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Paleomagnetism of South American Jurassic/Cretaceous rocks has been troubled by
elongated distributions of poles which has led to contrasting interpretations. Moreover,
many discordant paleomagnetic poles from the Carboniferous to the Triassic have
also been recognized and systematically explained by a variety of processes, but
this portion of the South American apparent polar wonder path (APWP) still remains
problematic. To this end, we have conducted a paleomagnetic study of the sedimentary
Permo-Carboniferous Itararé Group rocks and three intruding mafic sills of likely
Cretaceous age within the state of Sao Paulo, Brazil. The site-mean VGP distributions
obtained from the sedimentary rocks define elongations that include the VGPs of the
mafic intrusions. We interpret these distributions as remagnetization paths toward the
directions characteristic of the sills. Furthermore, we show that the remanence directions
of the sills are partially overprinted by the present time-averaged and current Earth’s
magnetic field. Our interpretations are supported by extensive rock-magnetic data that
provides a viable mechanism for the secondary magnetizations. The current study
focuses on the paleomagnetism and rock-magnetism of the mafic intrusions and how
they affected the paleomagnetic recording of the sedimentary rocks, however, careful
analysis of the paleomagnetic data of the Itararé sedimentary rocks enables isolation of a
primary VGP distribution that is consistent with the reference Carboniferous pole position.
Extending our study to other Carboniferous to Triassic South American paleomagnetic
records reveals that the majority of these data are elongated, similarly to the Itararé Group
rocks. Regardless of the age of the rocks, the elongations systematically intersect at the
location of the Late Cretaceous reference pole, and at a long- recognized “problematic”
location observed in some Jurassic and Cretaceous rock formations. Based on multiple
lines of evidence, we interpret the elongations to reflect remagnetizations from the primary
VGP positions toward Jurassic-Cretaceous pole locations that occurred as a result of
the widespread magmatic events associated with the opening of the South Atlantic.
We suggest that the extent of the remagnetizations is formation-specific, and that other
rock-formations should be carefully re-evaluated.
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INTRODUCTION

The apparent polar wander path (APWP) of cratonic South
America has long troubled paleomagnetists (e.g., Valencio and
Vilas, 1976; Valencio et al., 1977; Geuna and Vizan, 1998). Many
paleomagnetic poles from the stable part of the continent show
elongated or streaked distributions of virtual geomagnetic poles
(VGPs), which result in inconsistent paleopole locations and have
resulted in different, often contrasting, geological interpretations.
These elongations have been attributed to complex and rapid
continental movements related to South Atlantic sea floor
spreading (e.g., Valencio et al., 1983), inadequate data selection
(Beck, 1988; Castillo et al., 1991; Cembrano et al., 1992), or
block rotations in the Andes (e.g., Beck, 1988; Rapalini and Vilas,
1991; Beck et al., 1994; Somoza, 1994). Somoza and Zaffarana
(2008) fit the observations with a change in tectonic style in the
Andean margin during the mid- to Late Cretaceous associated
to major plate reorganization in a moving hotspot reference
frame. Noteworthy, discordant paleopoles have been replicated
by subsequent studies [e.g., the Rio los Molinos (Linares and
Valencio, 1975), and El Salto-Almafuerte (Mendia, 1978)], were
dismissed on the basis of speculative observations like inadequate
structural correction (Geuna and Vizan, 1998), and have not
been considered reliable since, though they still feature in certain
global studies (e.g., Torsvik et al., 2012).

Discordant paleomagnetic data, however, have plagued the
South American literature for older, Carboniferous to Triassic,
rocks too. Vertical-axis rotations have been invoked to reconcile
many observations, leading Somoza (1994) to suggest that the
Andes have a tectonic style that is distinct from any other
orogen, without however providing a plausible explanation.
Other authors have mitigated the problem by invoking incorrect
tectonic corrections (e.g., Geuna and Vizan, 1998; Geuna and
Escosteguy, 2004). Complex magnetization histories have also
been recognized, for example associated with the San Rafael
Orogeny, affecting many Paleozoic South American strata, and
resulting in secondary and syn-tectonic magnetizations acquired
during the Permian (e.g., Tomezzoli and Vilas, 1999; Tomezzoli,
2001; Fazzito and Rapalini, 2016). Other mechanisms that have
been proposed include inclination shallowing in sedimentary
rocks (e.g., Brandt et al, 2009; Franco et al, 2012), or
remagnetizations associated with Jurassic-Cretaceous magmatic
events (Pascholati, 1983; Brandt et al., 2009; Font et al., 2012). As
of today no convincing argument has been put forward to justify
such widespread observations.

Irrespective of rock-age, South American paleomagnetic
data from igneous and sedimentary rocks thus present
controversial elongations, discordant declinations, define
an APWP that is not consistent with reasonable paleogeographic
reconstructions, and are possibly contaminated by Jurassic-
Cretaceous magnetizations. In fact, the conformation of the
supercontinent Pangea has been at the center of a long-standing
debate regarding the relative positioning of the individual
continental masses. Carey (1958) discovered a disagreement
in the positions of paleomagnetic poles, known as the Intra-
Pangea Paleomagnetic (IPP) anomaly, which results in extensive
overlap of the Laurentia and Gondwana continental blocks,

and that could only be resolved by placing Gondwana to
the east of Laurentia (e.g., Van Hilten, 1964; De Boer, 1965).
Transformation to the commonly accepted Pangea position
in the Triassic-Jurassic would be achieved by a ~5,000 km
transcurrent event, the so-called “Tethys Twist” (Van Hilten,
1964).

Explanations to resolve the IPP anomaly have been proposed
by introducing octupolar field contributions to the Earth’s dipole
moment (e.g., Briden et al,, 1971; Van der Voo and Torsvik,
2001; Torsvik and Van der Voo, 2002), but this approach was
later rejected on the basis of a lack of evidence for non-dipolar
field components (Torsvik et al., 2008). Tectonic solutions have
also been proposed, notably the Pangea A2 model (Van der
Voo and French, 1974), involving a 20° clockwise rotation of
Gondwana. This configuration was proposed to have existed
from the Late Carboniferous through at least the Middle
Triassic. Irving (1977) obtained the Pangea B model for the
Early Permian by working back in small time increments from
the classic Pangea (A1) model in the Early Jurassic. Pangea
B lasted ~50 Ma and was hypothesized to have transformed
to Pangea Al by a 3,500km dextral displacement along the
line of the Appalachian-Variscan orogenic belt. The age of
the displacement has been interpreted to be mostly Triassic
(Morel and Irving, 1981; Muttoni et al., 1996, 2001; Torq
et al., 1997) with a rate of ~10 cm/yr. Opponents of Pangea
B, however, argued that there was a lack of geologic evidence
for the megashear and found its displacement rate unrealistic
(Livermore et al., 1986; Smith and Livermore, 1991; Van der
Voo, 1993). Rochette and Vandamme (2001) also rejected Pangea
B instead arguing that it is an artifact of inclination error.
Bilardello and Kodama (2010) performed inclination corrections
to Carboniferous North American sedimentary rock-data and
exacerbated the overlap with South America, also precluding
a Pangea A fit. However, they demonstrated that inclination
corrections of South American paleopoles had the potential of
eliminating the continental overlap.

Brandt et al. (2009) and Font et al. (2012), evaluated South
American paleopoles and pointed out that the classic South
American APWP includes a “loop” that is inconsistent with
the Pangea A fit. They argue that the loop may be due to
unremoved magnetic overprints (mostly Cretaceous) and to the
overall quality of specific paleomagnetic poles. The Parana Basin
of Brazil and Chaco- Parand Basin of Argentina were largely
affected by widespread magmatism between the Triassic-Jurassic
and the Early Cretaceous, in relation to the opening of the South
Atlantic (e.g., Milani and Zaldn, 1999; Araujo et al., 2000, 2005;
Menezes and Travassos, 2000; Abbot and Isley, 2002; Thomaz
Filho et al, 2008), which provides a likely process for such
extensive remagnetization of older sedimentary rocks. In the
Northern Parana Basin, recent U-Pb ages for volcanic rocks
suggest rapid magmatic pulses ~135 Ma (Janasi et al., 2011; Pinto
et al., 2011; Baksi, 2018). Specific to the State of Sao Paulo,
however, Ernesto et al. (1999) report extensive geochemical and
geochronological (*°Ar/* Ar) data from igneous rocks, including
flows, dykes and sills, and determine that in this region the
igneous activity lasted from 133 to 130 Ma, confirming the Early
Cretaceous age for the magmatism in the area.
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The Permo-Carboniferous Itararé Group sedimentary rocks
from the state of Sdo Paulo, intruded by the igneous rocks
reported on by Ernesto et al. (1999) have provided key
paleomagnetic poles (Valencio et al., 1975; Pascholati, 1983) that
are in agreement with the South American APWP and thus
considered reliable. However, Pascholati (1983) had identified
some discordant VGPs that were used to calculate a second
paleopole, which the authors ultimately attributed to Cretaceous
remagnetizations. Likewise, Franco et al. (2012) studied the
Itararé rhythmites in the states of Sdo Paulo (Itu quarry, also
sampled in the present study) and Santa Catarina (Rio do Sul).
While for the Rio do Sul rhythmites they claimed to have
isolated a primary Permo-Carboniferous magnetization, for the
Itu quarry rhythmites a strongly elongated distribution was
obtained, which the authors vaguely dismissed as anomalous.

