleozoic paleomagnetic data from
NW Argentina

5.1. Previous interpretations in view of the new data
Spagnuolo et al. (2008) published the first paleomagnetic pole for

the Campanario Formation. The result came from a single locality at
Matancillas and showed a large clockwise rotation respect to different

Average magnetic direction of Santa Rosita Formation. St: Strike. (*) Bedding corrected data. K and os: statistical parameters of Fisher (1953). Lat: latitude; (—): south latitude.

Long: longitude.

Sample D (°) 1(°) MAD/ Bedding D (°) 1(°) VGP in situ VGP (%)

e St (%) Dip (°) © ) Lat Long Lat Long
IRU 23 (n=5) 1169 37.7 15.2 234 45 64.3 68.8 —-31.9 13.6 —3.5 328.7
IRU 24 (n=4) 1115 314 24.5 234 45 71.1 61.6 —259 16.6 —25 339.1
CAS 01 (n=9) 834 33 21 204 55 65.3 47.5 54 20.8 8.5 348.6
SA 04 (n=4) 80.6 12.0 3.9 226 29 71.6 269 6.2 15.7 10.6 4.3
SA 05 (n=3) 80.5 21.0 4.5 226 29 66.6 34.8 43 11.2 124 357.6
SA 06 (n=3) 66.5 73 8.5 226 29 60.6 16.3 19.9 11.7 229 43
SA 07 (n=5) 79.7 145 23 226 29 69.4 28.7 6.4 141 12.0 24
SA 08 (n=2) 79.7 8.0 12.6 226 29 72.6 229 7.8 17.2 10.8 6.9
SA 02 (n=4) 82.6 19.0 35.5 232 17 76.2 26.9 174 3.1 43 6.0
Mean Dec=285.6° Inc=17.6" 0tgs=12.1° K=18.98 R=8.58 N=9

Dec*=68.9° Inc* =37.0° ag5* = 12.0° K*=19.34 R*=19.34
Mean VGP's*: Lat: 8.6°N Long: 355.3°E Ags =10.1° K=26.78
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Fig. 10. Representative demagnetization behavior of analyzed specimens (geographic coordinates) of the Baritd Formation. In the vector diagram, closed (open) symbols represent

projections on the horizontal (vertical) plane.

coeval reference poles for Gondwana (Grunow and Encarnacion,
2000; Meert et al., 2001; McElhinny et al., 2003; Fig. 7) that was
interpreted as an Andean tectonic rotation associated to the Bolivian
Orocline (Spagnuolo et al., 2005) along an E-W transfer zones on the
Andean margin (Spagnuolo et al., 2008). This interpretation was the
most conservative giving the lack of further paleomagnetic data from
other units in the same locality and the same unit in other localities.

Our new results from the Campanario Formation provide data
from a locality situated over 35 km to the west from the first one and
yielded almost identical results. The new pole can be calculated with
more than twice the number of original specimens. Therefore our
result provides significant confidence to consider the data represen-
tative of the Campanario Formation in a large area.

With this new result the three explanations previously suggested
(see the introduction) are still valid, but some seem more likely than
before. A further constraint is now provided by the paleomagnetic
pole from the Santa Rosita Formation. It must be taken into
consideration that one of the sampling localities of the Santa Rosita
Formation corresponds to Matancillas, at the exact location where the
first study of the Campanario Formation (Spagnuolo et al., 2008) was
carried out. The paleomagnetic pole of the Ordovician unit shows a
very reduced rotation value. This is in part due to the reference
Gondwana pole which moves eastward from 495 to 475 Ma (see
Fig. 7), but the Campanario and the Santa Rosita poles are significantly
different allowing to infer that a common age of magnetization for
both is unlikely. Moreover, no reversals have been found in the latter,
consistent with an Early Ordovician age, while some reversals,

Table 5

consistent with a Late Cambrian magnetization age (Pavlov and
Gallet, 1998) have been recorded in the Campanario Formation at
both localities. Despite possible inclination error in some samples of
the Santa Rosita Formation, declination values from all localities are
very consistent and suggest that no relative rotations have occurred
between these localities since remanence was acquired. The prelim-
inary mean geomagnetic pole from the Bariti Formation does not
show any significant rotation either.

