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[1] The Late Paleozoic–Early Mesozoic apparent polar wander path of Gondwana is largely constructed
from relatively old paleomagnetic results, many of which are considered unreliable by modern standards.
Paleomagnetic results derived from sedimentary sequences, which are generally poorly dated and prone to
inclination shallowing, are especially common. Here we report the results of a joint paleomagnetic‐
geochronologic study of a volcanic complex in central Argentina. U‐Pb dating of zircons has yielded a
robust age estimate of 263.0 +1.6/−2.0 Ma for the complex. Paleomagnetic analysis has revealed a pretilting
(primary Permian) magnetization with dual polarities. Rock magnetic experiments have identified pseudo‐
single domain (titano)magnetite and hematite as the mineralogic carriers of the magnetization. Lightning‐
induced isothermal remagnetizations are widespread in the low‐coercivity magnetic carriers. The resulting
paleomagnetic pole is 80.1°S, 349.0°E, A95 = 3.3°, N = 35, and it improves a Late Permianmean pole calculated
from a filtered South American paleomagnetic data set. More broadly, this new, high‐quality, igneous‐based
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paleomagnetic pole falls between the previously distinct Late Permian segments of the Laurussian and
Gondwanan apparent polar wander paths, suggesting that the long‐recognized disparity between these
large paleomagnetic data sets may be primarily due to the inclusion of low‐quality or systemically biased
data.
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1. Introduction

[2] The Late Paleozoic–Early Mesozoic apparent
polar wander path (APWP) for Gondwana is poorly
defined, being largely constructed from vintage
paleomagnetic results, many of which are derived
from sedimentary units which may suffer from
known magnetic recording biases (inclination shal-
lowing). Recent paleomagnetic work in western‐
central Argentina has begun to address the paucity of
reliable results, by focusing on a belt of Late
Paleozoic–Early Mesozoic volcano‐plutonic com-
plexes [Terrizzano, 2005; Tomezzoli et al., 2008;
Domeier et al., 2009]. However, the published data
are mostly preliminary, necessitating additional
work to reinforce and validate these initial studies.
Continued paleomagnetic and geochronologic work
along this belt also has the potential to answer
questions about the nature and timing of volcanism
and deformation in southwestern Gondwana during
the Late Paleozoic. These questions remain critical
to understanding the paleogeographic and geologic
evolution of this paleomargin [see, e.g., Tomezzoli,
2001].

[3] Here we present new results from a continued
investigation of volcanic rocks at the Sierra Chica,
La Pampa, Argentina. This complex was elected
for further study because preliminary paleomag-
netic results (10 sites) suggested that a stable, Late
Paleozoic magnetization could be isolated, Middle
Triassic isotopic age data conflict with an inferred
Early Permian (Kiaman) age of magnetization, and
structural restorations, applied to only two of the
10 sites in the preliminary study, did not allow a
rigorous tilt test to be conducted [Tomezzoli et al.,
2008]. Additional sites were collected to evaluate
and augment the existing paleomagnetic data set

and U‐Pb dating was carried out to better define
the age of these rocks.

2. Geologic Setting

[4] The Sierra Chica is one of a series of local
topographic highs, formed by a resistant sequence of
silicic volcanic rocks, located in La Pampa province,
Argentina (Figure 1). Together these high elements
delineate a discontinuous NW‐SE trending belt of
Late Paleozoic–Early Mesozoic volcano‐plutonic
complexes that are considered to be generally cor-
relative with the larger, more continuous belt of the
Choiyoi Group, a chain of intermediate to silicic
volcanic and shallow plutonic rocks that runs from
the San Rafael Block in Mendoza province,
Argentina, to the High Andes of northern‐central
Chile [Kay et al., 1989; Sruoga and Llambías, 1992;
Llambías et al., 1993; Llambías et al., 2003]. The
Choiyoi Group displays an evolving geochemistry
that suggests a change from arc‐related volcanism
in the Early Permian to a transitional‐intraplate
setting in the Late Permian–Triassic [Mpodozis and
Kay, 1992; Llambías and Sato, 1995; Martin et al.,
1999; Heredia et al., 2002; Kleiman and Japas,
2009]. A temporally protracted and geographically
widespread deformation episode, the San Rafael
Orogenic Phase (SROP), is associated with this
changing geochemistry, and has been variously
attributed to terrane accretion, oblique and/or flat
slab subduction, and intraplate tectonic adjustments,
either from proximal activity or via transmitted
stresses [Lock, 1980; Forsythe, 1982; Dalziel and
Grunow, 1992; Visser and Praekelt, 1998; Trouw
and De Wit, 1999; Pankhurst et al., 2006; Ramos,
2008; Kleiman and Japas, 2009]. Evidence of this
deformation is pronounced in the Choiyoi Group to
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the west of the Sierra Chica, to the east in the fold
and thrust belt of the Sierras Australes [Tomezzoli,
2001], and to the south in Northern Patagonia
(Figure 1). In La Pampa province, however, the ef-
fects of this deformation episode are shown only by
the gently folded sedimentary rocks of the Permian
age Carapacha Basin and by the spatially diminutive
Cerro de Los Viejos mylonitic shear belt [Tickyj
et al., 1997; Tomezzoli et al., 2006]. This distinc-
tion in tectonic setting between the Choiyoi Group
proper and volcanic rocks of La Pampa has been
recognized geochemically [Llambías et al., 2003].

[5] The Sierra Chica has been subdivided into
three distinct petrologic sequences; a lower unit,
with a very limited exposure, of trachyandesitic
pyroclastic flows, a middle rhyolitic unit com-
prised of thin (<5 m) pyroclastic flows containing
abundant lithic fragments, and interspersed with
tuffs, and an upper rhyolitic unit with thick (>5 m)
lava flows and ignimbrites exhibiting rheomorphic
features (Figure 2) [Quenardelle and Llambías,
1997; Tomezzoli et al., 2008]. The changing litho-
logic character of the mid‐to‐upper units reflects
an evolution of eruptive style, which may be the
consequence of a primarily stratifiedmagma chamber
with a volatile‐rich upper horizon. The thickness
and composition of the upper unit suggest that the
rocks are proximal to the effusive center, and Sierra
Chica itself may be a dissected volcanic edifice

[Llambías, 1973]. Geochemically, all sequences
are identical and exhibit high‐K calc‐alkaline sig-
natures with metaluminous to slightly peraluminous
trends [Quenardelle and Llambías, 1997]. The
similar structure of the lower and middle units (both
dipping ∼25°S) is well determined from clearly
defined flow horizons and fiamme, whereas the
more massive and rheomorphic upper unit rarely
yields discernable contacts or consistent fiamme
orientation. An average of the measurements from
several locations within the upper unit suggests that
it is horizontal to very shallowly dipping (≤5°S).
Tomezzoli et al. [2008] speculated that the lower and
middle units may have been tilted by the SROP prior
to emplacement of the upper unit.