We performed a detailed paleomagnetic study of the Itararé
Group sedimentary sequence exposed throughout the state of
Sdo Paulo, for an inclination shallowing investigation [note that
the Franco et al. (2012) study was unpublished at the time we
performed our field work]. We also sampled three mafic sills that
were encountered during field work to allow a direct comparison
between igneous and sedimentary rock paleomagnetic data.
Our goal was to test the effect of inclination shallowing on
the paleogeography of South America by providing a broader-
scale paleomagnetic study of the Itararé Group rocks than
other previous studies. However, our results reveal discordant
paleomagnetic behavior of the Itararé Group rocks that closely
correlate to the paleomagnetism of the intruding sills analyzed by
us and by Ernesto et al. (1999). The current study thus focuses
on the paleomagnetic and rock-magnetic results of the igneous
rocks and how these likely affected the paleomagnetic recording
of the sedimentary rocks. A more detailed rock-magnetic study
of the sedimentary rocks will be the topic of a dedicated article. A
comparison to paleomagnetic results from other South American
rock formations indicates that the discordant results are related,
consequently challenging the validity of many paleopoles from
South America, and bearing important implications for the
continents APWP at large, including the paleogeography of
Pangea.

MATERIALS AND METHODS
Geology

The Permo-Carboniferous of the Parana Basin depicts a major
transgressive-regressive cycle and comprises the Itararé, Guata,
and Passa Dois Groups, as well as the eolian Piramboia
Formation (e.g., Vesely and Assine, 2006; Delorenzo Nardi Dias
and Scherer, 2008). The Itararé Group constitutes one of the
most extensive units, reaching a thickness of up to 1,500 m in
the central part of the basin, and thinning toward the northeast
and southeast borders (Franca and Potter, 1988) where it crops
out below the thick magmatic cover of the Early Cretaceous Serra
Geral Formation (Santos et al., 1996; Rocha-Campos et al., 2008).
Unlike its character in the southern part of the basin, there is
no lateral continuity of the Itararé Group sedimentary facies to
the north, particularly in the thick sequence within the state of

Sdo Paulo, hindering the establishment of formal stratigraphic
subunits and regional correlations (Arab et al., 2009).

The Itararé Group was deposited under mostly marine glacial
and periglacial conditions, comprising several sedimentary
facies. From subsurface observations, Franca and Potter (1988)
subdivided the Itararé Group into three formations. The
lowermost Lagoa Azul comprises diamictites and marine
postglacial transgressive shales. It is composed of different types
of diamictites, sandstones, shales with dropstones, and some
levels of conglomerates deposited within a glacial-postglacial
succession (Franga and Potter, 1988, 1991; Santos et al., 1996;
Limarino and Spalletti, 2006; Rocha-Campos et al., 2008).
The Campo Mourdo and Taciba formations instead comprise
fining-upward cycles composed of subglacial tillites overlain by
resedimented diamictites or conglomerates and sandstones.

In the northern part of the Parand Basin the Itararé Group
strata are red in color and are referred to as the Aquidauana
Formation. However, subsurface data suggest that the two are
equivalent (Milani et al., 1994, 1998). The correlation between
outcrops and subsurface sections is not fully established (Rocha-
Campos et al., 2008). Because of these reasons and the lack of a
formal stratigraphy, paleomagnetic investigations of the Itararé
Group in the State of Sao Paulo are particularly challenging. No
magnetic stratigraphy exists for the Itararé Group within the
northern Parand Basin.

Franco et al. (2012) report U-Pb SHRIMP radiometric ages of
298.5 (£2.6) and ~323 Ma from the lower and upper parts of the
Itararé Group, respectively. The latter age comes from a detrital
zircon, therefore providing a maximum age-limit, indicating
that the base of the Itararé cannot be older than the Upper
Mississippian. Matos et al. (2001) report a U-Pb age of 267.1
(£3.4) from tonsteins from the overlying Rio Bonito Formation,
and this represents a minimum limit to the age of the Itararé
Group. Prior to these U-Pb dating efforts (Souza, 2006) had
identified the oldest palynozone in the basal part of the Itararé
Group as Late Bashkirian (~315-312 Ma), and (Holz et al., 2010)
also reported the Itararé as Bashkirian/Moscovian (~312 Ma) to
Early Sakmarian (~294 Ma). The palynologic age-estimates thus
place the base of the Itararé as Early Pennsylvanian, whereas
the absolute U-Pb ages could push the base into the Late
Mississippian. The Itararé Group rocks were thus deposited
almost entirely within the Kiaman reverse superchron which
extended between ~318-313Ma and ~262Ma (Irving and
Pullaiah, 1976; Opdyke et al., 2000; Cottrell et al., 2008). The
Late Carboniferous age of the Itararé is further supported by
palynological correlation with Upper Carboniferous strata in
Argentina (e.g., Paganzo Basin), southern Africa and Australia
(Holz et al., 2010).

Sampling

The Itararé Group rocks were sampled at thirty-six different
sites that span the eastern part of the state of Sdo Paulo from
north to south, and into the southernmost part of the state of
Minas Gerais. A detailed overview of the stratigraphy in the
field was provided by Prof. Santos from the University of Sdo
Paulo. During a first season (March 2012), denoted “IT; thirteen
sedimentary sites (IT1-8, IT10-13, and IT16) were collected,
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including three mafic sills (IT9, IT14, and IT15) that intrude the
sedimentary sequence. During the second field season (August-
September 2012), denoted “II,” twenty sedimentary sites were
collected. Geographic coordinates for the sampling sites are listed
in Table 1 and shown in Figure 1.

The sedimentary rocks collected during both field campaigns
are all subglacial deposits that range from gray to tan-colored
diamictites, fine yellow sands and siltstones, thinly laminated
gray rhythmites, red mudstones and red sandy mudstones. At
three distinct sampling sites (II1, 2, and 3), the lithology stands
out as unique: here, recent road work had exposed a hard buffand
gray-colored claystone with conchoidal fractures, attesting to its
fine grain-size and high competence (Supplementary Figure 1).
All sampled strata are flat-lying except for site IT5 which displays
complex folding resulting from slumping.

The igneous rocks that intrude the Itararé Group are a fine
grained diabase sill (IT9), a diorite, with more traditionally
intermediate texture (IT14), and a second diorite sill (IT15)
with finer granular texture. The total thickness of each
intrusion is unknown, but the outcrops are ~I1m thick
(Supplementary Figure 2). More igneous rocks are known to
crop out in the same study area, including sills, dykes, and
basalt flows. A systematic paleomagnetic, geochemical and
geochronological study of these igneous rocks was conducted by
Ernesto et al. (1999), who determined an Early Cretaceous age
(133-130 Ma), and refer to these as the Northern Parana Basin
(NPB) igneous intrusions and flows. In our study we refer to these
results for comparison.

Procedures

Rock cores were drilled using a gasoline powered portable
drill and oriented using a Pomeroy orienting fixture. Whenever
possible both magnetic and sun-compass readings were taken
to orient the cores. Most cores were large enough for ~3-
4 standard-sized (2.5 x 2.2cm) cylinders to be cut, yet for
the more sandy lithologies shorter, often single-cylinder cores,
were obtained. Rock-magnetic and paleomagnetic measurements
were initiated at the Instituto de Geociencias, University of Sao
Paulo, Brazil (IGc-USP) and continued at the Institute for Rock
Magnetism, University of Minnesota, USA.

Specimens from sites IT-1 through IT-5 and the three
igneous sites were measured at the IGc-USP. Magnetic
moments were measured on an AGICO (Brno, Czech Republic)
JR-6a spinning magnetometer in conjunction with thermal
demagnetization conducted on an TD-48 ASC Scientific
(Carlsbad, CA, USA) furnace, or in conjunction with alternating
field (AF) demagnetization conducted on a Molspin (Oxon,
England) shielded demagnetizer. Magnetization results are
volume-normalized and reported in units of A/m.

The specimens from the remaining sites and the rock-
magnetism of the mafic sills were measured at the Institute
for Rock Magnetism. Magnetic measurements were conducted
on a 2G Enterprises (Mtn. View, CA, USA) U-Channel DC
SQUID with a built-in AF demagnetizer and on a 2G Enterprises
RF SQUID magnetometers. Thermal demagnetization was
conducted on a TD-48SC ASC Scientific (Carlsbad, CA,
USA) furnace. Magnetization measurements performed at the
IRM are mass-normalized and reported in units of Am?/kg.

All paleomagnetic directions were determined using Principal
Component Analysis following Kirschvink (1980) and analyzed
using PuffinPlot (Lurcock and Wilson, 2012). Line-fits were
anchored to the origin of the demagnetization axes where
appropriate. Paleomagnetic directions isolated from each site
were plotted on equal area stereonets to evaluate within-site
consistency and to determine whether any obvious outliers were
present using Stereonet3D (Cardozo and Allmendinger, 2013)
and Pmag.Py (Tauxe et al, 2016b). Site mean statistics were
evaluated using the Fisher (1953) distribution. Intersection of
great circles and bootstrap confidence analysis was performed
using geologyGeometry by Davis (2018). Lastly, paleopoles
were plotted on a globe using GPlates (Boyden et al., 2011).
Susceptibility measurements were conducted on a KLY-2
together with a CS4 furnace for evaluation of thermo-magnetic
behavior between room temperature and 700°C (units of m3/kg)
to evaluate the magnetic mineralogy. Additional rock-magnetic
measurements performed to determine magnetic mineralogy,
coercivity and domain state include hysteresis loops, backfield
curves, and first order reversal curves (FORCs) measured on
Princeton Measurements Corporation (Princeton, NJ, USA)
model 3900 MicroMag Vibrating Sample Magnetometers (VSMs)
to determine hysteresis parameters at ambient and high
temperature. Hysteresis and backfield data, together with
low-temperature rock-magnetic data were analyzed using the
IRM database software. FORC data were processed using the
FORCinel software package (Harrison and Feinberg, 2008)
together with the VARIFORC module of Egli (2013). Coercivity
spectra from back-field remanence curves and IRM acquisition
curves acquired on a VSM were evaluated using the MaxUnmix
software by Maxbauer et al. (2016). Magnetic remanence
and frequency dependent susceptibility were also measured
as a function of temperature on Quantum Design (San
Diego, CA, USA) Magnetic Properties Measurement Systems
(MPMSs) to evaluate magnetic mineralogy and grain size.
Experiments included measuring magnetic remanence upon
heating from 10K to room temperature after cooling in a
25T field (field cooled remanence, FC), and after cooling
in zero field but applying a saturation isothermal remanent
magnetization (SIRM) of 2.5T at 10K (zero-field cooled
remanence, ZFC). A room temperature (RT) 2.5T SIRM was
also applied and the remanence measured upon cooling to
10K and warming back to room temperature (RTSIRM). AC
susceptibility as a function of temperature and frequency was
also measured on the MPMS on specimens from the three mafic
sills.