The model of a large Andean rotation that affected the sampling
area at Matancillas to explain the anomalous position of the original
pole for the Campanario Formation (Spagnuolo et al., 2008) may still
hold but has been severely weakened by the new paleomagnetic data.
In the first place, Andean rotations well over 30° are rare along the
Bolivian Orocline (Somoza et al.,, 1996; Beck, 1998; Randall, 1998,
Fig. 11a), particularly so far inboard from the continental margin. The
new data indicate that localities situated at around 35 km would have
undergone identical rotations due to the Andean Orogeny. More
difficult to explain is the fact that the Early Ordovician units show a
rotation significantly smaller. Preliminary data from Devonian rocks
(Barit Formation) also show lack of significant rotations. Thus, unless
we consider the paleomagnetic data from the Santa Rosita Formation
unreliable (due to lack of a definite field test), it looks unlikely that the
Late Cambrian pole could be significantly different than the Early
Ordovician one. Therefore, if the anomalous pole position of the
Campanario Formation is to be explained by a tectonic rotation, most
of it must have occurred before deposition of the Santa Rosita
Formation and cannot be attributed to the Andean Orogeny.

Magnetic components of Baritd Formation. (*) Bedding corrected data. K and as: statistical parameters of Fisher (1953). Lat: latitude; (—): south latitude. Long: longitude. (A)/(B):

component of low/high temperature.

Sample Specimen D (°) 1(°) MAD/0tgs5 Bedding D () 1(°) VGP
) Strike (°) Dip (°) ) ) Lat Long
CAS 3 3 B-b (b) 155.4 —12.2 5.8 232 78 1713 62.4 —68.6 3123
3 B-b (a) 12.8 —7.2 4.4 232 78 514 —39.7
3A(b) 151.9 —6.6 4.7 232 78 1704 69.0 —60.1 306.7
3C(b) 152.5 —16.3 7.7 232 78 162.4 59.9 —67.3 331.2
3D (b) 152.6 —115 5.6 232 78 166.5 64.3 —64.9 317.3
Mean CAS3 (B) 153.1 —11.7 4.8 K=361.65 n=4 167.4 63.9 —65.5 316.2
CAS 4 4D (b) 155.9 —21.1 9.4 232 78 164.5 54.2 —724 341.6
4A (b) 157.9 —6.5 54 232 78 1833 65.7 —65.4 289.6
4A(a) 63.5 —16.0 9.8 232 78 70.2 7.5
4B (b) 157.9 —6.1 6.6 232 78 184.0 66.0 —65.0 288.6
4C(a) 77.6 —125 129 232 78 70.8 21.6
4C(b) 154.3 0.4 7.0 232 78 189.3 73.2 —54.0 286.7
Mean CAS4 (B) 156.5 —83 10.5 K=77.01 n=4 178.0 65.1 —65.6 296.7

Specimens mean
Dec*=172.6° Inc* =64.6° 0ig5* =4.9° K*=129.52 R*=7.95
Mean VGP's (specimens): Lat: 65.9°S Long: 306.6°E Ags =6.8° K=66.45 n=28

Dec=154.8° Inc=—10.0° atgs =4.9° K=129.52 R=7.95n=8
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Fig. 11. Previous models explaining the rotations found in the Campanario Formation. See the text for a more complete explanation. a) Central Andean Rotational Pattern (Coutand
et al. 1999; Reynolds et al., 2001; Prezzi et al., 2004; Maffione et al., 2009; Hernandez et al., 1996; Spagnuolo et al., 2008). b) A more complex APWP. Gray (Spagnuolo et al., 2008),

black (Trindade et al., 2004), dotted (Meert and Van der Voo, 1996).