[6] Assuming that the volcanic rocks of the Sierra
Chica and Lihue Calel, a sequence of rhyolitic
ignimbrites 15 km to the southwest of the Sierra
Chica, are cogenetic, Rapela et al. [1996] combined
samples from both locations to yield a Rb‐Sr whole‐
rock isochron age estimate of 240 ± 2Ma. However,
differences in structure, stratigraphy, geochemistry,
and petrology lend little credence to the premise of a
common source for Lihue Calel and the Sierra Chica
[Tomezzoli et al., 2008]. Additionally, this age esti-
mate, if valid, only pertains to the lower unit of the
Sierra Chica, and can therefore only act as a maxi-
mum age for the middle and upper units. Noting an
absence of normal polarity magnetic directions,

Figure 1. Regional map showing the distribution of Choiyoi Group volcanic rocks and structures associated with the
San Rafael Orogenic Phase (SROP) of deformation. Abbreviated place names discussed in the text: CV, Cerro de Los
Viejos; LC, Lihue Calel; RC, Rio Curaco; SC, Sierra Chica. The small box in the center of the figure highlights the
area illustrated in Figure 2. Adapted from Tomezzoli et al. [2008] and Kleiman and Japas [2009].
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Tomezzoli et al. [2008] proposed that the volcanic
rocks were magnetized during the Kiaman Reversed
Superchron (∼318–265 Ma [Opdyke et al., 2000;
Gradstein et al., 2004]), which would require that
the sequence be older than 265 Ma.

3. Methods

[7] Sampling was conducted during two successive
field seasons, during which 38 paleomagnetic sites
were collected from five principal localities (A–E;
Figure 2) distributed along a transect through the
stratigraphic section. Localities A and B are in the
upper unit, locality C is located at the contact
between the upper and middle units, locality D is in
the middle unit, and E is in the lower unit. A col-
lection of field‐drilled cores (SC collection) was
complemented by a collection of hand samples (RS
collection). Each site contains a minimum of five
independently oriented samples. A solar compass
was used to prevent any local magnetic anomalies
from affecting orientation readings. Hand samples
for isotopic age determinations were collected from
each of the three stratigraphic sequences.

[8] Paleomagnetic samples were stored and pro-
cessed in a magnetically shielded room at the
University of Michigan with a residual field of
≤200 nT. Measurements of remanent magnetiza-
tion were made with a three‐axis 2G cryogenic
magnetometer. A pilot demagnetization scheme
subjected sister specimens to both alternating field
(AF) and thermal demagnetization techniques to
determine the most effective approach to demag-
netization for each site. AF demagnetization was
carried out according to a static three‐position pro-
cedure. Thermal demagnetization was conducted in
air; samples were cooled in a magnetically shielded
chamber, with a typical DC field of ≤5 nT. Magnetic
susceptibility was routinely monitored during pilot
thermal demagnetizations to detect any mineralogic
changes at high temperatures. Progressive demag-
netization was carried out with a minimum of
12 steps, up to 200 mT or 680°C. Demagnetization
data were analyzed with orthogonal vector diagrams
and stereographic projections [Zijderveld, 1967;
Cogné, 2003]. Principal component analysis was
used to quantitatively define magnetization vectors;
where persistent and random remagnetizations
were observed (i.e., lightning‐induced isothermal
overprints), converging great circles were used to
define the commonmagnetic direction [Halls, 1978;
Kirschvink, 1980]. Fisher [1953] statistics were
used to compute site‐level mean directions from
purely vectorial (stable end point) populations; where
remagnetization circles defined some samples, the
statistical approach of McFadden and McElhinny
[1988] was applied.

[9] Rock magnetic experiments were conducted at
the Institute for Rock Magnetism in order to
identify and characterize the magnetic carriers.
Hysteresis measurements and first order reversal
curves (FORCs) were generated with a vibrating
sample magnetometer operating at room tempera-
ture. Low temperature remanence experiments
were performed with a magnetic properties mea-
surement system (MPMS); samples were cooled to
20 K in either a field‐cooled (FC) or zero‐field
cooled (ZFC) environment, given an isothermal
remanence, and then warmed to room temperature
in zero field. Thermomagnetic curves (� versus T)
were measured in an argon atmosphere with a
high‐temperature susceptibility bridge.

[10] Three samples were collected for analysis
using U‐Pb SHRIMP geochronology. Zircons were
separated by crushing and sieving of samples, fol-
lowed by Wilfley table and heavy liquid separation.
Grains were picked using a binocular microscope
and scanning electron microscope (SEM) images of

Figure 2. Simplified geologic map of the Sierra Chica
showing the three petrologic units and the location of
sampling localities (stars). Adapted from Tomezzoli
et al. [2008].
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zircon grains were taken prior to mounting in epoxy
resin and polishing for imaging by SEM and cath-
odoluminescence imaging. Subsequently, SHRIMP
analysis was conducted with the SHRIMP II housed
at Curtin University. The epoxymounts were cleaned
and gold coated to have a uniform electrical con-
ductivity during the SHRIMP analyses. Samples
were measured over two separate analytical ses-
sions, during which the external error calculated
from analysis of standards was 0.61% (SC‐D01,
SC‐D03) and 1.4% (SC‐D04). The zircon standard
used was BR266 zircon (559 Ma, 903ppm U). Prior
to spot analysis, rastering of the ion beam was
carried out for 120–150 s to remove the gold coating
and reduce the common Pb contaminant within the
gold coating. A primary ion beam of 2.5–3 nA
with a diameter of ∼25 mm was focused onto the
polished surface. Common Pb corrections were
carried out using the measured amount of 204Pb.
Isotopic data are reduced using SQUID2 [Ludwig,
2003]. Data were plotted on concordia diagrams
using Isoplot 3 software [Ludwig, 2003], in which
error ellipses on concordia plots are shown at the
2s confidence level. All specific dates reported in
the text are U‐Pb concordia ages calculated from
concordant analyses and include decay constant
errors, with age uncertainty reported at the 95%
confidence level.

4. Paleomagnetic Results

[11] Sites from locality E, in the lower unit, exhibit
very straightforward demagnetization behavior,
characterized by a univectorial decay to the origin
(Figure 3a); occasionally a very minor overprint is
removed in the initial demagnetization steps. All
samples from these sites were thermally treated, as a
pervasive high‐coercivity phase makes AF demag-
netization ineffective. The laboratory unblocking
temperature spectrum suggests the presence of two
phases in sites SC04, SC05, and RS17, as the rem-
anence is principally removed within two discrete
intervals separated by a stable plateau. The initial
unblocking of remanence generally falls between
550°C and 585°C, whereas the second (terminal)
unblocking occurs above 650°C. The minerals that
define such behavior are interpreted to be magnetite
and hematite, respectively. Directions derived from
the linear segments of the different unblocking
temperature intervals are not statistically different,
thus the decay is truly univectorial. Samples from
site SC20 exhibit a strongly ‘shouldered’ spectrum
with a very narrow unblocking temperature interval
above 650°C, suggesting it contains only the hematite

component. The directions of the characteristic rem-
anent magnetizations (ChRMs) from all four sites
at Locality E are WNW and steeply up (Table 1).