RESULTS

Paleomagnetic directions obtained from this study are compared
to the present day geomagnetic field direction determined
using the Magnetic Field Calculator available at the NOAA
website https://www.ngdc.noaa.gov/geomag/magfield.shtml. The
present-day field (at the time the sampling was conducted)
obtained for Sdo Paulo, Brazil is oriented 339.4, —35.9°. The
time-averaged dipole field direction calculated for the study area
is oriented 360, —40.4°.
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TABLE 1 | Lithology, site locations, mean paleomagnetic directions and VGPs isolated from each sampling site: N and k are number of specimens and precision
parameter, respectively; ags and A95 are the 95% confidence circles for the directions and VGPs, respectively; for the sedimentary rocks it is also specified whether they
are included in the NS, EW, or both distributions for the great circle analysis, see text for details.

Lithology, site locations, mean directions and corresponding virtual geomagnetic poles

IGNEOUS INTRUSIONS
Site name Lithology Lat (°) Long (°) Directions D(°) 1(°) N k ags (°) VGP Lat(°) Long(®) N K Ags(°)
IT9 Diabase —283.1159 —47.7278 119 1.3 =317 9 1212 47 119 —-84.0 1431 9 1175 438
T9int T 3375 —-36.8 4 99.8 9.2
T14 Diorite —23.1073 —47.7552 [T14 3519 —-31.8 10 139.7 4.1 [Tt4a -804 781 10 1914 35
T4intT  337.0 —34.2 5651.7 1.6
meanintT 337.3 —-356 7 186.3 44 meanintT —68.7 47.0 7 1428 51
IT15 Diorite —23.1064 —47.7634 IT15 130.6 402 8 2113 3.8 [T15 —44.8 32.1 8 2320 3.6
SEDIMENTARY ROCKS
Site name Lat (°) Long (°) Directions D(°) 1(°) N k ags (°) VGP lat(°) long(®) N K Ags(°) Distribution
IT1 Sandstone —23.3339 —47.3238 IT1 1432 36.3 12 149 1.6 IT1 —54.7 38.6 12 147 117 NS
T2 Rhythmite —23.2656 —47.3244 T2 1419 163 32 374 42 T2 —-50.7 5902 32 63.2 32 NS+EW
T3 Diamictite —23.2299 —47.4354 T3 326.8 —16.7 40 23.7 4.7 T3 —55.1 61.4 40 304 42 NS+EW
T4 Turbidite —23.2234 —-47.5728 T4 10.8 -355 16 235 78 T4 —-79.0 2073 16 216 81 EW
IT5 Shale —28.2232 —47.5737 IT5 geo 346.6 —-36.5 34 101.3 25 [T5 —772 526 34 913 26 NS+EW
IT5 Shale —23.2232 —47.5737 IT5 str 323.8 —-24.0 34 85 9.0
IT6 Pelodite —23.1368 —47.6836 [T6 356.2 —35.8 23 1364 26 16 —-86.0 987 29 1835 23 EW
T7 Sandstone —23.1156 —47.7268 [T7 355.0 —39.9 14 25563 25 [T7 —-85.3 456 14 2526 25 EW
T8 Sandstone —23.1180 —47.7164 IT8 356.4 —43.0 23 92.2 32 T8 —85.9 6.9 23 1089 29 EW
IT10 Siltstone —23.1163 —47.7327 IT10 352.1 -36.0 14 585 5.2 IT10 —82.2 63.9 14 52.7 55 EW
T11 Sandstone —23.1160 —47.7363 IT11 354.6 —-34.8 16 9.0 13.0 IT11 —84.0 69.4 16 8.2 13.7 EW
T12 Sand-siltstone —23.1109 —47.7459 [T12 3.1 —40.1 23 1329 26 IT12 —87.0 139.3 23 1548 24 EW
T13 Siltstone —23.1109 —47.7459 [T13 6.2 —425 23 36.7 5.1 [T13 —83.5 2398 23 334 53 EW
IT16 Diamictite —23.0851 —47.7836 [T16 44 —429 32 157 6.6 IT16 —-85.3 2628 32 147 6.9 EW
111 Claystone —23.5427 —47.6494 11 1143 682 20 121 9.8 I —-34.0 3517 20 6.1 145 NS
112 Claystone —23.5439 —47.6542 112 116.7 70.7 23 527 42 112 —34.3 3495 23 214 6.7 NS
113 Claystone —23.5440 —47.6571 113 134.2 681 24 434 45 113 —451 3500 24 222 64 NS
114 Diamictite —23.5456 —47.6808 ll4nu 3524 —-16.0 5 9.0 27.0 ll4nu —-732 1063 5 94 264 NS
114 Diamictite —23.5456 —47.6808 ll4nd 03 246 7 110 190 li4nd -52.6 1316 7 137 169 NS
114 Diamictite —23.5456 —47.6808 ll4seu 1166 —-17.8 20 10.9 10.3  ll4su —-19.2 62.1 20 12.2 9.8 EW
115 Siltstone —23.5438 —47.6922 lI5sed 13564 571 14 7.5 15.5 ll5sed —47.9 8.9 14 48 203 NS
115 Siltstone —23.5438 —47.6922 llI5nd 274 512 18 6.4 14.9 lind —256.3 1665 18 46 181 NS
116 Diamictite —23.5381 —47.7125 lI6sed 168.3 344 14 51 19.6 li6sed —-68.5 427 14 48 202 NSH+EW
116 Diamictite —23.5381 —47.7125 lI6seu 1588 —-6.4 18 8.5 12.6  lIBsu -56.2 919 18 86 125 NS
Irg Diamictite —23.56812 —47.9358 II7 3322 -254 10 35 302 I7 —-61.6 567 10 385 302 NS+EW
118 Sandstone —23.6895 —48.1086 118 204.5 553 21 320 57 118 —-64.5 2600 21 207 71 EW
119 Siltstone —23.7889 —48.1360 1I9nwu 327.3 —-343 18 115 10.7 li9nwu —-60.1 400 18 123 103 NS
119 Siltstone —23.7889 —48.1360 119nd 349.1 454 13 54 19.7  1I9nd -356.9 1222 14 47 205 NS
1110 Diamictite —23.9242 —48.2849 1110 1621 497 37 516 3.3 110 —-64.3 193 37 420 37 NS
1111 Sandstone —23.8797 —49.3847 111 139.0 438 10 83.3 53 111 —-52.7 28.6 10 92.1 5.1 NS
12 Sandstone —20.9927 —46.9749 112 160.9 472 27 115 8.6 112 —61.2 182 27 9.2 9.7 NS
1113 Redbed —20.8932 —46.9459 1113 134.8 448 24 64.2 3.7 113 —-50.0 20.7 24 227 6.4 NS
114 Diamictite —22.7577 —47.4698 114 342.1 -38.1 24 381 49 114 —73.8 434 24 30.5 54 NS+ EW
1115 Diamictite —22.7478 —47.5028 1115 347.8 —29.1 24 423 46 115 —76.7 727 24 438 45 NS+EW
1116 Siltstone —22.7476 —47.5066 1116 79 -46.0 16 624 4.7 1116 -81.3 2569 16 412 58 EW
117 Rhythmite —22.9209 —47.1335 117 355.0 —39.9 14 2553 25 17 —-85.3 438 14 2531 25 EW
1118 Redbed —21.7370 —47.0712 1118 1675 376 8 1626 4.4 118 —782 433 8 1744 42 NS+EW
1119 Redbed —21.1201 —46.8708 1119 110.8 512 24 114 9.2 119 —-285 1569 24 83 109 NS
1120 Rhythmite —23.2498 —47.3294 1120 1315 35.0 24 46.0 4.4 1120 —448 378 24 4341 46 NS
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FIGURE 1 | Study area: (A) location of the study area within the Parana Basin; (B) Site locations and outcropping geological formations within the state of Sao Paulo,
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Igneous Rocks

The specimens collected from the three mafic sills (sites IT9,
IT14, and IT15) have natural remanent magnetizations (NRMs)
ranging between 1.67 and 7.03 A/m. Even though the diabase
at site IT14 is coarser grained than the sills at IT9 and IT15,
IT9 and IT14 reveal the same demagnetization styles and
also yield very similar directions. IT15 instead has different
demagnetization behavior, as shown below for both thermal and
AF demagnetization. The site mean directions are reported in
Table 1.