The arguments presented above suggest that with the present
database the hypothesis that holds better is that the Campanario and the
Santa Rosita poles are representative of the Pampia terrane. In most
tectonic models (e.g. Ramos et al., 2010 and references therein) by the
Late Cambrian the Pampia terrane was already an integral part of
Gondwana. In such case, the paleomagnetic poles of the Campanario and
Santa Rosita Formations should be representative of Gondwana.
However, the anomalous position of the Campanario pole would
imply that the APWP of this supercontinent should be longer and
more complex than proposed in the last two decades (see Meert, 2003
and references therein). This has already been discussed by Spagnuolo
et al. (2008) who argued that modifying the Cambrian APWP for
Gondwana (Meert and Van der Voo, 1996; Grunow, 1999; Meert et al.,
2001; Trindade et al., 2006; Fig. 11b) to allow for the Campanario pole
(look that the Santa Rosita pole would fit relatively well the already
accepted path) would imply an extremely fast track from northern
Africa at 510 Ma to the Red Sea in 500 Ma, coming back to the north of
Africa at ca. 490 Ma. This kind of displacement implies very high speeds
of the order of at least 30 cm/year (Fig. 11b), close to the fastest
continental drift ever proposed (Gordon, 1991; Gurnis and Torsvik,
1994; Evans, 1998; Sanchez Bettucci and Rapalini, 2002; Trindade et al.,
2004, 2006). According to these authors maximum speed of continental
plates has been suggested from 11 up to 38 cm/year. Only with new
coeval and consistent paleomagnetic data from other regions in South
America or other continents this hypothesis can be validated.

5.2. Pampia: a displaced terrane from Kalahari?

Most evidence suggests that the paleopole of the Campanario
Formation (FC2) is representative of the Pampia terrane (Ramos,
1988; Rapela et al., 19984, b). As exposed above, the rotation found in
the Late Cambrian sediments may have occurred near the Cambrian-
Ordovician boundary.

The third alterOO6Eative, already discussed by Spagnuolo et al.
(2008), is that the paleomagnetic data obtained so far indicates a
relative displacement between Pampia and the Rio de la Plata craton,
already part of Gondwana, during the latest Cambrian. Taking into
consideration different average poles of Gondwana of 500-485 Ma

and the paleopole of Pampia (in African coordinates according to the
reconstruction of Reeves et al., 2004), a clockwise rotation of 46°
around an Euler pole at 10.1°S 19.5°E would match both paleomag-
netic poles (Fig. 12a). When applied to the continents, this rotation
places Pampia near the southern border of Kalahari (Fig. 12a).

Whitmeyer and Simpson (2003), Schwartz and Gromet (2004),
Rapela et al. (2007) and Drobe et al. (2009) suggested movements to
the north (present coordinates) over a transform margin located
between Pampia plus other small blocks and the rest of Gondwana,
until Early Ordovician times. The formation of the Mozambique belt
and the Ross-Delamerian Orogen due to the collision and final
assembly of Antarctica, Kalahari and other blocks in southern
Gondwana, may have generated the displacement of small fragments
by escape tectonic along the southwestern Gondwana margin until
the Ordovician, in a similar deformational style to the formation of the
Himalayas by the India-Asia collision (Porada and Berhorst, 2000;
Ring et al., 2002; Jacobs and Thomas, 2004; Vaughan and Pankhurst,
2008).

Recently, Rapela et al. (2007) published a geotectonic model in which
Pampia, considered here as the basement upon which the Puncoviscana
sedimentary succession was deposited, underwent a major displace-
ment from southern Kalahari along the western border of the Rio de la
Plata craton in Cambrian times. These sediments, that formed the
Puncoviscana basin were, according to this model, the product of
denudation of the orogens generated by the collision of Kalahari with the
Rio de la Plata and Antarctica since ~550 Ma. In that moment, the
approach and subsequent collision of an allochthonous block composed
by the Western Pampean Ranges, Amazonia and Arequipa-Antofalla
generated the magmatic arc along the Pampean Orogen (540-520 Ma)
followed by major dextral strike-slip movements.