[12] Sites from the D locality, from the middle unit of
the sequence, yield broadly similar demagnetization
behavior characterized by converging great circle
trajectories. A randomly oriented, low‐coercivity/
temperature component (component A) is super-
imposed on a more stable component (component B)
with a direction that is consistently of steep positive
inclination. Multiple samples from a given site yield
great circle demagnetization trajectories that track
from the random direction toward a common inter-
section point, parallel to the B component that is
isolated to varying success (e.g., Figure 3d). Because
the components have a strong coercivity distinction,
AF demagnetization is the most effective technique
for separating them, but thermal demagnetization
yields comparable results (Figure 3b). Component A
is interpreted to be an overprint, perhaps an iso-
thermal remagnetization acquired due to lightning.
This is supported by the random nature of the di-
rections, as well as the observation that the samples/
sites with the most pervasive A components are
associated with the highest NRM intensities. Sam-
ples from site SC12, for example, have NRM
intensities 10–1000x greater than those from neigh-
boring sites with similar lithologies, and these sam-
ples yield a single, randomly directed component,
suggesting they have been completely overprinted.
Site SC12 has therefore been discarded. Site RS01 is
also rejected because the mean is ill defined due to
subparallel great circles resulting from subparallel
overprint directions. Samples from SC09 exhibit
univectorial demagnetization behavior with corre-
sponding directions that resemble the B component
from neighboring sites. However, AF demagnetiza-
tion demonstrates that these samples contain a low‐
coercivity fraction, suggesting that they may have
escaped partial remagnetization. Expectedly, these
samples have some of the lowest NRM intensities at
this locality. In most sites, thermal demagnetization
demonstrates that the phase carrying component A
is unblocked between 300°C and 585°C, and the B
component is not unblocked until 600°C, or above.
In some instances, the A‐carrying phase is removed
over two discrete intervals at about 350°C and 550°C,
indicating that two distinct mineralogic components
may constitute this low‐coercivity/temperature frac-
tion (Figure 3c). This phase is interpreted to be
titanomagnetite, perhaps occurring as two popula-
tions that differ in titanium content, oxygen param-
eter, or grain size. Hematite is interpreted to be the

Geochemistry
Geophysics
Geosystems G3G3 DOMEIER ET AL.: A NEW LATE PERMIAN POLE FOR GONDWANA 10.1029/2011GC003616

5 of 21



Figure 3. Examples of typical demagnetization behavior. All results are presented in geographic coordinates. In the
orthogonal vector diagrams the solid (open) symbols are projections onto the horizontal (vertical) plane. For the
stereonets, the solid (open) symbols are projections onto the lower (upper) hemisphere. (a) Locality E, univectorial
decay of a component held by two phases with distinct unblocking temperatures. (b) Locality D, two components
of magnetization are recognized in both AF and thermal demagnetization diagrams. (c) Locality D, the presence
of three phases is suggested by thermal demagnetization spectra; the two lower‐temperature phases preserve a parallel
direction. (d) Locality D, converging remagnetization circles demonstrate that the less stable components are ran-
domly directed at the site level (overprints), and the components of higher stability are consistent in direction (star).
All samples were AF demagnetized. (e) Locality C, comparable results from AF and thermal demagnetization, which
reveal the presence of two components of magnetization, although there is no strong evidence for the high‐coercive
phase. (f ) Locality C, two magnetization components are evident in the orthogonal vector diagram, and the thermal
demagnetization spectrum suggests that the higher‐temperature component is carried by more than one phase.
(g) Locality C, converging remagnetization circles again demonstrate the presence of a randomly directed overprint
superimposed on a stable direction (star). However, samples from this site do not exhibit evidence of the high‐coercive
phases, suggesting the stable component partly resides in the low‐coercive phase. All samples were AF demagnetized.
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principal carrier of the B component, which we
have assigned the ChRM (Table 1).

[13] Due to limited exposure, the contact between
the upper and middle units is poorly defined, but
locality C was selected so as to be proximal to the
interpolated contact. Demagnetization behavior of
rocks from this locality is comparable to that observed

in locality D, in that most sites exhibit a minor, ran-
domly directed, low‐coercivity/temperature compo-
nent (A) that is removed prior to a component of
higher stability (B) that possesses a magnetization
with a consistent direction (Figure 3g). As before,
the randomly directed A component is assumed to
be a secondary magnetization. AF demagnetiza-
tion is more successful at component separation,

Table 1. Site Mean Paleomagnetic Directional Dataa

Sector Site N/n/v Dg Ig Ds Is k a95
Sector/VGP

Lat
Sector/VGP

Long A95

A −37.92 294.53
RS16 5/5/5 165.2 56.2 165.2 56.2 50.8 10.8 −78.2 25.7 15.6
SC19 7/6/1 170.3 47 170.3 47 698.2 3 −77.3 71.8 3.9
RS15 5/5/2 174.5 59.4 174.5 59.4 110.9 8.3 −85.2 354.8 12.5
RS13 8/8/8 161.2 58.2 161.2 58.2 160.1 4.4 −75.2 15.1 6.5
SC18 7/6/3 157.4 62.3 157.4 62.3 118.7 6.6 −72 358.9 10.3
SC17 ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐

B −37.91 294.55
SC25 7/7/5 164.1 62 164.1 62 89.9 6.6 −76.8 355.6 10.2
RS12 5/5/5 164.6 63 164.6 63 39.1 12.4 −76.8 350.2 19.5
SC16 6/6/5 178 58.1 178 58.1 876.7 2.3 −88.2 353.7 3.4

C −37.90 294.55
SC24 7/7/4 175.2 62.6 175.2 62.6 505.5 2.8 −82.9 323.7 4.4
SC13 7/6/3 179.6 55.3 179.6 55.3 770.1 2.6 −88 106.1 3.7
RS11 5/5/3 169.6 46.9 169.6 46.9 231.6 5.4 −76.9 70 7
SC15 5/5/4 178 58.6 178 58.6 278 4.7 −87.9 340.6 7
SC14 7/7/5 169.5 60.2 169.5 60.2 320.5 3.5 −81.3 359.8 5.3
RS10 6/6/5 166.4 61.8 166.4 61.8 82.7 6.8 −78.5 354.2 10.4
SC22 7/4/0 164.1 −62.2 164.1 −62.2 ‐ 12.5 −76.7 354.7 ‐
SC23 7/7/6 85.9 70.4 146.7 64.8 158.4 4.9 −64.1 353.8 7.8

D −37.89 294.57
SC12 ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐
RS09 4/4/2 216.9 77 196.5 53.4 561.9 4.5 −76.1 192.9 6.3
SC11 7/7/0 165.2 85.9 182.1 61.1 ‐ 9.7 −85.4 274.5 ‐
RS08 4/4/0 35 82.7 173.8 71 ‐ 12.2 −72 305.9 ‐
SC21 7/5/4 61.7 80.7 163.2 68.7 168.3 6.1 −71.6 328.7 10.3
RS07 5/5/5 80.3 77.6 155.3 65.3 74.7 8.9 −69.7 349 14.4
RS06 3/3/2 77.1 80 160.8 66.2 85.7 11.6 −72.5 340.8 19
RS05 5/4/3 87.4 77.4 155.9 63.7 41 15.4 −70.6 354.3 24.4
SC08 6/6/4 139.3 86.4 179.5 62.4 113.2 6.6 −84.1 298.1 10.3
SC10 7/7/4 170.7 85.8 182.9 60.9 29.2 11.9 −85.4 266.9 18.1
RS03 4/4/4 104.6 75.6 156.2 59.3 74.1 10.7 −71.4 10.2 16.1
SC09 7/7/7 41.1 86.4 179.3 67.8 159.6 4.8 −77 296.5 8
RS04 4/4/2 17.1 74.6 167 79.6 121.7 9.7 −57.3 302.8 18.5
SC07 7/5/0 183.2 80.2 184.5 55.2 ‐ 5.4 −85.8 174.3 ‐
SC06 8/7/6 134.3 76.5 166.6 54.9 122.2 5.1 −79 33.3 7.2
RS02 5/5/5 65 77.6 154.6 68.5 38.3 12.5 −67.4 338.3 21.1
RS01 ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐

E −37.87 294.54
RS17 6/6/6 261.4 −77.7 344.7 −67.2 41.5 6.8 73.8 151.9 11.3
SC05 8/8/8 277.6 −73.1 337.1 −62 183.6 2.7 71.8 180.1 4.2
SC20 6/6/6 304.1 −78.9 353.8 −59.6 188.7 4.9 84.6 174.3 7.4
SC04 10/10/10 313 −68 344 −50 122.9 3 75.1 228.2 3.9

Mean N = 35 152.9 74.2 169.2 61.4 95.5 2.5 −80.1 349 3.3
aN/n/v indicates (N) number of specimens measured/(n) number of specimens used in site mean calculation/(v) number of directions in (n) that

are defined by vectors, rather than great circles. Dg/Ig indicates declination/inclination in geographic coordinates. Ds/Is indicates declination/
inclination in stratigraphic coordinates (i.e., tilt corrected). The k indicates the precision parameter of Fisher [1953]. The a95 indicates the
semiangle of the 95% cone of confidence about the site mean direction. VGP lat/long indicates virtual geomagnetic pole latitude/longitude. A95

indicates the semiangle of the 95% cone of confidence about the virtual geomagnetic pole.
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but thermal demagnetization also shows compa-
rable results (Figure 3e). Thermal demagnetiza-
tion reveals that the A component is completely
unblocked by 585°C, whereas the B component
is largely unblocked above 600°C (Figure 3f).
As before, these components are interpreted to
be typically carried by titanomagnetite and hematite,
respectively. In some sites, a high‐coercivity phase
is not explicitly present, but great circle demagne-
tization trajectories still track toward a common
direction resembling component B, which may be
held by a subpopulation of the low‐coercivity frac-
tion with a relatively high coercivity (Figures 3e
and 3g). Similarly, in some sites that possess both
phases, a fraction of the lower‐coercivity phase
carries a magnetization parallel to the high‐
coercivity phase (component B), suggesting that
remagnetization did not entirely overprint the low‐
coercivity phase in these sites (Figure 3f). Most of
the ChRMs from this locality are south directed with
inclinations of about +60° (Table 1). The one
exception, SC23, the lowest site at the locality, has a
ChRM direction oriented steeply down, parallel to
those observed in the D locality of the middle unit.
Correspondingly, this site has a structural orienta-
tion identical to those exposed at the D locality,
suggesting that SC23 is part of the middle unit.
SC22, which directly overlies SC23, yields a mean
direction parallel to the rest of the sites from the C
locality, thus the contact between the middle and
upper units may lie between sites SC23 and SC22.

[14] Other sites from the upper section, taken from
localities A and B, have demagnetization behavior
similar to that observed in locality C. Site SC17,
from locality A, has been discarded because all
specimens yielded statistically random yet uni-
vectorial magnetizations, indicating that it has been
completely remagnetized. Consistently high NRM
intensities from this site are compatible with the
interpretation of lightning‐induced contamination.
All remaining ChRMs from sites at these localities
are south directed with inclinations of about +60°,
parallel to the magnetizations observed in locality
C (excepting site SC23) (Table 1).

[15] Our overall rejection rate for sites is 8% (3 of
38) and 5% for specimens (11 of 214) (Table 1). Of
the retained specimen directions, 70 percent are
defined by vectors and 30 percent by great circles.
The 35 retained site means were subjected to the
bootstrap foldtest, in which tilt corrections are
applied to randomly sampled subsets of the original
data and directional coaxiality is measured as a
function of unfolding [Tauxe and Watson, 1994].
After 2000 iterations, the mean degree of unfolding

that maximizes directional clustering can be cal-
culated from the collected subset determinations,
along with 95% confidence bounds. Field obser-
vations show that the upper unit is essentially
horizontal, while the middle and lower units may
be restored to the paleohorizontal by tilting ∼25°
around horizontal axes trending 095 and 105,
respectively. This 10° distinction in strike does not
appreciably affect the outcome of the foldtest. The
optimal degree of untilting is 121.5 percent, with
95% confidence limits extending from 105 to
138% (Figures 4a and 4b). This result suggests that
if the site mean directions from rocks in the upper
and middle/lower sections are from the same pop-
ulation and are reasonably well determined, the
magnetization is pretilting, but that the structural
dip may be underestimated by 1–9°. Site means
were also subjected to the bootstrap reversal test,
which evaluates the antipodality of the mean
direction of the normal and reverse populations
[Tauxe et al., 1991]. Prior to tilt correction, the
mean normal direction and inverted mean reverse
direction are statistically distinct, but after unfold-
ing the null hypothesis of a common mean cannot
be rejected. The tilt corrected population of site‐
level virtual geomagnetic poles (VGPs) cannot be
distinguished from a Fisher distribution at the 95%
confidence level (Figure 4c).

[16] The mean direction from the upper unit of this
study is statistically different from the mean
direction of the upper unit from Tomezzoli et al.
[2008] (see their Table 1). The directions are dis-
tinct in both declination and inclination and, being
from the upper unit, are uncomplicated by tilt
corrections. The in situ mean directions from the
middle units sampled in the two studies are more
similar, but the previous collection includes only
two sites from the middle section, so a rigorous
statistical test of a common mean cannot be
applied. Because the populations of data from these
two studies do not statistically share a common
mean, the data sets have not been combined. The
resulting site and unit‐level VGPs are listed in
Table 1. The study‐wide Sierra Chica paleopole,
after tilt correction, is: 80.1°S, 349.0°E, A95: 3.3°,
K: 53.4, and N: 35. If tilt corrections are optimized
by increasing the dip by 5°, the alternative paleo-
pole (SCalt) is: 82.4°S, 6.4°E, A95: 3.0°, K: 68.2.

5. Magnetic Mineralogy

[17] Hysteresis measurements of representative
samples throughout the stratigraphic section sub-
stantiate the presence of at least two magnetic
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mineral phases with distinct coercivities (Figure 5),
as suggested by AF demagnetizations. Two sam-
ples from the upper unit, one from a site with
only the low‐coercivity phase (SC18‐3) and one
with both low‐ and high‐coercivity components
(SC14‐7), were selected for low‐temperature rem-
anence and high‐temperature susceptibility experi-
ments to further characterize the magnetic carriers.
In the FC/ZFC low‐temperature experiments, both
SC14‐7 and SC18‐3 experienced a change in the
rate of remanence loss during warming through

the interval 110–120 K, which is diagnostic of the
Verwey transition in magnetite (Figures 6a and 6b)
[Muxworthy and McClelland, 2000]. In sample
SC18‐3, this transition appears protracted, perhaps
even bimodal, initiating at ∼100 K. Such a lowered
transition temperature can be a consequence of
magnetite nonstoichiometry, either due to impurities
or an oxygen deficiency [Özdemir et al., 1993;
Brabers et al., 1998]. The suppressed appearance
of the transition in sample SC14‐7, as well as the
gradual remanence loss with warming exhibited