During thermal demagnetization, specimens from sites IT9
and IT14 reveal three components of magnetization. Below
~400°C the magnetization intensity decreases minimally upon
heating, with a slight inflection around 350°C, and this
component does not possess a consistent direction. The
first consistent component is revealed between ~400 and
525°C and bears the same direction as the present field

direction (Figures 2A,D; Table1) and we refer to this as
the intermediate temperature component of magnetization. A
second, higher temperature component direction is typically
isolated between ~525 and 580-600°C and is characterized
by a sharp drop in magnetization. Such a narrow laboratory
unblocking temperature range is indicative of a narrow grain-size
distribution of magnetic carriers (Figures 2B,E). We have applied
Watson’s V test (e.g., Watson and Irving, 1957) to determine
whether the mean directions for the lower and high temperature
components are statistically distinct. For the sill at IT9, the V
value is 36.3, whereas the critical value of V (V) is 7.5, while
for the sill at IT14V is 63.4 and Vit is 6.7. In both cases the two
components can be statistically considered distinct.

Site IT15 shows linear demagnetization behavior and in
certain specimens two components can be isolated. The first
component is isolated between ~100 and 300°C (Figure 2G), and
has an orientation of opposite polarity to the Earth’s magnetic

Frontiers in Earth Science | www.frontiersin.org

November 2018 | Volume 6 | Article 182


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Bilardello et al.

Widespread Remagnetizations in South America

Thermal Demagnetization AF Demagnetization
A B C
N,U N,U
6 IT9A2 6 ITOA2 N,U IT9B2
Y overtical overtical 6
mhorizontal whorizontal - ical
Units: A/m x10° Units: A/m x10° :;z:foantal
525°C Units: A/m x10°
400°C .‘
5mT
525°C
’ 35mT
w E
EW g — p
1 6 1/[580 °C 6 ]
1 1 S,D
D SD
D F N,U
NU IT14A3 NU IT14A3 = IT14A2
35 35
D:\en‘icalt I :;2:;0:';6' u;i:izc;r:lal o
mhorizontal ro -1 -
Units: A/m x10°! Unite: Al <10 Units: A/m x10°
400°C 525°C
5253C
w
EW. E
0 A\ 35 10_~ |\ 600°C 35 5 35
SD 5D §
G H
NU IT15B1 N,U IT15B1 IT15A2
ol > EW, ¥ E
30 30 30 580°C 30 40
300°C 300°C overtical
overtical overtical mhorizontal
m horizontal mhorizontal Units: A/m x10°
100 °C 40 Units: A/m x10° 40 Units: A/m x10°
SD S,
FIGURE 2 | Zijderveld diagrams for selected specimens from the mafic sills: (A,D,G) intermediate temperature component of magnetization, typically isolated
between 400 and 525°C; (B,E,H) high temperature component isolated in the same specimens as in (A,D,G) typically between 525 and 600°C; (C,F,l) AF
demagnetization revealing one component of magnetization only. See text for details.

field (Figure 2B). The high temperature component direction at
site IT15 is isolated between ~300 and 580-600°C (Figure 2H).
However, when performing Watson’s V test to determine
whether the two distributions share a common mean, the value
of V obtained is 5.8, smaller than the V¢ value of 9.4, indicating
that the two directions are statistically indistinguishable. We can
therefore disregard the lower temperature component for this sill.

AF  demagnetization only isolates the directions
corresponding to the high temperature components for the
three sills. For site IT9 the only stable direction is isolated
between 5-10 and ~35 mT (range 30-40 mT), while specimens
from IT14 demagnetize between 5 and 45-70 mT, with
demagnetization trends that go toward or close to the origin
of orthogonal demagnetization diagrams (Zijderveld, 1967;
Figures 2C,F). Specimens from site IT15 demagnetize in lower
fields, with a sharp loss of intensity and complete removal of the
remanence by ~30 mT. The stable component of IT15 is isolated
between the NRM and ~15 mT (Figure 2I).

On a stereonet, the intermediate temperature magnetization
component directions of IT9 and IT14 are indistinguishable
from the present-day field direction. In particular the individual
directions of IT9 are somewhat elongated between the present-
day field direction and the time averaged field (Figure 3A),
however the mean directions are indistinguishable from that of
the present field (Figure 3B).

The high temperature component and AF directions
for site IT9 are close to the time-averaged field direction
or the present-day geomagnetic field direction, and yield
a site-mean direction oriented: D =1.3°, I —31.7°
(g5 = 4.7° n 9/10; Figures 3C,D). Specimens from
site IT14 vyield a similarly oriented site-mean direction
D = 351.9° I = —31.8° (095 = 4.1° n 10/10), which
we label IT14 (Figures 3C,D). Site IT15, also yields a mean
high temperature component and AF direction toward the
south and down, oriented: D = 130.6°, I = 40.2° (095 = 3.8,
n = 8/10; Figures 3C,D). The directions obtained from IT15
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FIGURE 3 | Directions isolated from the mafic sills: (A) intermediate temperature component directions isolated from sills at IT9 (red) and IT14 (blue), the present-day
field direction (PF) and the time-averaged dipole field (DF) are the black square and diamond, respectively, open (closed) symbols are for upper (lower) hemisphere
projections, respectively; (B) site-mean directions for the intermediate temperature-component magnetizations, symbols as in (A); (C) high-temperature component
directions isolated from the mafic sills, symbols as in (A), site IT15 (purple); (D) site-mean directions for the high temperature-component magnetizations, symbols as

in (A).

plot on the opposite hemisphere and are not antipodal to
IT9 and IT14 (Figure 3C). The mean directions of IT9 and
IT14 have confidence circles that barely overlap and are both
distinct from the present and time-averaged field directions
(Figure 3D).

The demagnetization patterns of the sills are consistent
with the directional changes observed (Figures 4A,B). Thermal
demagnetization of specimens from sites IT9 and IT14, possess
a first decrease in NRM around 350-400°C (Figure 4A). Above
this temperature the first stable direction, coincident with
the present day magnetic field, is isolated, up to ~525°C.
At temperatures higher than 525°C, the high temperature
component is isolated, up to ~580°C (magnetites Curie
temperature), at which point the specimens are completely
demagnetized.

Specimens from site IT15 instead show a rather monotonic
decrease in magnetization with temperature and only one
specimen shows a break in slope at 300°C. Specimens from this

site are also completely demagnetized by ~580°C, but the one
specimen with the 300°C inflection point still carries 3.5% of the
total remanence by 600°C (Figure 4A).

During AF demagnetization, specimens from sites IT9 and
IT14 show an initial gentle loss of remanence up to ~20
mT, after which the loss becomes more abrupt. On average,
specimens from both sites lose 50% of their remanence by
35,5 and 30.0 mT (the median destructive fields, MDFs),
respectively (Figure 4B). Alternating fields are not capable of
entirely cleaning the remanence of these mafic sills, and up
to 16% of the NRM remains in certain specimens. Specimens
from site IT15 instead lose remanence very rapidly and are
completely demagnetized by 30 mT. The MDF is 3.7 mT
(Figure 4B).

Rock-magnetic experiments were conducted to determine
the magnetic mineralogy and domain-state of the remanence-
carrying grains. Low temperature (T < 300K) experiments
conducted on the MPMS show prominent magnetite Verwey
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FIGURE 4 | (A) Thermal demagnetization of the NRM of the mafic sills,
specimens from IT9, IT14, and IT15 are the red, blue and purple curves,
respectively; vertical dashed lines indicate the temperature ranges at which the
intermediate and high temperature components were isolated; (B) AF
demagnetization of the mafic sills, colors as in (A); the mean median
destructive fields are reported with 1 standard deviation error bars. See text for
details.

transitions (Ty) at ~120K for all specimens in all remanence
curves (Supplementary Figure 3). Specimens from IT9 show
the strongest remanent magnetizations, and for this sill the
FC curve has higher magnetization than the ZFC curve, while
the RTSIRM upon cooling and warming recovers the most
magnetization (78%), consistent with smaller [single-domain
(SD)/pseudo-single domain (PSD)] grains. The sill at site IT14
shows similar low temperature behavior; however, the FC-ZFC
curves almost overlap, indicating larger magnetic grain sizes
(Smirnov, 2009). The RTSIRM curves are similar to those from
the previous site, but have lower magnetization and, through the
temperature cycling, only 61% of the remanence is recovered.
The sill at site IT15 has ZFC remanence curve higher than the
FC curve, indicative of multi-domain (MD) grains, and loses
all remanence through the Ty. Cooling of the RTSIRM has a
monotonic decrease until the Ty and upon heating only 31% of
the remanence is recovered.

In-phase magnetic susceptibility vs. temperature shows a
peak at 120K for all specimens, corresponding to the magnetite
Ty (Supplementary Figures 4A,D,G). Below ~75K, however,
a second peak displaying frequency dependence appears,
centered at ~50, 35, and 40K for IT9, IT14, and IT15,
respectively. The lower temperature peak is most pronounced
for IT14, and larger than the Ty peak, unlike for the
other specimens, in which magnetite clearly dominates the
susceptibility response. At temperatures lower than 30K,
IT9 and less so IT15, show an increase in susceptibility
corresponding to the paramagnetic fraction. Out-of-phase
susceptibility (Supplementary Figures 4B,E,H) shows peaks that
correspond to the low temperature in-phase peaks, and these
are further replicated in their entire amplitude by the viscosity
of out of phase susceptibility from Néel’s (1949) single-domain
theory and its derivations presented by Mullins and Tite (1973)
(Supplementary Figures 4C,EI). At these temperatures, and in
the absence of iron sulfides, the out-of-phase susceptibility is
entirely due to magnetic relaxation (i.e., time-dependent viscous
behavior) of magnetite multi-domain grains present in the
specimens (Moskowitz et al., 1998; Ozdemir et al., 2009, and
references therein).

