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a  b  s  t  r  a  c  t

Along  the  Central  Andes  a  pattern  of vertical  axis  rotations  has  been  paleomagnetically  identified.  Such
rotations  are  counterclockwise  north  of  Arica  Deflection  (∼19◦ S)  and  clockwise  to the  south.  Different
hypothesis  and  models  have  been  proposed  to explain  the  Central  Andean  Rotation  Pattern  (CARP).  How-
ever,  the  origin  of  the CARP  is  a  subject  of  ongoing  debate.  Recently,  different  authors  have  proposed  the
possible  existence  of a close  correlation  between  the time–space  distribution  of  deformation  and  the
amount  of registered  vertical  axis  rotations  in  the  Southern  Central  Andes.  In order  to  further  investigate
such  relationship,  new  paleomagnetic  studies  were  carried  out  in  Upper  Oligocene–Lower  Miocene  rocks
of the  Northern  Argentine  Puna  and  the  Southern  Bolivian  Altiplano.  Our results  indicate  that while  one
of  the  sampled  localities  did not  undergo  significant  vertical  axis  rotations,  the  other two  recorded  clock-
wise  vertical  axis  rotations  larger than  30◦.  These  results  suggest  the occurrence  of  small-block  rotations
in  the  Southern  Bolivian  Altiplano–Northern  Argentine  Puna  prior  to 15  Ma,  which  would  correspond  to
the  local  accommodation  of  the  regional  deformation  field.

©  2014  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Along the Central Andes a pattern of vertical axis rotations has
been paleomagnetically identified (e.g. Isacks, 1988; Beck, 1988).
This Central Andean Rotation Pattern (CARP, Somoza et al., 1996)
is characterized by counterclockwise block rotations north of Arica
Deflection (∼19◦ S) and clockwise rotations to the south. Differ-
ent hypothesis and models have been proposed to explain the
CARP. Isacks (1988) presented an oroclinal model, suggesting that
an ancient curvature of the margin was enhanced to accommo-
date along-strike gradient of Neogene horizontal-shortening in the
eastern part of the Central Andes. Alternatively, models suggesting
the existence of small-block rotations in response to distributed
shear have also been proposed (e.g. Beck, 1988; Somoza et al.,
1996; Prezzi and Alonso, 2002). In such models, the Arica Deflec-
tion is considered a primary feature of the Andean chain. Some
authors (e.g. Butler et al., 1995) developed models which combine
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(C.B. Prezzi).

oroclinal bending and small-block rotations. Domino-style models
that relate the rotations detected in northern Chile to observ-
able faults in the forearc have also been published (e.g. Abels
and Bischoff, 1999). Somoza and Tomlinson (2002) unambiguously
established the age of rations in northern Chile as pre-Miocene.
Arriagada et al. (2003) found clockwise tectonic rotations of up to
65◦ within the forearc domain (Antofagasta region), which would
have occurred mainly during the Incaic orogenic event of Eocene-
Early Oligocene age. Taylor et al. (2005) also noted that many of
the rotations detected in the forearc of northern Chile are particu-
larly large and appear to record a rotational event older than those
observed elsewhere in the Central Andes. They argued that such
data define a domain marked by large clockwise crustal rotations
related to Upper Paleocene–Lower Eocene highly oblique conver-
gence. On the other hand, there is not direct paleomagnetic control
on the timing of rotations in Southern Bolivia and Northwestern
Argentina.

Recently, the quantity, quality, and geographic distribution of
paleomagnetic data have expanded greatly (e.g. Maffione et al.,
2009). The increased paleomagnetic data set has been accompa-
nied by an increase in the current knowledge of the deformation
periods in the Andes (e.g. Oncken et al., 2006; Barnes and Ehlers,

http://dx.doi.org/10.1016/j.jog.2014.04.007
0264-3707/© 2014 Elsevier Ltd. All rights reserved.
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Fig. 1. Simplified geologic map  of the San Juan de Oro basin (modified from Prezzi et al., 2004). Black rectangle locates the study area shown in Fig. 2.