A major change in the crustal electrical resistivity character has
been found between Pampia and the Rio de la Plata craton from
magnetotelluric studies by Favetto et al. (2008). This geophysical
evidence has confirmed the different origin of both crustal blocks.
These authors have placed the “suture” between them very close to
the foothills of the Sierras de Cérdoba (Eastern Pampean Ranges). A
recent gravimetric transect by Ramé and Mir6 (2010) has also found
evidence of a major crustal discontinuity at approximately the same
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Fig. 12. Paleogeographic evolution of the SW Gondwana between Lower Cambrian and Middle Ordovician and the paleomagnetic poles that were used: Campanario Formation (Fc2,
this work), 485 (McElhinny et al., 2003), 495 (Grunow and Encarnacién, 2000), 500 (Meert et al., 2001) and 510 Ma (McElhinny et al., 2003). a) 495 Ma. P: Pampia, Ar: Arequipa, An:
Antofalla, Am: Amazonia, C-SF: Congo-San Francisco, In: India, Ant: Antarctica, K: Kalahari, RP: Rio de la Plata. b) 475 Ma. SYSZ: Sarandi Yi Shear Zone; SBSZ: Sierra Ballena Shear

Zone.

location. However, their model cannot account for any obducted
oceanic crust and the authors have proposed the presence of a high-
angle shear zone instead. These recent geophysical findings strongly
suggest that the major boundary zone between the Rio de la Plata and
Pampia blocks lies below the Cenozoic cover of the Chaco-Pampean
plains and that the transpressive shear zones well exposed along the
Pampean Ranges in Cérdoba (Martino, 2003; Simpson et al., 2003) are
probably subsidiary fault zones to the major shear one that marks the
boundary between both terranes.

According to the detrital zircon ages found in the protoliths of
metasediments of the Pampean Belt (main peaks at ~600 Ma and
~1100 Ma and a small fraction of ~1900 Ma) and the Puncoviscana
Formation (1700 Ma, 1150-850 Ma and 650-520 Ma) a conspicuous
lack of zircons with the diagnostic age of the Rio de la Plata basement
(2100-2300 Ma) is characteristic of Pampia (Rapela et al., 1998b;
Schwartz and Gromet, 2004; Rapela et al., 2007; Adams et al., 2008a;
Hauser et al.,, 2011). This suggests that a direct collision between
Pampia and the western margin of the Rio de la Plata craton is not
likely before the Late Cambrian (Rapela et al., 1998b; Schwartz and
Gromet, 2004; Rapela et al., 2007; Adams et al., 2008a; Collo et al.,
2009). Collo et al. (2009) proposed an evolution of the Pampean
Ranges during the Late Proterozoic Brasiliano Cycle, in which an
oceanic plate subducted under a Mesoproterozoic terrane (named as
Cérdoba Terrane) generating the Brasiliano magmatism of the Eastern
Pampean Ranges, with the collision of an unidentified Paleoprotezoic
craton occurring ca. 640-600 Ma. This interpretation is compatible
with the model proposed here if the Paleoproterozoic craton is
considered to be Kalahari. In this model, the Puncoviscana basin
opened after this tectonic event accumulating thousands of meters of
clastic sediments plus minor extensional magmatism. Between ~550
and 530 Ma the Puncoviscana basin was closed and inverted with the
subduction of oceanic crust and the generation of the Pampean
Magmatic Arc characterized by metaluminous calc-alkaline granitoids
of ~535 Ma and rhyolites-dacites along the Eastern Pampean Ranges
at around 530 Ma (Rapela et al., 1998a,b). The age of the Pampean
Orogen has been dated at 515-520 Ma (U-Pb in monazite, Gromet
and Simpson, 1999), 49042 Ma (cooling ages; Fantini et al., 1998)
and 50245 Ma (Ar-Ar; Krol and Simpson, 1999). All these ages
indicate that the Pampean Orogen was active until the Late Cambrian
(Simpson et al., 2003; Mulcahy et al., 2007). U-Pb geochronological
studies in the Sierra Norte of Cérdoba indicate that calcalkaline

magmatism occurred between 550 and 525 Ma while the peralumi-
nous magmatism took place between 525 and 515 Ma (Mir6 et al.,
2005). Closure of the Puncoviscana basin was associated with
obduction of ophiolite, generation of granulite and migmatite, crustal
thickening, peraluminous magmatism (Rapela et al., 19983, b) and
development of major dextral shear zones and regional foliations of
Late Cambrian-Early Ordovician ages (Rapela et al., 1998b; Martino,
2003; Mir6 et al., 2005; Schwartz et al., 2008).