Figure 4. Tilt corrections applied to in situ site mean directions. (a) Mean directions before and after tilt correction.
The a95 of the means are removed for clarity. (b) Results of the bootstrap fold test. Red dashed lines are example
bootstrap results, showing the change in directional clustering (higher tau_1 values = tighter clustering) as a function
of unfolding. Cumulative distribution function (green curve) of 2000 bootstrap results shows 95% confidence bounds
that extend from 105 to 138% untilting; the optimal value is 121.5%. (c) Quantile‐Quantile plots of tilt‐corrected site‐
level virtual geomagnetic poles (VGPs) [Lewis and Fisher, 1982]. The plots graphically illustrate the fit of a data set
to a theoretical distribution (in this case a Fisher distribution) by the linearity of the data; a perfect fit would result in
perfect linearity. Figure 4c (left) compares VGP longitudes (relative to the mean VGP) against a uniform distribution;
Figure 4c (right) compares VGP latitudes (relative to the mean VGP) against an exponential distribution, according to
Fisher [1953]. The values of Mu and Me do not exceed the theoretical thresholds (in brackets) that would permit
rejection of the hypothesis that the VGPs are Fisher distributed at the 95% confidence level [see Tauxe, 2010].
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Figure 5. (left) Hysteresis loops after paramagnetic correction and (right) back‐field curves of representative sam-
ples that exhibit one magnetic phase with a low coercivity (black curves), two magnetic phases with low and high
coercivities (blue curves), and dominance by a phase with a high coercivity, but a minor contribution from a phase
with a low coercivity (red curves).

Figure 6. (a and b) Results of low‐temperature (remanence) and (c and d) high‐temperature (susceptibility) cycling
experiments. In Figures 6a and 6b the light gray curves are the first derivatives of the remanence curves. V (Verwey)
and M (Morin) denote interpreted transitions discussed in the text. In Figures 6c and 6d the light gray curves are the
first derivatives of the heating curve. C and N denote the interpreted Curie and Néel points discussed in the text.
Figures 6a and 6c are measurements on a sample possessing both low and high coercivity phases (as determined
from demagnetization results), while Figures 6b and 6d are measurements on a sample with only the low coercivity
phase.
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by both samples, could also be indicative of Ti
substitution and/or oxidation of magnetite [Özdemir
et al., 1993; Moskowitz et al., 1998]. While the
remanence of SC18‐3 continues to decay mono-
tonically from 120 to 300K, SC14‐7 exhibits a broad
peak, centered at ∼250–260 K, which we interpret
to be the expression of the Morin transition in
hematite [Özdemir et al., 2008].

[18] Subsamples of SC14‐7 and SC18‐3 (not used
in MPMS experiments) were subjected to thermo-
magnetic (� versus T) cycling to identify high‐
temperature magnetic critical points (Figures 6c
and 6d). In SC14‐7, inflection points are found at
550°C and 680°C, which are consistent with the

Curie temperature of Ti‐poor titanomagnetite and
the Néel temperature of hematite [Dunlop and
Özdemir, 1997]. Sample SC18‐3 also exhibits a
pair of inflection points; at 345°C and 575°C, the
latter likely being the Curie point of low‐Ti titano-
magnetite. The lower temperature critical point is
not represented in the cooling curve, implying that it
represents a metastable mineralogic phase destroyed
during the heating cycle. We interpret this to be
the expression of a thermally driven inversion of
maghemite to hematite. Maghemite is known to
form on the surfaces of magnetite either during
primary (deuteric) or secondary low‐temperature
oxidation [Dunlop and Özdemir, 1997]. The low-

Figure 7. Further documentation of the low‐coercivity phase (magnetite). (a) First order reversal curve (FORC)
diagrams, showing typical PSD behavior. A smoothing factor of 3 was used in the production of the FORC dia-
grams. (b) Coercivity profiles taken across the axis Hu = 0. Again, all three samples exhibit very similar PSD
behavior. (c) “Day” plot of bulk hysteresis properties of samples dominated by magnetite. All samples fall in the
PSD range.
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ered total susceptibility exhibited by the cooling
curve is consistent with such a transformation.

[19] FORC diagrams from samples SC14‐7 and
SC18‐3, and sample SC05‐4 from the lower unit
all exhibit a pattern indicative of pseudo single
domain (PSD) sized magnetite: self‐closing inner
contours and outer contours which diverge toward
Hc = 0, with a general asymmetry about the axis
Hu = 0 (Figure 7a) [Roberts et al., 2000; Carvallo
et al., 2006]. A profile along the axis Hu = 0
demonstrates that the coercivity distribution is very
similar between these samples, perhaps reflecting a
broad constancy of PSD grain dominance in the
magnetite population, as implied by bulk hysteresis
data for magnetite dominated samples (Figures 7b
and 7c).

6. Geochronology

[20] Three samples were collected for analysis by
U‐Pb SHRIMP geochronology; SC‐D04 (lowest
unit), SC‐D03 (middle unit), and SC‐D01 (upper
unit) (Figure 8 and Table 2). Zircon was least abun-
dant in the sample from the lowest trachyandesitic
unit, and individual grains showed a greater size
variation, ranging from 150 to 500 um. Zircons from
SC‐D04 also have a more homogeneous internal
structure exhibited by the cathodoluminescent ima-
ges, with grains displaying a more uniformly bright

pattern (Figure 8b). Zircons in the samples from the
middle and upper rhyolitic units are more abundant
and show a homogeneous grain size distribution
(about 300 um). These differences between the
trachyandesite sample and the rhyolite samples are
mirrored by differences in zircon chemistry; the
rhyolitic samples are richer in U (average of 150–
180 ppm) and have lower average Th/U ratios of
about 1.6 (Table 2). Zircon grains from sample
SC‐D04 present lower average U contents of
70 ppm, and somewhat elevated Th/U ratios >2.
Overall, zircon morphologies (euhedral), internal
structure (oscillatory zoning, absence of over-
growths) and chemistry (relatively high Th/U ratios)
are diagnostic of an igneous origin.

[21] The zircon age populations are relatively
homogeneous within each of the samples, and very
similar between them (Figures 8a and 8c). Only
one zircon xenocryst was observed, in sample SC‐
D03 (which provides a U‐Pb date of 690 ± 18 Ma;
2s error); it was likely inherited from underlying
Precambrian basement during magma ascent and
emplacement. Zircons from SC‐D03 display the
most uniform distribution of age estimates, with 15
of the 16 grains yielding a U‐Pb “concordia” date
of 263.0 ± 5.7 Ma with a low MSWD of 0.47.
A slightly older date of 268.1 ± 7.7 Ma is calcu-
lated for sample SC‐D01, with a higher MSWD of
2.4. These age estimates are equivalent at the 2s

Figure 8. U‐Pb SHRIMP geochronology results. (a) Tera‐Wasserberg plots of sample results. Unfilled ellipses were
not used in the date calculation. All data point error ellipses are 2s. (b) Cathodoluminescent images of zircon grains
used in SHRIMP analysis. (c) Plot of all retained zircon dates with 2s error (red lines), yielding a robust median age
estimate of 263.0 Ma (thick black line). (d) Histogram of all zircon dates showing the mean age estimate of 260.9 Ma.
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Table 2 (Sample). SHRIMP U‐Pb Geochronology Dataa [The full Table [2] is available in the HTML version of this article]