2009), allowing a more detailed analysis of the temporal and spa-
tial distribution of the detected rotations. Prezzi and Iglesia Llanos
(2012) highlighted that for the region extending between 19◦ and
27.5◦ S (Southern Central Andes) rotations detected in Paleogene
and Neogene rocks from the Altiplano-Puna would be of similar
amount and comparable to rotations recorded in Neogene rocks
from the Eastern Cordillera and the Subandean Ranges. On the
other hand, rotations recorded by Paleogene rocks in northern Chile
and Eastern Cordillera would be larger than the ones recorded by
Neogene rocks in these regions and elsewhere (Prezzi and Iglesia
Llanos, 2012). These data suggest that a close correlation would
exist between the time–space distribution of deformation, and
the amount of recorded vertical axis rotations in the Southern

Central Andes. In order to further investigate such relationship, new
paleomagnetic studies were carried out in Upper Oligocene–Lower
Miocene rocks of the Northern Argentine Puna and the Southern
Bolivian Altiplano. Our results indicate that while one of the sam-
pled localities did not undergo significant vertical axis rotations,
the other two recorded clockwise tectonic rotations larger than
30◦.

2. Geologic and tectonic setting

Our work is focused on the paleomagnetic study of some of
the oldest deposits from the San Juan de Oro basin, stranded in
the transition between the Northern Puna and Southern Bolivian
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Fig. 2. Geologic map  of the principal units cropping out in the northern San Juan de Oro basin. The location of the sampled localities is shown.

Altiplano (22◦–22.5◦ S). In the broad area the Cenozoic stratigraphic
column is very similar, varying mostly in the age of most impor-
tant volcanic deposits, which tend to be of a Late Oligocene to
Middle Miocene (23–15 Ma)  age toward the South Lipez region in
the Southern Altiplano and progresively younger (18–6 Ma)  to the
south, in the Northern Puna.

The San Juan de Oro basin (SJOB) covers a large area in the North-
ern Puna (Fig. 1). Its basement is represented by Ordovician rocks
and thin Cretaceous to Paleocene rocks from the Salta Group (Coira
et al., 2004). The first Andean sedimentary deposits correspond to
thick fluviatile redbeds from the Peña Colorada (Coira et al., 2004),
San Vicente (Fornari et al., 1993) and Esmoruco (García, 1997)

Fig. 3. Photographs of the sampled outcrops in each one of the studied localities (m:  elevation above sea level).
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Fig. 4. Satellite images of the studied localities showing the detailed location of the sampled sites. Yellow line: international boundary. (For interpretation of the references
to  color in figure legend, the reader is referred to the web version of the article.)

Formations. One of the main characteristics of early Neogene Puna
basins shared by the SJOB, is the intercalation of sediments with vol-
canic products (Caffe and Coira, 2002), which in the southern San
Juan de Oro basin is represented by the Middle Miocene (15–12 Ma)
Tiomayo Formation (see Prezzi et al., 2004). However, in the north-
ern part of the basin there are several other volcanosedimentary
units older than Tiomayo, as the upper section of the Cabrería
Formation and the Torrelaire Tuffs (17.1 ± 0.6 Ma;  García, 1997),
that usually mantle redbed deposits and record some of the first
volcanic pulses in the region. Since the Late Miocene, the infill-
ing has been even more volcanic, almost exclusively composed
of ignimbritic successions erupted from large caldera structures
(Figs. 1 and 2).

2.1. Argentine localities: Casa Colorada and Paicone localities –
Peña Colorada Formation

This unit is of fluvial origin. It is mainly composed by red-
dish conglomerates and sandstones. Two members were identified:
the Lower Villa María Member and the Upper San Isidro Mem-
ber (Coira et al., 2004). The transition between both members is
defined by the progressive disappearance of conglomerates and
the increasing presence of volcanic lithoclasts and gypsum. An
angular unconformity is observed between the Peña Colorada For-
mation and rocks from the Ordovician basement (Figs. 2 and 3).
In the locality of Casa Colorada (Figs. 2 and 3), the Peña Col-
orada Formation is gently folded in a roughly symmetric anticline
(∼10 km wave-length), whose eastern limb was sampled (Fig. 3).
On the other hand, near the Paicone village (Figs. 2 and 3), this
unit has a subhorizontal attitude, with a very shallow inclination