Because the Pampean belt is characterized by low-P-high-T
anatectic rocks until 509 Ma (Rapela et al., 1998a,b; Simpson et al.,
2003), some authors have proposed that this orogen was not a
collisional one but the result of the subduction of an oceanic ridge
(Simpson et al., 2003; Mir6 et al., 2005; Pifian Llamas and Simpson,
2006; Schwartz et al., 2008). However, those characteristics may also
be applied to transpressive orogens (Konopasek et al., 2005).

Hongn and Mon (1999) and Hongn et al. (2010) suggested a
metamorphic episode of high-T and low-P at around 500 Ma affecting
NW Argentina and N Chile (Lucassen et al., 1996; Becchio et al., 1997).
This episode has been interpreted either as a rift associated to thermal
anomalies related to an extensional regime (“the collapse of the
Tilcaric Orogeny”, Omarini and Sureda, 1994) or a compressional
event (Hongn and Mon, 1999) indicating the last phases of the
tangential accommodation of Pampia and the Rio de la Plata craton
and the backward jump of the trench and initiation of a new
subduction process.

According to Pifidn Llamas and Simpson (2006) and Schwartz et al.
(2008) the subduction of a mid-ocean ridge under the Rio de la Plata
craton generated a relative change in the motion of the plates that
moved from orthogonal or oblique to parallel. The model proposed
here is compatible with such change. In the Guamanes zone (Sierras
de Cérdoba) it can be seen a re-orientation of the fabric at 515 Ma,
suggesting a change in the compressional regime from orthogonal to
the margin to a largely dextral strike slip displacement (Simpson et al.,
2003). This transpressive regime was mainly accommodated as
transcurrent movements along shear zones located in the boundary
between the Paleoproterozoic (Kalahari-Rio de la Plata) and the
Mesoproterozoic (Pampia) crusts (Martino, 2003; Vaughan and
Pankhurst, 2008) during Cambrian times.

Detrital zircons from the Middle to Late Cambrian Mesén Group
(Adams et al., 2008b) show major peaks at 530-519 Ma, 700-560 Ma
and 1000-900 Ma (similar to the detrital zircon ages of the
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Puncoviscana Formation), plus a pick of 502 Ma interpreted as
associated with the beginning of the Famatinian magmatism and likely
indicating the sedimentation age. A small (11%) but significant new
group of 2200-1980 Ma, may indicate a provenance from the Rio de la
Plata craton. The presence of this Paleoproterozoic group marks the
main difference between the source areas of the Puncoviscana
Formation and the Mes6n Group, suggesting a closer position of Pampia
to Rio de la Plata, Amazonia or Arequipa blocks (e.g. Loewy et al., 2003;
Schwartz and Gromet, 2004). A provenance study in the basement of the
Famatina Ranges (Collo et al., 2009) indicates detrital zircon ages for the
Cambrian Negro Peinado Formation of 515-530 Ma, 1030-960 Ma and
1180-1245 Ma with no Paleoproterozoic contribution, while the Early
Ordovician Achavil Formation shows Neoproterozoic peaks and a
subordinated contribution of Paleoproterozoic grains (1908-
2097 Ma), very similar to the pattern found in the Mes6n Group in the
northern areas of Pampia. These findings of Paleoproterozoic ages were
interpreted as the proximity of the Rio de la Plata craton as a source area
(Rapelaetal., 2007; Collo et al., 2009). It is interesting that the older “Rio
de la Plata” signature appears for the first time in younger rocks as we
move south along Pampia, consistent with a progressive displacement
of Pampia towards the north (present day coordinates) along the border
with the Rio de la Plata craton.