Susceptibility curves measured while heating to 650°C
and cooling back to room temperature show a prominent
drop of susceptibility at 570°C (IT9), 560°C(IT14), 555°C
(IT15), which is consistent with the Curie temperature
of magnetite, possibly lowered by some Ti-substitution
(Supplementary Figures 5A,C,D). Specimens from IT9 and
IT14 also show an increase and decrease of susceptibility near
~150-300°C, which is most pronounced in IT9. Cooling curves
reveal lowered Curie temperatures with respect to the heating
curves, and the appearance of a second Curie temperature,
possibly as a result of exsolution during heating. The prominent
peaks of IT9 and IT14 below the Curie temperatures are
broadened and shifted to lower temperatures, indicating
that these are Hopkinson peaks. IT15 does not show such a
pronounced behavior, but instead possesses a constant increase
of susceptibility with temperature until the Curie point is
reached.

A stepwise heating and cooling experiment of IT9
replicates all features of the single heating-cooling experiment
(Supplementary Figure 5B). The initial increase in susceptibility
near ~150°C is consistent with release of stress resulting from
the diffusional homogenization of magnetite-maghemite core-
shell structures, which reduces the grain’s coercivity (Van Velzen
and Dekkers, 1999). The subsequent drop at ~300°C instead
reflects the inversion of maghemite to hematite (e.g., Dunlop and
Ozdemir, 1997). The repeated heating-cooling cycles also cause
a lowering of the magnetite Curie temperature to ~550°C and
ultimately, a suppression of the Hopkinson peak. However, the
repeat heating causes annealing and reproducibility of the Curie
temperature itself, which is not observed in the single-heating
experiments (cf. Supplementary Figures 5A,B).

Room temperature hysteresis loops of representative
specimens reveal higher coercivities for IT9 and IT14, than IT15
(Supplementary Figure 6), but heightened magnetization for
the latter. The inverse relationship of remanent and in-field
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magnetizations (cf. Supplementary Figures 3, 6) is consistent
with overall increasing grain size from IT9 and 14 to IT15.

Unmixing of backfield demagnetization and IRM acquisition
curves acquired on a VSM (Figure 5) demonstrate that while
the dominant coercivities for IT9 and IT14 are centered ~60
mT, lower coercivity distributions are also present, centered
~20-30 mT. The coercivity distributions are shifted toward
lower coercivities for the backfield curves and toward higher
coercivities for IRM acquisition. Curves for IT15 also possess two
coercivity distributions, but centered at lower fields ~5 and 15
mT. IT15 also demagnetizes more easily (lower fields) than it
magnetizes.

First order reversal curve (FORC) diagrams for the sills at
IT9 and IT14 display similar features: distributions that are
distinct from the origin and have a trace of a ridge along
Bc, up to ~150 mT, together with two lobes at positive
and negative values of By, similar to interacting SD grains
(Supplementary Figures 7A,C). The sill at IT15 instead shows

a dominant distribution at Bc = 0 that extends toward positive
and negative values of By, typical of MD grains. Superimposed,
however, is a faint ridge along B¢ that extends up to ~
60 mT (Supplementary Figure 7D). Because the first stable
magnetization component for IT9 and IT14 was isolated between
400 and 525°C, one FORC experiment was conducted at 400°C
for a specimen from IT9 (Supplementary Figure 7B). Results
show a very similar FORC distribution to that obtained at
room temperature, yet somewhat shifted toward lower values
of Bc.

Sedimentary Rocks

An initial pilot study of the Itararé Group sedimentary
rocks was conducted by performing both thermal and AF
demagnetization experiments on select specimens from each
site collected. Both techniques isolated the same components of
magnetization. Thus, whenever possible AF demagnetization was
preferred because of its rapidity. In certain sites, however, AF

Frontiers in Earth Science | www.frontiersin.org

10

November 2018 | Volume 6 | Article 182


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Bilardello et al. Widespread Remagnetizations in South America

AF Demagnetization
IT1A2 '(\)I’U IT2E1
1
'\ IT1B2 N,U
w
12 2
Wis S NU
35 15
100 mT,
100 mT
70mT overtical
mhorizontal 2
Units: Am x10° ¢ [y 10mT
overtical i
. 25
mhorizontal SD avertical
Units: A/m x10°® ' whorizontal
N,U Units: Aim x10 ™ 35 1omrT N,U
5 D1 3D I3E1 5
/'\ NU jpcr W W
W E 10 ﬁ, 10
5 80mT 10
n
w; Pl 60 mT,
20mT 80 mT
overtical
overtical mhorizontal
whorizontal 20mtT Units: Am%kg x 10°®
Units: Am?/kg x 10 ta 20
15 avertical S,D
S,D 155l m horizontal
N,U Units: Am%/kg x 10
W3 T iE g D
/ ' I120A1
150 mT
118D3 N,U
w E
8 10
overtical
[] h'onzontal 150 mT
Units: Am¥kg x10°®
1114A1
mT
150°C 12
5mT S
overtical
rical mhorizontal
oyeftca Units: Am?/kg x10+
mhorizontal
Units: Am?/kg x10°®
100 mT
6 w E
10 mT 5D 6 10
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demagnetization was unable to fully demagnetize the remanence
and therefore the specimens were subject to subsequent thermal
treatment. The red sedimentary rocks and other sites with a
pink coloration were thermally demagnetized directly, under
the assumption that the characteristic remanent magnetization
(ChRM) resided in hematite. The sedimentary rock specimens
of the Itararé Group typically have weak NRM intensity between
107> and 1077 Am?/kg, despite an overall broad range of
magnetization intensities (107~10~% Am?/kg).

AF demagnetization reveals different behavior even within
the same sites (Figure 6). In most samples the ChRM is nearly

fully demagnetized at fields greater than ~ 50 mT (e.g., II3E1),
however in certain cases it is not erased until higher peak
fields, between 60 and 100 mT (e.g., IT1A2, II8D3). Quite
commonly, orthogonal demagnetization plots (Zijderveld, 1967)
show a single component of magnetization that trends from the
initial NRM toward the origin (e.g., IT1B2, I114A1) and is well-
defined up to ~100 mT, though not always fully demagnetizing
(e.g., IT2E1, I120A1). Different styles of demagnetization can be
observed within the same site and maintain consistent directions
of magnetization, indicating that the sedimentary rocks are
heterogeneous in terms of the grain size (e.g., IT1A2 and IT1B2).
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It is noteworthy that the ChRM of the competent claystones is
consistently isolated in the ~20-80 mT AF range (e.g., I11D1,
I12C1, [I3E1).

Thermal demagnetization behavior also varies by site
and specimen. The ChRM is isolated in variable laboratory
unblocking temperature ranges, similarly to the results of the
AF demagnetization experiments, confirming the heterogeneity
of magnetic grain-sizes and thus coercivity spectra, which is
responsible for the variable laboratory unblocking temperatures.

The gray and tan rhythmites (e.g., IT2C1, I120A2), brown
diamictites (e.g., II10A1), yellow sandstones (e.g., II11D3) and
the red (sometimes silty) mudstones (e.g., II13A1, II19El)
possess remanences that are not fully unblocked until ~675-
680°C, indicating higher coercivity hematite as the ChRM carrier
(Figure 7).

Demagnetization patterns of some specimens (e.g., II11D3)
reveal two relatively narrow laboratory unblocking temperature
intervals around 580 and 685°C, indicating both magnetite and
hematite as the remanence carriers, with a coaxial magnetization
isolated between ~350 and 685°C. Similarly, in other sites (e.g.,
IT2 and I120) the remanent directions isolated with AF (Figure 6)
and thermal demagnetization up to 670°C (e.g., IT2C1 and
I120A2, in Figure 7) are similar and trend toward the origin,
indicating that both magnetite and hematite carry the same
component of magnetization. In other sites that are also not
red in color, however (e.g., 1I10) the stable ChRM direction
is only isolated through thermal demagnetization starting at
laboratory unblocking temperatures higher than ~500°C and is
fully unblocked by 675-685°C, indicating hematite as the ChRM
carrier.

Specimens from the red bed sites (II13, 1118, and II19), and the
pink arenite of site II12 were subject to thermal treatment because
hematite was suspected as the remanence carrier. At site 1112
the ChRM was isolated by 600°C, indicating that the remanence
resides in magnetite and that the pink coloration is secondary
(Figure 7). Atsites II13 and I119, the ChRM was isolated between
~600 and 680°C, showing that the magnetization is carried by
hematite (Figure 7). Specimens from site I18 lost over 90% of
the remanence by 600°C and the ChRM was isolated between
~350 and 600°C (e.g., I118D1), thus the ChRM of site II18 is
interpreted to reside in magnetite. The red coloration of the
sediments from II18 is due to hematite pigment, but the hematite
is not an important remanence carrier.

The dominant groups of site-mean directions are oriented
north and upward or southeast and downward. However, ChRM
directions isolated from certain sites (114, II5, II6, and I19) define
multiple and distinct groups of directions, which reflect the
variation in grain size.

Site-mean directions and respective uncertainties calculated
using Fisher (1953) statistics are reported in Table 1 and plotted
in Figure 8 together with the high-temperature component mean
directions isolated from the mafic sills. We note that some of the
directions isolated have large scatter, and this observation will be
discussed below. We also note that the slump-fold sampled at site
IT5 displayed better clustering of directions in geographic than
stratigraphic coordinates, and statistics are reported in Table 1.
Wherever multiple directions have been isolated from a single

site, the mean directions have been labeled according to the
general orientation of the vector (e.g., I4nu, I14nd, I14su). Most
of the north and up-oriented mean directions plot close to those
isolated from the sills at IT9 and IT14 and around the present-day
field and time-averaged dipole field directions (cf. Figure 3). A
group of directions isolated from the sedimentary rocks, however,
plots close to the direction from IT15, while other directions do
not appear to correlated to those of the mafic sills (Figure 8).