to the west. The Lower Villa María Member is mainly composed
by conglomerates and medium to coarse gray, red and yellow
sandstones. In Casa Colorada, the total thickness of this Mem-
ber is of 35 m,  and material of volcanic origin is totally absent.
The San Isidro Member is thicker than the Villa María Member,
is predominanlty of a reddish hue, and the presence of conglom-
erates with very few andesitic clasts of approximately 2 cm in
diameter is very scarce. In Casa Colorada it has a total thick-
ness of 210 m and is mainly composed of white, yellow and
green, medium to coarse sandstones either rich in carbonatic
or ferruginous cement. Red, massive mudstones, frequently with
gypsum-calcite-aragonite veins and nodules are intercalated in the
sequence. The dominance of gypsum-rich reddish mudstones, as
well as the common presence of purple andesitic clasts of less
than 2 mm of diameter and abundant altered vitric shards in sand-
stones, allows to ascribe outcrops sampled in the Paicone locality
(total thickness of 75 m),  to the San Isidro Member. Caffe and Coira
(2002) determined thicknesses of approximately 1200 m for the
Peña Colorada Formation in the center of the SJOB and to the north,
in El Angosto and Ciénago (Viera, 1984). However, the outcrops
sampled in this study correspond to the basin margin. Moreover,
the sequence sampled in Casa Colorada locality is actually sepa-
rated from the main basin by the Sierra de Rinconada thrust fault.
The age of the Peña Colorada Formation is not well defined. In the
Bolivia–Argentina border, the Peña Colorada Formation overlies the
Santa Bárbara Subgroup (Paleocene-Eocene) in angular unconfor-
mity (Viera, 1984). In Casa Colorada, it is covered by ignimbrites
from the Cabrería Formation (17.4 ± 0.8 Ma)  (Caffe and Coira, 2002)
and by a block and ash flow deposit from Casa Colorada Vol-
canic Complex (17.3 ± 0.7 Ma)  (Coira et al., 2004). Considering its
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Fig. 5. Representative orthogonal and stereo plots. (a) Bedding-corrected direction with normal polarity from the Villa Maria Member-Lower Peña Colorada Fm-, (b) in situ
direction with normal polarity from the San Isidro Member–Upper Peña Colorada Fm-  and (c), in situ direction with reverse polarity of the Esmoruco Fm. Symbols: full
dot  = declination; open dot = apparent inclination. Jr = NRM intensity.

lithology, the Villa María Member of the Peña Colorada Forma-
tion could be correlated with the San Vicente Formation (Fornari
et al., 1993), which in Bolivia unconformably overlies the Upper
Eocene–Lower Oligocene Potoco Formation. Elger et al. (2005)
obtained K–Ar ages for San Vicente Formation ranging between
25 and 18 Ma.  Considering the above mentioned relationships
and correlations, the Casa Colorada Formation would be of Late
Oligocene–Early Miocene age.

2.2. Bolivian locality: Picalto-Mojón locality: Esmoruco
Formation

This fluviatile-lacustrine unit (García, 1997), is equivalent to
the upper part of the Peña Colorada Formation. In Picalto Mayu,
the Esmoruco Formation overlies the Upper Oligocene San Vicente
Formation (García, 1997). It is mainly composed of beds of mas-
sive white and red sandstones and mudstones with thicknesses
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Table  1
Palaeomagnetic data from Peña Colorada and Esmoruco Formations. Symbols: ChRM: characteristic remanent directions; Dt, It: declination, inclination after tilt correction;
MAD:  mean angular deviation; Tilt correction: strike follows the right-hand rule; ˛95: semi-angle of confidence; k: Fisher’s precision parameter; n/N: selected samples/total
samples.