Sample Name
and Spot

%
206Pbc

ppm
U

ppm
Th 232Th/238U ppm206Pb*

206Pb/238U
Ageb

206Pb/238U
Agec

206Pb/238U
Aged

207Pb/206Pb
Ageb

Sierra Chica SC‐D01
SC‐D01‐12 0.94 102 137 1.38 3.69 262.5 ± 8.5 263.6 ± 8.6 264 ± 11 105 ± 210
SC‐D01‐3 ‐ 163 191 1.21 5.78 263.5 ± 8.5 260.5 ± 8.4 259 ± 10 630 ± 170
SC‐D01‐8 0.47 141 192 1.40 5.11 264.3 ± 7.3 264.6 ± 7.4 265 ± 9.6 220 ± 130
SC‐D01‐11 1.50 81 105 1.33 2.97 265.5 ± 8.2 264.2 ± 8.2 264 ± 11 434 ± 180
SC‐D01‐4 0.39 309 561 1.87 11.2 265.9 ± 7.6 267.1 ± 7.7 267 ± 11 90 ± 65
SC‐D01‐10 0.59 269 466 1.79 9.83 266.8 ± 7.1 268.3 ± 7.3 269 ± 10 52 ± 76
SC‐D01‐7 ‐ 265 411 1.60 9.67 269.3 ± 7.2 267.8 ± 7.2 268.1 ± 9.8 460 ± 99
SC‐D01‐2 ‐ 177 273 1.59 6.59 273.6 ± 7.5 272.6 ± 7.6 275 ± 10 399 ± 80
SC‐D01‐9 ‐ 146 324 2.29 5.58 280.9 ± 8.1 280.1 ± 8.1 277 ± 13 386 ± 120
SC‐D01‐6e ‐ 149 141 0.98 5.62 278.5 ± 8 276 ± 8 276.6 ± 9.4 570 ± 71
SC‐D01‐5e 2.72 39 41 1.09 1.44 261.9 ± 9 265.4 ± 8.7 273 ± 11 −311 ± 740
SC‐D01‐1e 0.73 97 103 1.10 3.83 288.7 ± 8.4 291.4 ± 8.6 292 ± 10 −75 ± 210

Average 0.38 161.66 245.35 1.47
SD 1.06 82.16 163.18 0.38
Sierra Chica SC‐D03
SC‐D03‐3 1.66 100 100 1.04 3.4 246.5 ± 8.8 246.9 ± 8.8 245 ± 11 181 ± 260
SC‐D03‐2 1.96 60 88 1.50 2.08 248.8 ± 7.6 252.5 ± 7.3 254.6 ± 9.8 −398 ± 600
SC‐D03‐4 2.04 47 54 1.17 1.65 250.5 ± 7.7 254.6 ± 7.7 256.9 ± 9.5 −476 ± 510
SC‐D03‐17 0.93 269 436 1.68 9.63 261.2 ± 7 263.3 ± 7.1 263.3 ± 9.8 −49 ± 130
SC‐D03‐12 ‐ 95 138 1.49 3.39 261.6 ± 7.7 260.4 ± 7.7 259 ± 10 414 ± 94
SC‐D03‐6 ‐ 139 213 1.59 4.9 261.6 ± 7.4 259.8 ± 7.3 261.1 ± 9.9 493 ± 120
SC‐D03‐5 0.04 332 558 1.74 11.9 263.6 ± 8.2 263.8 ± 8.2 262 ± 12 242 ± 66
SC‐D03‐8 1.88 97 165 1.76 3.54 264.1 ± 8.3 267.4 ± 7.9 261 ± 11 −266 ± 620
SC‐D03‐9 1.47 116 176 1.56 4.25 265 ± 11 267 ± 11 267 ± 15 −177 ± 400
SC‐D03‐13 0.24 338 470 1.44 12.3 265.7 ± 8.7 266.4 ± 8.8 265 ± 12 168 ± 130
SC‐D03‐14 0.56 192 223 1.20 7 266 ± 10 267 ± 10 266 ± 13 93 ± 120
SC‐D03‐16 2.57 62 121 2.00 2.33 267 ± 12 270 ± 12 277 ± 18 −102 ± 640
SC‐D03‐11 5.62 92 178 1.99 3.64 274 ± 16 276 ± 16 277 ± 25 −153 ± 750
SC‐D03‐15 1.32 78 144 1.91 2.95 274.5 ± 8.4 275.4 ± 8.1 275 ± 12 160 ± 430
SC‐D03‐10 ‐ 301 744 2.55 11.3 277.4 ± 7.5 275.7 ± 7.5 273 ± 13 482 ± 88
SC‐D03‐1e ‐ 55 67 1.26 1.85 251 ± 12 246 ± 12 244 ± 15 830 ± 190
SC‐D03‐7e 0.03 753 339 0.47 73.1 690 ± 18 691 ± 18 690 ± 19 648 ± 18

Average 1.07 183.99 247.83 1.55
SD 1.58 177.64 195.44 0.46
Sierra Chica SC‐D04
SC‐D04‐2 2.92 37 71 2.00 1.29 250.6 ± 6.7 253.7 ± 6.2 258.4 ± 10.2 −282 ± 619
SC‐D04‐3 2.44 31 47 1.55 1.11 254.3 ± 6.1 252.8 ± 5.4 254.5 ± 8.1 460 ± 430
SC‐D04‐4 0.93 126 170 1.39 4.47 258.2 ± 4.0 260.2 ± 4.1 260.3 ± 5.5 −53 ± 113
SC‐D04‐5 1.08 83 102 1.26 2.92 255.4 ± 4.6 255.7 ± 4.3 257.5 ± 5.7 212 ± 292
SC‐D04‐6 0.84 128 167 1.35 4.56 259.7 ± 4.4 260.2 ± 4.2 263.4 ± 5.6 185 ± 218
SC‐D04‐8 1.71 43 116 2.77 1.54 255.7 ± 5.8 257.5 ± 5.1 249.5 ± 11.0 −24 ± 562
SC‐D04‐10 2.30 65 182 2.87 2.22 243.9 ± 6.8 247.4 ± 6.1 242.3 ± 12.8 −401 ± 768
SC‐D04‐11 3.04 48 141 3.00 1.71 252.1 ± 5.1 257.8 ± 4.9 265.0 ± 11.3 −883 ± 641
SC‐D04‐12 −3.01 49 56 1.17 1.71 263.7 ± 6.1 252.8 ± 4.8 255.9 ± 6.3 1319 ± 255
SC‐D04‐13 1.34 56 157 2.91 1.99 257.9 ± 6.9 256.0 ± 4.7 260.6 ± 10.5 500 ± 634
SC‐D04‐14 −0.20 52 145 2.86 1.86 262.0 ± 4.8 255.2 ± 4.8 255.9 ± 10.6 1002 ± 78
SC‐D04‐15 3.18 56 86 1.59 2.07 263.5 ± 5.1 261.3 ± 4.8 263.1 ± 7.3 550 ± 246
SC‐D04‐17 0.64 277 1075 4.01 9.91 261.0 ± 3.8 260.7 ± 3.8 268.6 ± 11.6 300 ± 102
SC‐D04‐18 −1.46 55 109 2.05 1.92 261.0 ± 5.3 255.3 ± 4.7 254.1 ± 7.8 904 ± 229
SC‐D04‐19 −1.01 29 51 1.80 0.998 253.7 ± 7.4 247.7 ± 7.3 254.0 ± 11.1 941 ± 135
SC‐D04‐16e 6.61 29 63 2.26 1.06 252.8 ± 7.9 255.7 ± 5.6 250.1 ± 11.0 −221 ± 1166
SC‐D04‐7e 6.19 52 134 2.66 1.83 242.1 ± 6.4 251.8 ± 4.7 248.6 ± 9.8 −2636 ± 3609
SC‐D04‐20e 1.86 28 38 1.41 1.05 273.3 ± 7.6 270.5 ± 6.2 274.3 ± 8.9 601 ± 517