Virtual Geomagnetic Poles (VGPs) and circles of confidence
for all the mean directions isolated from the igneous and
sedimentary rocks are reported in Tablel and plotted in
Figure 9. VGPs from the igneous rock, intermediate temperature
component, specimen directions are plotted in Figure 9A
together with the mean high temperature component VGPs. The
mean reference Early, middle and Late Cretaceous poles (Somoza
and Zaffarana, 2008) are also plotted to aid the discussion of
the data. The intermediate temperature component VGPs define
an elongated pattern between the mean Early Cretaceous and
IT14 VGP, to ~45°E and 60°S. A mean intermediate-temperature
VGP and confidence ellipse (Kent, 1982) are also plotted. Because
the intermediate temperature component is identical to the
present-day field direction for the study area at the time the field
work was performed, this VGP provides a useful reference for the
discussion presented below.

The VGPs calculated from the igneous rocks confirm the
results obtained by Ernesto et al. (1999), who calculated VPGs
from paleomagnetic data derived from dykes, sills, and lava flows,
that follow an elongated distribution that includes the VGPs from
the three sills collected in this study. For a direct comparison we
have plotted the results of Ernesto et al. (1999) in Figure 9B. Note
that each VGP is calculated from an individual igneous unit (sill,
dyke or flow) with a mean sample number of ~8, therefore these
are comparable to the VGPs calculated in our study.

The site-mean VGPs calculated for the sedimentary rocks are
plotted in Figure 9C together with the VGPs calculated for the
mafic sills. All VGPs appear to form elongated distributions,
highlighted in Figure 9C. Arguably, such distribution of VGPs
are not Fisherian and should not be averaged using Fisher (1953)
statistics to calculate a mean paleopole. We do note, however, that
the VGPs of many sedimentary rocks cluster around those of the
igneous sills.

DISCUSSION
Rock-Magnetism of the Mafic Sills

Low temperature remanence measurements of the three mafic
sills that intrude the Itararé Group reveal SD-PSD behavior for
the sill at IT9 and somewhat larger grains for the sill at 1T14,
whereas the remanence of the sill at IT15 indicates MD grains
(FC-ZFC curves in Supplementary Figure 3).

The variation in grain size is confirmed by the RTSIRM curves.
According to Ozdemir et al. (2002), RTSIRM losses of ~15, ~20,
and ~55% upon temperature cycling correspond to grainsizes of
37, 100, and 220 nm, respectively, suggesting that the RTSIRMs
of the sills are dominated by grains of at least 100 nm (IT9)
and up to ~200nm (IT15). These grain sizes are all within
the PSD-MD range (SD-MD transition 50-60 nm, e.g., Dunlop,
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FIGURE 7 | Orthogonal thermal demagnetization diagrams of representative specimens from the sedimentary rocks of the Itararé Group. Solid (open) symbols
represent projections on the horizontal (vertical) plane; red symbols are the demagnetization steps used for principal component analysis (PCA); blue lines are the PCA

1973). Presence of larger PSD-MD grains is further confirmed
by the frequency dependence peaks observed between 35 and
50 K (Supplementary Figure 4) in the in-phase and out of phase

susceptibilities.
High temperature susceptibility experiments
(Supplementary Figure 5) indicate oxidized maghemite

1T9
size

1T14,
IT15

and
for

sills
grain

rims on magnetite grains for
and one dominant magnetite
(Supplementary Figure 5).
Unmixing of backfield and IRM acquisition curves (Figure 5)
reveal two distributions of coercivities within each sill. While for
IT15 the coercivities clearly correspond to MD grains, the higher
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FIGURE 8 | Site-mean directions of the Itararé Group rocks plotted on a
stereonet: solid (open) symbols are projections on the lower (upper)
hemisphere; black and red symbols are for sedimentary and igneous rocks,
respectively. See text for details.

coercivity components for IT9 and IT14 are indicative of SD
grains. For all specimens the mean coercivities are shifted toward
lower fields on demagnetization compared to the acquisition
curves, consistent with interacting SD and/or PSD-MD grains
(Henkel, 1964; Cisowski, 1981).

Room and 400°C temperature ~FORC diagrams
(Supplementary Figure 7) show interacting SD distributions
for the sills at IT9 and IT14 and dominant MD distributions for
IT15.

We interpret the high coercivity distributions of IT9
and IT14 as interacting SD grains. All sills possess low
coercivity MD grains. Comparison of the MDFs (Figure 4B)
and coercivity distributions (Figure 5) in all sills indicate that
the lower coercivity components are responsible for most of
the paleomagnetic remanence. In IT9 and IT14 the remanence
is isolated up to ~35 and 60 mT, respectively, indicating that
the higher coercivity interacting SD grains contribute only
partially to the remanence component carried by larger grains.
The interacting nature of the SD grains suggests a secondary
thermo-chemical origin, rather than primary crystallization.
However, the shape of the thermal demagnetization curves
in Figure4A, for IT9 and IT14, with relatively narrow
unblocking temperature ranges, suggest that these particles
carry the same remanent component as the larger grains.
Therefore, a common event responsible for the growth of
the SD particle would have likely resulted in a magnetic
overprint of the softer MD (and possibly PSD) particles. These
larger grains are of likely primary origin, and formed during
slow cooling of the intrusions, however their magnetization is
probably secondary, yet these particles retain high unblocking
temperatures.

A viable mechanism for high unblocking temperature of
MD particles (>400°C) was proposed by Dunlop et al.
(1997). Following multidomain partial TRM theory of Dunlop
and Xu (1994), they explained anomalously high laboratory
unblocking temperatures of magnetic overprints close to the
Curie temperature (Tc) of the remanence carrying grains
by means of a thermoviscous magnetization model for MD
particles. According to Dunlop et al. (1997), for the particularly
high unblocking temperatures observed in their study, a
low temperature thermoviscous magnetization alone would
likely not be sufficient to explain the data. They propose a
combination of thermoviscous magnetization and superimposed
chemical weathering as responsible for the observed unblocking
temperatures. This model agrees with the presence of interacting
SD and MD grains within the mafic sills that intrude the
Itararé Group that both carry the same remanence components.
These interpretations are also consistent with the paleomagnetic
analysis presented below.

Origin of the Magnetization Components
and Elongation of Paleomagnetic

Directions
The intermediate temperature magnetization component
directions isolated from the sills at IT9 and IT14 are

indistinguishable from the present-day field direction, suggesting
that this component represents a recent magnetic overprint
carried by the softer magnetite grains (Figures 3A,B). The higher
temperature directions obtained from the same sills plot close
to the time-averaged present-day geomagnetic field direction,
but show an elongation toward the present-day field direction
(Figure 3C). Thermal demagnetization cannot fully clean these
overprinted directions, which according to the shape of the
thermal demagnetization curves of Figure 4A resides in both
the larger magnetite grainsize fraction and in the interacting
SD grains. On the other hand, AF cleaning only isolates one
component of magnetization, which corresponds to the high
temperature component, likely because the initial 5 mT steps are
too coarse to resolve the component carried by the softer grains.
The remanent directions are isolated between ~7.5 and ~35 mT
at site IT9 and between 5 and ~60 mT at site IT14. Unmixing
of the coercivity spectra upon demagnetization (Figures 5A,C)
reveals two coercivity distributions centered at 20.0 and 56.8
mT for IT9, and 25.0 and 57.6 mT for IT14. Comparing
these coercivity distributions to the AF ranges that isolate the
magnetization components indicates that the magnetizations
of both sills mostly reside in the lower coercivity grains. This
observation is further supported by the MDFs from the AF
demagnetization experiments that are 30.0 mT for IT9 and 35.5
mT for IT14 (Figure 4B) and therefore well-within the AF ranges
that isolate the remanent directions. These observations suggest
that the larger PSD-MD grains are the dominant remanence
carriers for these sills.

It follows that the directions isolated must either be an ancient
magnetization mostly residing in larger PSD- MD particles that
is coincidentally close to the time-averaged field directions, or a
recent overprint recorded by the same grains, which protracted
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FIGURE 9 | Virtual Geomagnetic Poles (VGPs): (A) VGPs calculated from the high temperature component magnetizations isolated from the mafic sills at IT9 (red),
[T14 (blue), and IT15 (purple), and from the mean low temperature component (black) isolated from IT9 and IT14. The reference early, mid- and late Cretaceous
paleopoles (green) of Somoza and Zaffarana (2008) are plotted for reference; (B) VGPs from mafic intrusions and lava flows from the same study area reported by

Ernesto et al. (1999); (C) VGPs derived from the sedimentary rocks of the Itararé Group (blue) and from the mafic sills (red). Dashed lines indicate VGPs with higher
scatter (095 > 15°; k < 10). Highlighted in yellow are the approximate trends of the distributions of VGPs. Dashed-highlight is for the VGPs that follow the distribution
of the igneous rock-derived VGPs, solid-highlights are for the N-S and E-W distributions of VGPs (see text and Table 1); (D) Paleopoles from relevant South American
rock formations, for the Fm identifiers refer to Table 2. Blue, red, purple, light blue and green are Carboniferous, Permian, Triassic, Jurassic, and Cretaceous data,
respectively. For each geologic period, the circles, squares and diamonds are for early, mid- and late, respectively. Highlighted in yellow is the problematic loop in the

classic APWP as reported by Tomezzoli et al. (2013). See text for details.

over enough time to capture the time-averaged field. In either
case, the elongation attests to very recent overprints toward
the present-day field that cannot be fully removed by either
thermal or AF treatment, and likely resides in the high-coercivity
interacting SD grains. To summarize, the harder SD grains carry
a very recent magnetic overprint that is visco-chemical in origin
and cannot be fully erased, whereas the dominant distribution of

PSD-MD grains carries the high-temperature component, which
is either a primary magnetization coincidentally close to the time-
averaged dipole field direction, or a secondary thermo-viscous
remagnetization.