Locality lat, long Sample N◦ Site N◦ Stratigraphic unit ChRM Dt (◦), It (◦) MAD  ˛95 k n/N Attitude
strike (◦),
dip (◦)

Casa Colorada 6 2 Lower PC Fm.-Villa Maria Mb. 229.7, 56.9 9 3, 10
22◦19′07′′ S, 66◦17′23′′ W 7 2 213.8, 31 6.7

10  2 215.2, 48.5 8.5
11  3 239.5, 26.8 7.8
12  3 242.3, 35.1 6.6
13  3 207.0, 41.4 5.7
22  5 228.3, 20.5 4.7 39, 8
26  6 36.4, −37.5 7.4
27  6 34.1, −31.6 4.8
28  6 24.5, −47.0 5.2
31 7 17.2, −36.1 3.6
33  7 22.5, −32.2 4.4
35  7 37.7, −47.6 6.5
36  7 18.5, −46.9 5.3
39 8 34.7, −19.3 6.4
44  9 218.3, 56.4 12.9 2, 14
46  9 228.5, 57.1 10.7
47  10 46.1, −31.8 3.9

Final Mean direct. – – 37.5, −39.8 – 6.7◦ 27.4 18/51

Paicone 63 13 Upper PC Fm.-San Isidro Mb. 4.8, −48.4 4.9 0, 0
22◦12′11′′ S, 66◦24′00′′ W 67 14 8.3, −25.3 5.5

70  14 344.0, −25.9 8.1
77  16 347.5, −49.9 5.2
78  16 355.3, −42.4 4.3
79  16 9.1, −62.6 3.9
80  16 1.1, −48.9 4.2
81  16 8.7, −48.9 3.4
87  17 22.7, −41.6 3.4
88  18 152.9, 36.3 6.4
95  19 357.5, −28.8 2.1

Final Mean direct. – – 358.6, −42.5 – 9.0◦ 26.9 11/46

Picalto-Mojón 99 20 Esmoruco Fm. 203.0, 33.3 6.9 0, 0
22◦06′56′′ S, 66◦24′01′′ W 100 20 245.0, 60.6 7.2

101  20 209.4, 28.1 4.9
102  20 219.3, 42.3 12
103  20 219.4, 31.1 7.8
116  23 18.2, −23.5 12
117  23 38.8, −60.9 5.3
118  24 22.4, −46.3 12

Final Mean direct. – – 32.2, −41.4 – 12.2◦ 21.5 8/21

of 1–3 m (Fig. 3). Sandstones are in part carbonatic and gyp-
siferous and always contain andesitic volcanic lithoclasts very
similar to those found in sandstones from the San Isidro Mem-
ber of the Peña Colorada Formation. Where conglomerates appear,
they are formed by andesitic fragments of the same composition
as lithoclasts in sandstones. The total thickness of the sampled
sequence in Picalto-Mojon locality is ∼80 m (Figs. 2 and 3). In
the studied locality the Esmoruco Formation is overlain by Tor-
relaire Tuffs 1, which were dated at 17.1 ± 0.6 Ma  (García, 1997).
The geochronological similarities between the overlaying Torre-
laire Tuffs 1 and ignimbrite deposits from the Cabrería Formation,
as well as the general resemblance in lithological and stratgraphic
characteristics, with presence of andesitic volcaniclastic material
and gypsum nodules and veins, allow correlate the Esmoruco For-
mation with the upper San Isidro Member of the Peña Colorada
Formation.

3. Paleomagnetic sampling and methods

Samples were collected using a portable field drill and oriented
using magnetic and solar compasses. In the Casa Colorada locality
(Figs. 2–4) the lower Peña Colorada Formation (Villa María Mem-
ber) was sampled in 10 sites. In Paicone (Figs. 2–4) the upper

Peña Colorada Formation (San Isidro Member) was  sampled in
7 sites. North of Paicone, in the Picalto-Mojón locality (Bolivia)
the Esmoruco Formation was sampled in 5 sites (Figs. 2–4). A
total of 121 oriented samples were obtained. Each sampling site
corresponds to a single bed. The sampling was not done for mag-
netostratigraphic purposes. It is important to remark that due to
the conglomeratic character of part of the sampled sections, the
friable nature of many of the sandstones and mudstones, the lim-
ited thicknesses of the investigated outcrops (35, 75 and 80 m)
and the very difficult access to the study area it was not possi-
ble to obtain a more numerous sample collection. Magnetization
was measured using a 2G Enterprises cryogenic magnetometer.
Detailed thermal demagnetization techniques were applied. 18
steps up to temperatures of 700 ◦C were performed using a Schonst-
edt TSD-1furnace. The bulk magnetic susceptibility was measured
after each heating step in order to monitor possible magnetic min-
eral changes.