Average 1.63 69.22 161.65 2.16
SD 2.39 59.56 232.67 0.80

aErrors are 1s. Pbc and Pb* indicate the common and radiogenic parts, respectively. Error in standard calibration was 0.92% (not included in
listed errors but required when comparing data from different mounts).

bCommon Pb corrected using measured 204Pb.
cCommon Pb corrected by assuming 206Pb/238U‐207Pb/235U age concordance.
dCommon Pb corrected by assuming 206Pb/238U‐208Pb/232Th age concordance.
eAnalysis not used in final date calculation.
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error level. SC‐D04 yields the youngest date of
257.0 ± 2.8 Ma, calculated from a line intercepting
the concordia curve in the Tera‐Wasserberg plot.
This age estimate is significantly younger than
those calculated from the samples from overlying
units. However, the lower U abundances in this
sample signify a higher proportion of common Pb,
as indicated by the presence of 204Pb. We regard
the data from the two rhyolitic samples as the most
robust.

[22] For paleomagnetic purposes, these three units
are interpreted to represent closely spaced magmatic
episodes that reflect emplacement over a million
year timescale, which should be sufficiently long to
average effects of secular variation, but certainly not
long enough to record appreciable plate motion. We
therefore treat these samples as a single magmatic
episode and pool the geochronologic data from the
three samples. The median date calculated from the
three samples (263.0 +1.6/−2.0 Ma, 0.69%, 95%
conf) is statistically indistinguishable from the well‐
determined age estimate of sample SC‐D03.

7. Discussion

7.1. Interpretation of Paleomagnetic
Results

[23] The presence of normal polarity magnetizations
in the lower unit suggests that the Sierra Chica is
younger than the Kiaman Reversed Superchron,
which has an upper age of about 265 Ma [Gradstein
et al., 2004]. This is compatible with our new U‐Pb
age estimate of 263.0 +1.6/−2.0 Ma for the Sierra
Chica. However, if the rocks were not magnetized
during a protracted interval of reverse polarity, the
dominance of reverse polarity magnetizations in the
middle and upper units suggests that it may not
adequately average secular variation. The upper
unit is notable in this regard; the 15 site‐level
VGPs are very well clustered with an A95 of 3.5°
and a K of 122. Using the mean value of K (at
latitude ≈ 42°) determined from a compilation of
volcanic rock paleomagnetic records from the last
5 Myr [Harrison, 2009], and the secular variation
averaging c2 test of McFadden [1980], a VGP set
of N = 15 is expected to yield a K of 20.3 to 49.6
(95% confidence limits), if secular variation has
been adequately averaged. The tight clustering of
the upper unit VGPs can be attributed to rapid flow
emplacement, and may suggest that the upper unit
represents one large eruptive event. This is further
supported by the thick and featureless character of
the upper unit, and the scarcity of identified cooling

contacts within it. The lower and middle units, with
thinner flows with abrupt changes in characteristics
and distinct cooling contacts, are more likely to
represent a prolonged series of eruptions. This is
reflected in a higher A95 (5.2° after tilt correction), a
smaller K (40.7) and dual polarity magnetizations.
The expected range for K (determined as above with
N = 20) is 21.3 to 45.7 (95% confidence limits).

[24] If the upper unit was largely emplaced during
one eruptive event, it is plausible that the tilting of
the middle/lower units could have been a conse-
quence of local subsidence or caldera collapse, due
to the rapid evacuation of large quantities of magma.
In a multicyclic eruptive center, it is likely that early
eruptive phases become structurally modified by
later eruptive events [Lipman, 1997]. An alternative
interpretation involving tilting driven by regional
deformation seems less likely, given the short time
span between emplacement of the lower/middle
and upper units, based on the U‐Pb dates.

[25] It was previously noted that the optimal degree
of unfolding is greater than 100 percent and pos-
sibly indicates an underestimate of the true tectonic
tilt of the lower/middle units. It is important to note
that original horizontality cannot always be assumed
with silicic volcanic rocks, due to their relatively high
viscosity. Although we are unable to unequivocally
eliminate this possibility, we recognize that the
character (thinner, lithic rich) of the dipping
lower/middle units is indicative of volatile‐charged
(fluidized) flow, which is unlikely to assume steep
gradients during emplacement. An ongoing magnetic
fabrics study may be able to confirm this assumption
in the future.

[26] The bootstrap foldtest seeks to maximize the
coaxiality of a population of directions, but this
expectation is only exactly appropriate if two popu-
lations of directions are of the same age (and tech-
nically error free). Our U‐Pb dates indicate that the
lower, middle, and upper units are approximately
the same age, having been emplaced over a million
year timescale. Thus, the condition of age equiv-
alence seems to be met; however, the results of the
secular variation averaging c2 test suggest that the
upper unit was magnetized over a relatively brief
interval of time, and so its population of magne-
tization directions may more closely represent an
instantaneous paleomagnetic field rather than a time‐
averaged one. In this case, maximizing the coaxiality
of the population of directions from the lower/middle
and upper units is unlikely to be exactly appropriate,
as the lower/middle units have collectively averaged
secular variation, while the upper unit has not.
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Therefore, we do not necessarily consider the opti-
mal foldtest result (SCalt) to be the most reliable
estimate of the true paleomagnetic pole.

[27] The positive reversal test based on the com-
plete data set supports our contention that the
collection as a whole reflects a sufficiently time‐
averaged sampling of the paleomagnetic field, and
that the populations are directionally similar. The
recognition of PSD magnetite and hematite as the
carriers of the ChRM, which are capable of acting
as high‐fidelity magnetic recorders across geologic
timescales, is consistent with the interpretation of a
primary magnetization [Dunlop and Özdemir,
1997]. Ultimately, the Sierra Chica paleopole
meets 6 of the 7 reliability criteria as proposed by
Van der Voo [1990]; it does not meet criterion #7,
as it resembles Late Cretaceous South American
paleopoles [Somoza and Zaffarana, 2008].

7.2. Implications

[28] Most paleomagnetic poles that constitute the
Late Paleozoic–Early Mesozoic APWP of South
America are derived either from relatively old
studies, which do not meet modern reliability cri-
teria, or sedimentary rocks, which are prone to
misrepresenting the paleomagnetic field via effects
of inclination shallowing, and are often associated
with poor absolute age control. A total of 27 South
American paleomagnetic poles with inferred ages
of 200 to 300 Ma meet reliability criteria #2 (suf-
ficient number of samples: N ≥ 6, n ≥ 30) and #3
(adequate demagnetization) [Van der Voo, 1990]
(Table 3). Of the 27 compiled poles, seven are
derived from postfolding magnetizations with no
upper age constraints, and are instead dated by the
relative position of the pole with respect to previ-
ously published results. The use of such poles in
the construction of an APWP or as reference poles
involves circular reasoning, and these poles will
not be considered further. We discard four addi-
tional poles due to poor structural control, in that
they are suspected to have been subjected to ver-
tical axis rotations or that the structural restorations
are either unknown or complex. Of the remaining
16 poles, three are defined by synfolding magne-
tizations from sedimentary sequences that were
deformed during the SROP. Because the timing of
SROP deformation is poorly established, the age
constraints on these magnetizations are relatively
limited. Only seven of the 16 filtered results
include data derived from igneous rocks, and of the
nine studies conducted entirely on sedimentary
rocks, only two were explicitly checked/corrected

for the effects of inclination shallowing. Further-
more, none of the igneous rocks examined have
been recently or reliably dated by modern geo-
chronologic methods, the few existing isotopic age
estimates having been obtained by the demonstra-
bly inferior K‐Ar technique. Thus, our new data
provide a well‐dated, high‐quality paleomagnetic
pole for this critically data deficient segment of the
South American APWP.