Determining the magnetic carrier of the components isolated
in the sill at IT15 using both AF and thermal demagnetization
is more straightforward. These reside in MD magnetite, as
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indicated by all rock-magnetic measurements performed, and
more specifically in two overlapping grain size distributions. The
magnetization isolated here is distinct and has opposite polarity
to that of the other sills. This magnetization also resides in MD
magnetite, however, it does not appear to be overprinted by the
present-day field. It must therefore represent a stable primary
direction or an ancient overprint that is resistant to laboratory
cleaning, in which case it would likely be a thermo-viscous
remagnetization.

The sills likely intruded the Carboniferous sedimentary
sequence during the post-Jurassic extensional events that are
responsible for the widespread magmatism in the Parand/Chaco-
Parana basins. The three sills collected in this study crop out
proximally to some igneous rocks reported on by Ernesto et al.
(1999), and are surrounded by other outcrops on all sides.
Moreover, the VGPs derived from these units follow the same
distribution that approximately follows the 30 and 210° E
meridians. It is therefore reasonable to assume that these rocks
are related, providing a precise age constraint (133-130 Ma) for
these intrusions.

It was previously determined that the directions isolated from
the three sills have been overprinted by the present-day magnetic
field. The elongation of the VGPs derived from the sills, dykes
and flows sampled in our and Ernesto et al.’s (1999) studies may
therefore be a consequence of either incomplete removal of the
remagnetization component or an anomalous geomagnetic field
behavior during the Cretaceous. Discriminating between the two
possibilities would be speculative, however, because both datasets
are derived from dual-polarity data we prefer to interpret these
magnetizations as primary, but with incomplete removal of the
present-day field overprint in some sites.

The VGPs of the Itararé Group sedimentary rocks appear to
define distinct trends.

A first trend follows the distribution of the VGPs from the
three mafic sills and is defined by the cluster of many VGPs
around them, and is highlighted with a dashed line in Figure 9C.
It is reasonable to assume that these sedimentary rocks were
remagnetized by the intrusive rocks, and this distributions
is further explained by comparison with the VGPs obtained
from igneous rocks by Ernesto et al. (1999) (Figure 9B). It is
apparent that many VGPs obtained from Permo-Carboniferous
sedimentary rocks are distributed along the same elongated trend
of the Early Cretaceous igneous rocks, providing solid evidence
for remagnetization of these rocks.

Two other trends are highlighted in Figure 9C, and also
include the VGPs obtained from the three mafic sills, but have
different orientations. One distribution (denoted E-W) extends
from the VGP of site II8 into the opposite hemisphere toward
II4su, including the VGPs of IT9 and IT14a.

The other distribution (denoted N-S) extends from the
accepted Late Carboniferous pole location, as defined by the
VGPs of sites I11, 112, and 113, to the opposite hemisphere toward
the VGP calculated from direction II5nd, and includes the VGP
of the sill at IT15, defining a great circle-fit with strike and dip of
161.4 and 66.2° (N = 25). Notably, some of the VGPs defining
this distribution (I14nu, I14nd, II5sed, 1I5nd, I16sed, 116su, 117,
I19nd) have large scatter (ao5 > 15% k < 10, see Table 1) and

are shown with dashed agss in Figure 9C. These VGPs appear
to “pin” the distribution, however, eliminating them from the
analysis results in a great circle-fit with similar orientation (strike
164.8°, dip 67.6°; N = 17). The similarity of the fits suggests
that the elongation is a real feature, and the high scatter of
certain VGPs is an effect of remagnetizations, possibly associated
with other unrecognized igneous bodies or migration of fluids
associated with the magmatic events.

Interestingly, if one disregards the VGPs east of the
intersection of the distributions (i.e., VGPs II4su, 114nd, II5nd,
II6su, I19nd) under the assumption that these represent spurious
magnetizations and/or based of their higher scatter, then the
remaining VGPs define a loop that is remarkably similar to
the classic South American APWP (e.g., Tomezzoli et al., 2013,
highlighted in yellow in Figure 9D).

EVIDENCE FOR WIDESPREAD
REMAGNETIZATIONS

In Figure 9D and Table 2 we report South American paleopoles
that range in age between the Carboniferous and the Triassic.
In yellow we highlight the APWP reported by Tomezzoli et al.
(2013), featuring the distinctive loop. The cusp of this loop is
inconsistent with a Pangea A assemblage (e.g., Brandt et al.,
2009; Font et al, 2012), and it has been argued by these
authors that the loop is either the result of unremoved magnetic
overprints (mostly Cretaceous) and/or of the overall quality
of specific paleomagnetic poles. Significantly, the alternative to
the Pangea A reconstruction, Pangea B (Irving, 1977) which is
a direct consequence of the loop, is considered unrealistic by
many authors because of the high displacement rates required
to return to the accepted Pangea A assemblage in the Jurassic
(e.g., Domeier et al,, 2012). In fact, calculating the tectonic
displacement along the loop by utilizing the poles and their ages
as reported by Tomezzoli et al. (2013) results in a mean rate
of ~18 cm/yr. Such high velocity is in stark contrast with the
average 1-8cm year plate motion based on current sea floor
spreading rates and assumed to have been valid through geologic
history. It thus appears that the loop, and implicitly the Pangea B
reconstruction, are unrealistic under multiple lines of evidence,
warranting an in-depth investigation of the remagnetization and
data quality postulations.

Discordant paleomagnetic data have been long recognized
for Carboniferous to Triassic rocks and elongations in the
distributions of younger (Jurassic and Cretaceous) South
American VGPs and discordant associated paleopoles have
also been the focus of extensive debate. Having recognized
the elongated distributions in the VGPs of the Itararé Group
sedimentary rocks (Figure 9C), we systematically evaluate the
distributions of the VGPs that define the Carboniferous through
Triassic portion of South Americas APWP. In this analysis
we also include some of the most problematic Late Jurassic
and Early Cretaceous paleopoles, in search of patterns that
may be consistent with the mafic sills that intrude the Itararé
Group. The paleopoles evaluated are listed in Table2 and
plotted in Figure 9D. Unfortunately, not all published studies
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TABLE 2 | South paleopoles, as reported in the literature, utilized in this study and separated by age: Identifiers correspond to the labels used in Figure 9; Ages are
reported in Ma; degrees latitude, degrees longitude; Ags is 95% circle of confidence around the mean of the VGPs; *Ags was recalculated because not reported in the
original study [either the ags (La Tabla, Pular, Cas), the dm-dp (Hoyada Verde, Tepuel), or the csd (Piaui) of the directions were reported].

Period Identifier Age (Ma) °Lat °Long Ags (°) References
CARBONIFEROUS

Hoyada Verde Fm, Argentina HV mC —-41.9 356.2 16.3* Rapalini and Vilas, 1991
Tepuel Fm, Patagonia, Argentina Te 318 —-31.7 3156.5 15.5* Rapalini et al., 1994

Itarare Group, Brazil 175 310 —-57.0 357.0 11.2 Valencio et al., 1975

ltararé Group I1, Brazil 11 310 —56.7 350.6 41 Pascholati, 1983

Itararé Group, Brazil ITA1 310 -37.8 350.4 9.8 This study

Itararé Group inclination-corrected ITA1/ 310 —356.1 339.4 7.7 This study

Rio do Sul, Brazil RS 310 —63.2 347.5 3.3 Franco et al., 2012

La Colina Fm, Argentina LC 310 —49.0 343.0 5.0 Sinito et al., 1979

Piaui Fm, Brazil Pi 310 —-50.0 345.0 17.4* Creer, 1970

La Tabla Fm, Chile LT 310 -51.0 347.0 7.9 Jesinkey et al., 1987

Pular Fm, Chile Pu 310 -51.3 3371 10.8* Jesinkey et al., 1987

Cas Fm, Chile Cas 310 —65.8 344.9 14.7¢ Jesinkey et al., 1987

Santa Fe Group, Brazi SF 300 —62.5 328.3 4.1 Brandt et al., 2009

Paganzo Basalt, Argentina Pa 300 —66.0 348.0 6.9 Thompson and Mitchell, 1972
PERMIAN

Chancani Fm, Argentina Ch 291 —856.2 3568.2 10.3 Geuna and Escosteguy, 2004
Cerro Colorado- Caminiaga Fm, Argentina CC 291 —79.3 290.6 11.0 Geuna and Escosteguy, 2004
Itararé Group 12, Brazil 12 290 —60.3 29.5 4.0 Pascholati, 1983

Rio Curaco Fm, Argentina RC 290 —64.0 5.0 5.0 Tomezzoli et al., 2006

Rio del Penon sediments, Argentina RP 290 —75.3 331.1 8.0 Geuna and Escosteguy, 2004
Punta del Agua volcanics, Argentina PA 290 —-71.3 2721 9.5 Geuna and Escosteguy, 2004
Sierra Chica 1 Fm, Argentina SCAH 290 —66.5 34.0 8.0 Tomezzoli et al., 2009

Tunas 1, Argentina T1 290 —63.0 13.9 5.1 Tomezzoli and Vilas, 1999
Copacabana Group, Peru Co 280 —68.2 321.3 52 Rakotosolofo et al., 2006
Tunas 2 Fm, Argentina T2 275 —741 25.9 5.2 Tomezzoli, 2001