Characteristic remanent magnetizations (ChRMs) were iso-
lated using principal components analysis (Kirschvink, 1980) when
linear trends of vector end points were identified. Final-mean direc-
tions for each sampled locality were determined applying Fisher
(1953) statistics. The correspondent rotations and their confidence
intervals were calculated in direction space (Demarest, 1983).
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Table 2
Parameters corresponding to magnetic mineralogy measurements carried out for samples 3, 11, 4 and 9. Mrs: remanent saturation moment, Ms:  saturation moment, Hc:
coercive force, Xbulk: bulk magnetic susceptibility (SI), Hcr: remanent coercive force.

Sample Mrs  (Am2/kg) Ms  (Am2/kg) Hc (mT) Xbulk (m3/kg) Hcr (mT)

4 0.00377 0.02612 8.35 2.53E−07 38
9  0.02237 0.05587 65.17 2.94E−07 102
3  0.01886 0.11105 45.02 4.87E−07 373
11  0.41705 5.12311 6.84 8.04E−05 29

Selected samples were studied in order to determine the
magnetic mineralogy. The results include VSM (Molspin) mea-
surements at room temperature. Additionally, measurements of
susceptibility from room temperature up to 700 ◦C in Ar athmo-
sphere were done using an AGICO Kappa Bridge.

4. Results

Palaeomagnetic behaviors were quite variable, even within-site.
For this study, we only considered specimens showing ChRMs with
trajectories to the origin (Fig. 5), that is, which were analyzed using
principal component analysis (Kirschvink, 1980). Great circles were
not taken into account, in order to obtain more reliable results. On
this basis, we ruled out almost 70% of the collected samples in the
three localities (Table 1). Final-mean directions for each locality
were calculated using Fisher (1953) and are presented in Table 1.

Regarding magnetic mineralogy (Table 2, Fig. 6), samples 9
and 4 have low content of ferrimagnetic minerals. Particularly,
sample 9 could contain hematite due to relatively high Hcr.

Samples 3 and 11 have more magnetic minerals. The loop of sam-
ple 3 has wasp-waisted shape, clearly indicating the presence
of magnetite and hematite. Susceptibility variations with tem-
perature under Ar, support the following observations. Sample
11 (Fig. 7) shows a remarkable Hopkinson peak suggesting the
presence of single domain (SD) magnetite, among other compo-
nents. The Curie temperature for the same sample indicates the
presence of titanomagnetites-magnetite. During the cooling pro-
cess neoformation of magnetite is observed. Sample 3 (Fig. 8)
presents Curie temperatures consistent with the possible pres-
ence of both titanomagnetite-magnetite (Dunlop and Ozdemir,
1997) and hematite (Dekkers, 1988). Only sample 11 provided
a characteristic direction. However, not only samples behaving
like sample 11 (i.e. with a significant content in magnetite) are
good recorders of detrital magnetizations. For example, samples
22, 23, 25, 55, 67, 68, 69, 70, 71, 80, 81, 99, 100, 101 and 102
have remanent magnetizations with intensities ranging between
one to two  orders of magnitude less than the intensity of sam-
ple 11‘s remanent magnetization and are excellent recorders of

Fig. 6. Hysteresis cicles corresponding to samples 3, 11, 4 and 9.
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Fig. 7. Variation of susceptibility at high temperatures in Ar atmosphere for sample
11. Red line: heating, blue line: cooling. (For interpretation of the references to color
in  figure legend, the reader is referred to the web version of the article.)

Fig. 8. Variation of susceptibility at high temperatures in Ar atmosphere for sample
3.  Red line: heating, blue line: cooling. (For interpretation of the references to color
in  figure legend, the reader is referred to the web version of the article.)

primary magnetizations. On the other hand, samples 104, 105, 107,
etc., have remanent magnetizations with intensities one order of
magnitude higher than intensity of sample 11‘s remanent magne-
tization and are very poor recorders of primary magnetizations.
That is to say, samples 3, 4, 9 and 11 are not representative of
the different magnetic behaviors observed in the study. Fig. 9
shows a plot of the bulk magnetic susceptibility vs. sample num-
ber for each sampled locality. Specimens obtained from Esmoruco

Fig. 9. Plot of bulk magnetic susceptibility vs. sample number for each sampled
locality.