In the southern margin of Antarctica, the Ross-Delamerian orogeny
developed between 515 and 490 Ma (Boger and Miller, 2004;
Cawood and Buchan, 2007; Vaughan and Pankhurst, 2008). This
new convergent margin was emplaced all around the southern
margin of Gondwana and was defined by Cawood (2005) as Terra
Australis. This orogeny generated the youngest collisional events of
Gondwana assembly and produced a major reorganization in the
plate movements (Boger and Miller, 2004; Jacobs et al., 2006; Boger,
2011). Fig. 5 of Boger and Miller (2004) shows that the collision of
India-Antarctica against Kalahari could have triggered tectonic
escape of Pampia towards the northwest (present-day coordinates),
moving from a position close to southern Kalahari into its final
location next to the Rio de la Plata. This movement must have taken
place along a major or several transcurrent (or transform) faults
(Fig. 12). The Saldania Orogeny took place in Kalahari between 550
and 500 Ma (Germs, 1995; Rozendaal et al., 1999) and was correlated
with the Pampean Orogeny (Cawood and Buchan, 2007: Rapela et al.,
2007) or the Ross-Delamerian Orogeny (Rozendaal et al., 1999; Da
Silva et al., 2000). The absence of collisional characteristics suggests
that it developed in a strike-slip regime with large shear zones which
displayed episodes of successive sinistral and dextral movements
(Rozendaal et al., 1999). Even more, Rozendaal et al. (1999)
suggested the presence of different allochthonous terranes in South
Africa emplaced by sinistral transpression of the Ross-Delamerian
Orogeny (Da Silva et al., 2000).

Boger and Miller (2004) proposed that collision between India-
Antarctica and Eastern Gondwana occurred between 530 and 510 Ma
with the last phases of deformation and magmatism occurring at 500—
490 Ma. These authors suggested that the decreasing speed between
these two continental masses generated changes in the magnitude
and directions of the plate movements at a global scale. This picture is
basically compatible with our interpretation that the paleomagnetic
poles form the Campanario and Santa Rosita formations reflect the
movement of Pampia relative to the Rio de la Plata craton and other
Gondwana blocks. The consistent pole of the Santa Rosita Formation
suggests that by ~485 Ma most of this displacement due to tectonic
escape of Pampia had ended.

Strike-slip displacement of Pampia occurred until final docking
against Amazonia, in the north (present-day coordinates). Boundary
between these two crustal blocks probably lies within the Chiquitos-
Tucavaca orogen. A thick sedimentary pile was deformed here
between the Early Cambrian (Ramos, 2008) and the latest Cambri-
an-Early Ordovician (500-480 Ma; Trompette et al., 1998; Tohver et
al.,, 2006). Because geometry of the northern boundary of Pampia is

not well established due to the thick Cenozoic sedimentary cover, the
precise kinematics of docking remains unknown. More to the
northeast, in the Ediacaran Itapucumi Group (W Rio Apa craton),
Campanha et al. (2010) described a mobile belt associated to a Late
Brasilian-Panafrican deformation during the Late Cambrian. These
authors interpreted it as related to the last collisional events of
Amazonia against Gondwana along the Pampean Belt. This could well
be related to the final docking processes of Pampia. Moreover, in the
Paraguay belt there is Cambrian deformation and remagnetization
that was followed by large rotations about vertical axes and regional
metamorphism at about 495 Ma (Tohver et al., 2010).

Pampia has been correlated by some authors with the Arequipa-
Antofalla block (Sims et al., 1998; Lucassen et al., 2000; Rapela, 2000;
Bahlburg et al., 2000; Kleine et al., 2004; Steenken et al., 2004; Casquet
et al., 2006; Collo et al., 2009). Very similar isotopic compositions of
their basements and detrital zircon ages plus the absence of a major
suture between them are important arguments in favor of this idea.
Forsythe et al. (1993) obtained a paleomagnetic pole in the Choschas
Granite (502410 Ma) in the Almeida Ranges (N Chile), which
corresponds to the Antofalla block. When this pole is compared
with the coeval average pole of Gondwana major declination and
inclination anomalies are observed (Rapalini et al., 1999). Since the
rotation observed is counterclockwise, it cannot be directly assigned
to the Central Andean rotation pattern (CARP, Somoza et al., 1996).
Furthermore, Late Ordovician to Silurian paleomagnetic results from
the same region do not reproduce the inclination and declination
anomalies, while the Early Ordovician results (Forsythe et al., 1993;
Rapalini et al., 2002) only show an anomaly in declination.