[29] Our new paleopole (SC) is proximal to the Late
Permian mean pole calculated from the filtered
compilation (Figure 9 and Table 3). Because of the
sparsity of poles and the poor chronologic resolu-
tion on several sequences, only three mean paleo-
poles were calculated from the filtered compilation
(for the Early Permian, Late Permian, and Triassic),
and several results were included in two mean pole
calculations, so the estimates are not strictly inde-
pendent. To allow for a meaningful comparison, SC
was not included in the calculation of the Late
Permian mean pole (Figure 9). We note that SC is
observed to fall within the A95 of this Late Permian
mean pole, whereas SCalt, the pole obtained by
alternatively adopting the structural correction that
optimizes directional clustering, lies outside this
A95. SC is significantly different from the previous
pole from the Sierra Chica (pSC), which appears to
fall closer to the Early Permian mean pole, but with
a notably different longitude (Figure 9).

[30] Despite the overall scatter of poles in this fil-
tered compilation, there is a clear change in pole
position as a function of inferred pole age (path A,
Figure 10), which is consistent with the combined
Late Paleozoic–Early Mesozoic APWPs of other
Gondwana blocks rotated into a common reference
frame (path B, Figure 10; data from compilation in
the study by Torsvik et al. [2008]). The trajectory
of Path B corroborates the mid‐to‐Late Permian
curvature evident in path A, which SC seems to
further support [see also, Tomezzoli, 2009]. It is
important to note that paths A and B, although
similar in trend, are not coincident for the mid‐to‐
Late Permian time period. In the same way, the
combined APWPs of Baltica and Laurentia, rotated
into the same South American reference frame
(path C, Figure 10; data from compilation in the
study by Torsvik et al. [2008]), show a similar form
to path A, but diverge from it most obviously in the
mid‐to‐Late Permian. Yet, the most pronounced
disparity in the mid‐to‐Late Permian is between
paths B and C, a discrepancy that has been long
recognized and enduring [Irving, 2004]. The fact
that the filtered South American data set and the SC
result “bisect” the separation of the B and C paths
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would suggest that the disparity is in part a con-
sequence of inclusion of poor‐quality results, rather
than a reconstruction problem or a geomagnetic
field aberration. Indeed, within the South American
data set, the poles that fall the closest to the
Permian segment of path B are those derived from
sedimentary rocks (and uncorrected for inclination
shallowing). Similarly, Late Paleozoic–Early Meso-
zoic South American paleopoles rejected on the basis
of failing to meet reliability criterion #2 or #3 (and
therefore not shown) are generally closer to path B
than high‐quality age‐equivalent poles. This may
suggest that path B (and perhaps path C) may be
contaminated by systemic data pathologies, such as
unrecognized or incompletely removed overprints,
inclination shallowing, structural complexities, or
erroneous age assignments. Although an in‐depth
analysis of these larger pole sets is outside of the

scope of this paper, we note that early paleomag-
netic results and those derived from sedimentary
sequences constitute a significant part of the col-
lections, as seen in the South American data set.
Although errors in Euler rotations undoubtedly
remain and contribute to these APWP discrepancies,
we posit that paleomagnetic data of relatively poor
quality are the principal source of the problem. This
hypothesis implies that controversial Late Permian–
Early Triassic paleogeographic reconstructions built
to accommodate the paleomagnetic data [Irving,
1977, 2004; Torcq et al., 1997] are not necessary,
but additional work is required to demonstrate this
unequivocally. For times before the mid‐to‐late
Early Permian (>∼280 Ma), a Pangea “B‐type”
configuration remains a possibility [Muttoni et al.,
1996, 2003].

8. Conclusions

[31] A joint paleomagnetic and geochronologic
reexamination of the Sierra Chica has resulted in a

Figure 9. Paleopoles of the inferred age range of 300–
200 Ma from South America. Numbers correspond to
pole numbers in Table 3. Symbol shapes correspond to
age as follows: upright triangles indicate Early Permian,
inverted triangles indicate mid‐Permian, circles indicate
Late Permian, diamonds indicate Permo‐Triassic, and
squares indicate Triassic. Solid symbols are poles that
are at least partly derived from igneous rocks or are
results from sedimentary rocks that have been checked/
corrected for inclination shallowing; open symbols are
therefore considered to be “less‐reliable” results. Small
gray dots are the poles listed in Table 3 that were rejected
according to notes 1 or 2. SC indicates Sierra Chica result
(this work), and SCalt indicates Sierra Chica result with
optimal untilting. The pSC indicates Sierra Chica result of
Tomezzoli et al. [2008]. Open stars correspond to mean
poles in Table 3: eP indicates Early Permian, lP indicates
Late Permian, and Tr indicates Triassic. A95 from all but
SC and the mean poles have been removed for clarity.

Figure 10. Comparison of apparent polar wander paths
in a Pangea A–type reconstruction [see Torsvik et al.,
2008]. Path A is defined by three mean poles from
Table 3: eP indicates Early Permian, lP indicates Late
Permian (with SC result included), and Tr indicates
Triassic. The black line connects the poles, assuming a
simple path. Path B (combined data from India‐Pakistan,
Madagascar, and Africa [Torsvik et al., 2008]) and Path
C (combined data from Baltica and Laurentia [Torsvik
et al., 2008]) have been rotated into the Colorado (central
Argentina) Plate reference frame [Torsvik et al., 2009].
Baltica and Laurentia data have been combined via the
Euler pole of Alvey [2009]. Paths B and C are moving
averages, constructed by a moving 20 Myr window, with
10 Myr steps. Ages (Ma) are listed adjacent to select
poles. A95 from these paths have been removed for
clarity. The star is the new SC pole.
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new high‐quality Late Paleozoic paleomagnetic
pole for Gondwana. New U‐Pb age determina-
tions indicate that the Sierra Chica was emplaced
at 263.0 +1.6/−2.0 Ma. Positive fold and reversal
tests demonstrably show the magnetization to be
primary, and rock magnetic tests indicate that the
carriers of magnetization are PSD magnetite and
fine hematite, which are geologically stable and
capable of preserving a primary Late Permian
remanence. The position of the Sierra Chica pole
(80.1°S, 349.0°E, A95: 3.3°) is proximal to the
Late Permian mean pole for South America, cal-
culated from a filtered paleopole data set that
yielded few, but moderately reliable records. The
Sierra Chica pole, therefore, corroborates the
position of this Late Permian mean pole, as well
as the curvature of the Late Paleozoic segment of
the APWP of Gondwana. The relative position of
this new high‐quality paleomagnetic pole between
the previously distinct Late Permian segments of
the Laurussian and Gondwanan APWPs suggests
that the inferred separation between the paths is
due to systemic data pathologies.
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