Fig. 10. ChRM directions in the three localities show normal and reverse polarities
(Table 1).

Fm in Picalto-Mojón shows higher susceptibility values than the
ones obtained from Villa María and San Isidro Members of Peña
Colorada Formation in Casa Colorada and Paicone. On the con-
trary, there are no significant differences in susceptibility values
between the upper and lower part of the Peña Colorada Forma-
tion.

Isolated ChRMs have positive and negative inclinations
(Figs. 5 and 10), so the reversal test (McFadden and McElhinny,
1990) was performed. In Picalto-Mojón and Casa Colorada localities
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Fig. 11. (A) Satellite image showing major faults and lineaments and location of available paleomagnetic data in the studied area. Magnetization ages and magnitude of
vertical axis rotations detected in each studied locality are also shown. A: San Vicente Formation (Roperch et al., 2000), B: Rondal volcanics (Roperch et al., 2000), C: Cerdas
(MacFadden et al., 1995), D: Tiomayo Formation (Prezzi et al., 2004), E: Upper Miocene ignimbrites (Somoza et al., 1996), F: Laguna de Pozuelos Basin (Prezzi et al., 2004),
black  lines: faults and lineaments, yellow lines: international boundaries, blue symbols: indicate clockwise rotated localities, blue symbols with black dot inside: indicate
unrotated localities. (B) Satellite image showing Picalto-Mojón and Paicone localities and the inferred fault between them that could help accommodating the rotation
detected in Picalto-Mojón.

the test was successful with classification C. In Paicone locality
there was only one site with reverse polarity, and the isolated
observation reversal test was indeterminate. The positive results
of the reversal tests indicate that the populations of normal and
reverse polarities are antiparallel. We  thus interpret that there is
no bias due to inappropriate analyses or deficient demagnetization
and that final-mean directions fully average secular variations and
reflect an axial dipole field. The fold test (McFadden, 1990) was also
performed for ChRMs calculated for Casa Colorada locality, but it
was indeterminate, probably due to the low inclination (less than
15◦) and very similar attitude of the beds sampled in the different
sites.

Rotations and inclination errors have been determined by com-
paring observed and expected directions (Demarest, 1983) derived
from the reference mean paleopoles calculated by Besse and
Courtillot (2002). Each reference paleopole was used in accordance
with the age of the magnetization of each sampled locality:

Casa Colorada (25 Ma): R ± �R  = 38.9◦ ± 9.2◦

F ± �F  = −6.7◦ ± 8.4◦;
Paicone (20 Ma): R ± �R  = 1.4◦ ± 11.1◦

F ± �F  = −6.2◦ ± 10◦;
Picalto-Mojón (20 Ma): R ± �R  = 35.0◦ ± 14.1◦

F ± �F  = −7.2◦ ± 12.9◦.



Author's personal copy

C.B. Prezzi et al. / Journal of Geodynamics 78 (2014) 42–52 51

5. Discussion and conclusions

Our results indicate that while one of the sampled localities did
not undergo significant vertical axis tectonic rotations, the other
two recorded clockwise vertical axis rotations larger than 30◦.

Prezzi et al. (2004) showed the existence of very low, statisti-
cally insignificant rotation in Middle Miocene rocks from Tiomayo
Formation (15–12 Ma), which overlay the Peña Colorada Formation
sampled in this work (Fig. 11A). Moreover, Upper Miocene (10 Ma
and younger) ignimbrites that cover middle Miocene Tiomayo Fm,
are also unrotated (Somoza et al., 1996) (Fig. 11A). Our new results
show that while Lower Miocene rocks underlaying Tiomayo For-
mation (San Isidro Member of Peña Colorada Formation) in Paicone
are unrotated, Upper Oligocene rocks (Villa María Member of Peña
Colorada Formation) in Casa Colorada recorded clockwise rotations
larger than 30◦. However, Lower Miocene rocks of Esmoruco For-
mation in Picalto-Mojón (north of Paicone, in Bolivia) underwent
clockwise rotations larger than 30◦ (Fig. 11A). These results would
suggest the occurrence of small-block rotations which would cor-
respond to the local accommodation of the regional deformation
field, or the rotation of the Southern Central Andes as a coherent
unique block. In the last case, Esmoruco Formation would be Upper
Oligocene instead of Lower Miocene.