If the Arequipa-Antofalla block is placed attached to Pampia
according to the Late Cambrian paleomagnetic pole for the latter the
colatitude band associated to the Choschas pole coincides with the
coeval average poles of Gondwana eliminating the inclination
anomaly already mentioned (Fig. 13). This result suggests that
Pampia and Arequipa-Antofalla moved together from a position at
the southern margin of Kalahari (present coordinates) in the Middle-
Late Cambrian to its present position respect to the Rio de la Plata
craton in Early Ordovician times. The movement was the product of
the tectonic escape of fragments of the Kalahari craton due to the

Fig. 13. Average paleomagnetic poles of Gondwana of 495 (Grunow and Encarnacién
2000) and 505 (Meert et al., 2001) Ma. Paleomagnetic pole of Choschas Granite in
African coordinates (1) and after rotation around the 10.1° 19.5° 46.0° Euler Pole (2).In
light gray it is shown the colatitude band associated to the Choschas pole. The position
of the Pampia and Antofalla (— Arequipa?) terranes are according to the same Euler
pole. RP: Rio de la Plata. K: Kalahari. P: Pampia. An: Antofalla. Ar: Arequipa.
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major collision with Antarctica in Cambrian times. It is interesting to
note that other, minor blocks were also displaced along major strike
slip zones between the Kalahari and Rio de la Plata craton. The Punta
del Este terrane (Preciozzi et al., 1999; Basei et al., 2000), interpreted
as a fragment of the Kalahari craton, underwent a major sinistral
displacement relative to the Rio de la Plata craton along the Sierra
Ballena and possibly the Alferez Cordillera shear zones (Uruguay)
during Cambrian to Early Ordovician (?) times. Therefore, final
amalgamation of Kalahari and Antarctica to Gondwana produced
major displacements of peripheral tectonic blocks during last stages of
Gondwana assembly in Cambrian and Early Ordovician times.
Whether the Arequipa-Antofalla is a single or composite block
(Bahlburg and Hervé, 1997; Loewy et al., 2003; Rapalini, 2005; Ramos,
2008), is still a matter of debate and exceeds the scope of this paper.
The paleomagnetic constraints for Arequipa-Antofalla strictly apply
to the southern Antofalla block, so that whether the whole block, as
depicted in Fig. 13, or a more reduced one traveled from southern
Kalahari attached to Pampia is not constrained by our model.

6. Conclusions

A paleomagnetic study was carried out in a new locality for the Late
Cambrian Campanario Formation, previously studied by Spagnuolo
etal. (2008). This was complemented with the paleomagnetic study of
the Early Ordovician Santa Rosita Formation at four localities, while
preliminary data was obtained for the overlying Devonian Baritd
Formation. All these units are exposed in NW Argentina. A pre-tectonic
high temperature magnetic component carried by hematite, that
passes a reversal test, was isolated in the Campanario Formation.
Merging the new results with those from the previous study a new
paleomagnetic pole was calculated for this units (FC2) at 1.5°N 1.9°E
(Ags =9.2° K=137.46 N =8 sites), which is basically identical to the
previous one and it is anomalous respect to the Late Cambrian
reference pole of Gondwana. The paleopole obtained in the Santa
Rosita Formation (8.6°N 355.6°E Ags = 10.1° K=26.78 N =9 samples)
in three localities is consistent with the coeval reference pole for
Gondwana and constrain the rotation to the Late Cambrian-Early
Ordovician. Rotated paleomagnetic positions obtained from two well
separated localities and the age constraints suggest that a local tectonic
rotation is unlikely and that the poles are representative of the whole
of Pampia. We suggest that a significant displacement of Pampia with
respect to other adjacent Gondwana blocks and cratons may explain
the paleomagnetic results simpler than a large change in the APWP of
Gondwana, which would need very high absolute drifting speeds.

We propose a simple kinematic model in which the Pampia and
Antofalla (— Arequipa?) blocks moved in Cambrian times from a
position at the present southern border of the Kalahari craton, along a
major or several transcurrent faults into its final positions next to the Rio
de la Plata craton by the Early Ordovician. The cause of such
displacement is related to the Mozambique and the Ross-Delamerian
Orogenies, associated to the final assembly of Kalahari and Antarctica
into Gondwana. This would have generated a global reorganization of
tectonic plates and tectonic escape of blocks like Pampia along the free
continental margins. This model can better explain several geochrono-
logic and paleomagnetic data as well as other existing geological
features.
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