The new data constrain the timing of rotational deformation
in the sampled localities. Such rotational deformation would have
occurred at least prior to ∼17 Ma.  Just north of Picalto-Mojón in
Lipez region, Roperch et al. (2000) reported a clockwise rotation
of up to 38◦ in the Lower Miocene Rondal lava flows (23–22 Ma,
Kussmaul et al., 1977; Fornari et al., 1993) (Fig. 11A: locality B).
Outcrops of Rondal volcanics are discontinuous, mostly located
along documented N–S trending strike-slip faults and would be
related to trans-tensional crustal fractures (e.g. Soler and Jimenez,
1993) (Fig. 11A). The contact between Rondal volcanics and the
underlying San Vicente Formation is given by a regional uncor-
formity (Ramos and Fornari, 1994). However, rocks of the Upper
Oligocene San Vicente Formation and of Potoco Formation located
on the northern edge of the volcanic field did not record significant
tectonic rotations (Roperch et al., 2000) (Fig. 11A: locality A). The
area studied by Roperch et al. (2000) is bordered to the east by the
San Vicente Thrust fault and to the northwest by the Pululus fault
zone (Fig. 11A). Sinistral strike-slip displacement during the late
Oligocene would have occurred along Pululus fault (Roperch et al.,
2000).

The main faults in our study area are the west-vergent San
Vicente Thrust and the Rinconada Thrust (Figs. 1, 2 and 11A). San
Vicente Thrust was active during Late Oligocene–Early Miocene
times (Müller et al., 2002), possibly involving dextral strike-slip
movements (Roperch et al., 2000). Undeformed, ca. 17 Ma  ign-
imbrites that cover this thrust and associated sedimentary deposits
in the Bolivian sector indicate that the end of fault motion occurred
by the late Early Miocene (Müller et al., 2002). Likewise, on the
basis of a local unconformity observed in the northern Argentine
Puna, Caffe and Coira (2002) suggested that the motion of this
fault stopped between 18 and 15 Ma.  Then, major activity in the
San Vicente Thrust could have occurred simultaneously with or
subsequently to the deposition of San Vicente and Peña Colorada
Formations and to the extrusion of Rondal lavas, but previously
to the deposition of Tiomayo Formation and the Upper Miocene
ignimbrites. It can be observed in Fig. 11A that significant tec-
tonic rotations were only recorded by rocks older than 15 Ma.
Moreover, only rocks older than 15 Ma  sampled in localities sit-
uated close to faults along which strike-slip displacements would
have occurred, recorded significant vertical axis rotations (Fig. 11A:
localities B, C, Picalto Mojón and Casa Colorada). Clockwise tec-
tonic rotations recorded by rocks cropping out in Casa Colorada
and C locality (Fig. 11A) would be associated to dextral strike-slip

movements along San Vicente–Rinconada Fault during main
thrusting events. These dextral movements were associated to
deformational episodes that post-date the ∼22 Ma  Rondal lavas,
but which are previous to 15 Ma,  as modeled by Hérail et al. (1996)
on the basis of negligible deformation recorded by ignimbrites of
15.05 ± 0.5 Ma  (Hérail et al., 1993) west of the San Vicente Thrust
in the Guadalupe region, directly to the north of Picalto-Mojón.
On the other hand, clockwise tectonic rotations recorded by rocks
cropping out in Picalto Mojón and B (Rondal volcanics) localities
would be associated to the activity of trans-tensional crustal frac-
tures (e.g. Soler and Jimenez, 1993). Fig. 11B shows Picalto-Mojón
and Paicone localities and the inferred fault between them which
could help accommodating the rotation detected in Picalto-Mojón.

Our analysis suggests that a close correlation would exist
between the time–space distribution of strike-slip deformation
and the amount of recorded vertical axis rotations in the South-
ern Central Andes. In order to further investigate such relationship,
new detailed structural and paleomagnetic studies in the Northern
Argentine Puna and the Southern Bolivian Altiplano are required.
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