San Roberto Fm, Argentina SR 270 —70.0 491 10.7 Tomezzoli et al., 2006
Tambillos Fm, Argentina Ta 267 —78.9 319.6 6.5 Rapalini and Vilas, 1991
Horcajo Fm, Argentina Ho 267 —72.4 264.8 12.0 Rapalini and Vilas, 1991
Upper Choiyoi Group, Argentina uc 264 —73.7 315.6 4.1 Domeier et al., 2011b

Sierra Chica 2 Fm, Argentina SC2 263 —80.1 348.6 3.3 Domeier et al., 2011a
Independencia Group, Paraguay In 260 —-80.7 7.0 6.6 Rapalini et al., 2006
Araguainha Impact Structure, Brazil Ar 255 —84.2 326.6 3.6 Yokoyama et al., 2014
TRIASSIC

Multiple Formations, E Cordillera, Bolivia EC 248.5 —81.8 344.2 3.5 Libarkin et al., 1998

Puesto Viejo Fm, Argentina PV 240 —76.7 312.4 7.3 Domeier et al., 2011b
Suriname Dykes, French Guyana SD 232 —-81.9 319.5 7.1 Veldkamp et al., 1971

Rio Blanco Fm 1 and 2, Argentina LC 216 —81.8 298.3 7.6 Vizan et al., 2004

Bolivar Dykes, Venezuela BD 203 —66.9 245.6 4.2 MacDonald and Opdyke, 1974
JURASSIC/CRETACEOUS

Camaraca Fm, Chile Cam 157 —-70.5 10.0 6.0 Palmer et al., 1980

Rio Los Molinos Fm, Argentina RM 141 —-72.0 359.0 11.9 Geuna and Vizan, 1998
Saldan Fm, Argentina Sa 141 —79.9 75.1 8.3 Geuna and Vizan, 1998
Northern Paran& Basin Igneous rocks NPB 132 —83.0 71.4 2.4 Ernesto et al., 1999

El Salto-Aimafuerte Fm, Argentina eSA 123 —72.0 35.0 12.6 Geuna and Vizan, 1998
Vulcanitas Cerro Colorado Fm, Argentina vCC 121 -81.0 14.0 10.4 Valencio, 1972

MEAN CRETACEOUS REFERENCE POLES

Early Cretaceous IKog 135-130 —84.7 76.4 2.0 Somoza and Zaffarana, 2008
Middle Cretaceous mKog 125-100 —88.7 354.0 2.3 Somoza and Zaffarana, 2008
Late Cretaceous uKos 85-65 —80.6 345.1 4.3 Somoza and Zaffarana, 2008

The Rio Blanco Fm is reported here as 1 and 2, because the VGPs form two distinct distributions, which have been separated in this study for the great circle analysis (Table 2;
Figure 10, see text for details).
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list the individual VGPs or directions used to calculate the
mean formation paleopoles. Therefore, Table 2 and Figure 9D
include additional Permo-Carboniferous paleopoles that could
not be used for our analysis but are widely cited. The reference
Cretaceous paleopoles of Somoza and Zaffarana (2008) are also
reported in Table 2.

A total of 40 distributions of VGPs deriving from 37 studies
were utilized, including the current work on the Itararé Group.
We note that for the Rio Blanco Fm, as for the Itararé Group
sedimentary rocks, the VGPs define two distinct distributions
and have been subdivided accordingly. Likewise, the VGPs of
the Itararé Group have been subdivided into 3 distributions, one
for the three mafic sills (IT Sills) and two for the N-S (IT N-S)
and E-W (IT E-W) distributions of the sedimentary rocks. All
distributions used are listed in Table 3.

We analyzed the elongation of the distributions of South
VGP from each rock Formation and their mean intersections.
Similarly to the analysis of remagnetization circles (McFadden
and McElhinny, 1988), it is assumed that if the magnetizations are
primary, the elongations of VGPs intersect at the mean paleopole
position for the corresponding age of the magnetizations.
Conversely, if the rocks are remagnetized, the great circles
intersect at a position consistent with the pole for the time of the
secondary magnetization.

For the purpose of determining whether Carboniferous,
Permian and Triassic rock formations, including the Itararé
Group sedimentary rocks, have been remagnetized by a common
Jurassic/Cretaceous event, rock formations of these ages are
analyzed together. The mafic sills that intrude the Itararé
Group in the Early Cretaceous are analyzed with the Late
Jurassic/Early Cretaceous formations. The expectation is that if
the magnetizations are primary, the formations would intersect at
distinct positions according to their ages, thus defining the South
American APWP.

Because the VGPs are derived from both normal- and reverse-
polarity data, they are treated as lines (each of which points
in two opposite directions) rather than rays (each of which
points in one direction only). For each formation, the VGPs
can be summarized by a scatter matrix T' (Mardia and Jupp,
2000, section 9.2.2). The eigenvalues are 77 > 7, > 73 > 0,
and the eigenvector associated to 73 is the pole to the best-fit
plane through the VGPs. In this way, a plane is associated to
each formation. The rock formations are manually grouped into
clusters with similar planes. For each cluster, the scatter matrix of
the plane poles is computed. The 73 eigenvector of that matrix
is then a best fit to the intersection of the planes and a point
estimate of the intersection of the elongation of the original
VGPs. Bootstrapping the analysis (e.g., Efron and Tibshirani,
1993; Tauxe et al., 2016a) produces point estimates Pi, Ps,...,
Pjg00, which form an elliptical cloud centered near the original
point estimate P. Using Mahalanobis distance (Mahalanobis,
1936) in the tangent space at P, one can construct an ellipse that
contains 95% of the P;. This ellipse constitutes a 95% confidence
region for the intersection of elongation. Results of this technique
are shown in Figure 10.

The Carboniferous through Triassic formations define two
distinct groups with intersections in the NW and NE quadrants

of a stereonet (upper hemisphere), irrespective of the age of the
rocks (Figures 10A,B, respectively). The intersection of the first
group (Lat —71.7°, Long 337.8°; confidence ellipse: Lat range
—79.2 to —63.5° Long range 318.6-347.3°) coincides with the
mean Late Cretaceous reference pole, will be referred to as “Late
K.” The second group has a mean intersection that does not
coincide to any Cretaceous reference pole and is referred to as
“X” (Lat —75.5°, Long 44.5°; confidence ellipse: Lat range —79.4
to —71.4°%; Long range 25.9-66.7°).

We note that three Permian and one Triassic rock formations,
the Araguainha, the Tunas 2, the Rio del Penon, and the Rio
Blanco (distribution 1), have distributions that fit equally well
the “Late K” and the “X” groups. It is perfectly acceptable for
a rock to record multiple magnetizations and therefore have a
distribution of VGPs that is elongated between the two latest
magnetizations. Furthermore, the two intersection positions are
located 18.1° apart, and therefore it is not unreasonable that
certain formations will have distributions of VGPs that are close
to both intersections. Likewise, the distribution of the Tepuel
Formation has a different orientation from the other formations
and its t3 does not fit a common great circle. In virtue of this it
has not been included in the two groups, and possibly represents
a primary and distinct magnetization.

The sills and other Late Jurassic/Early Cretaceous rocks,
instead define a broad distribution that intersects in the NE
quadrant of a stereonet. This distribution, labeled “JK-Sills,”
intersects at a position virtually identical to “X” (Lat —75.7°, Long
40.6°; confidence ellipse: Lat range —89.4 to —53.9°; Long range
26.0-190.1°), but its uncertainty is strongly elongated, reflecting
both the elongation of the data, and the fact that most great circles
intersect at small angles to each other (Schmidt, 1985).

On a first analysis it is apparent that regardless of their
age, the Carboniferous through Triassic rocks share two
common intersections, which are therefore interpreted as
remagnetizations. One of these (Figure 10A), coincides with the
Late Cretaceous reference pole (Table 2; Figure 9A) and is thus
interpreted as a Late Cretaceous remagnetization associated with
the extensional events tied to the opening of the South Atlantic
and related magmatism. The second remagnetization “X,” instead
coincides with that of the “problematic” Late Jurassic/Early
Cretaceous poles (Table 2; Figures 9C, 10B,C) and thus either
reflects a remagnetization event in the Jurassic/Cretaceous (i.e.,
the magnetization of the J/K rocks is primary), or a later
remagnetization that also affected these Jurassic/Cretaceous
rocks (i.e., the magnetization of the J/K rocks is also secondary).
The intersections of the Jurassic/Cretaceous rocks and the sills
that intrude the Itararé Group rocks (Figure 10C), however, span
the position of the VGP calculated from the low temperature
component isolated from the sills at IT9 and IT14 (Table 1;
Figures 3A,B, 8A), which in turn is indistinguishable from
the present-day field direction (Figure3B). It follows that
magnetizations “JK-Sills” (indistinguishable from magnetization
“X”) is either somewhat overprinted by the present-day field
direction, or is a primary Late Jurassic/Early Cretaceous
magnetization and its elongation reflects the geomagnetic field
behavior, and coincidentally overlaps with the present-day field
direction.
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TABLE 3 | Maximum, intermediate and minimum principal components (t1, 7o, and 3, respectively) of the VGP great-circle fits, and calculated shape (g) and strength (z)

parameters.

Group/Formation Age (Ma) Paleolatitude (°) GC distribution T4 To T3 In(z4/73) In(ra/t3) Strength(t) Shape(y) S(°) Sy (°)
Rio Blanco 1 216 39.8 Late K-X 0.9728 0.0264 0.0008  3.6068 3.4965 7.1033 1.0315 116 6.1
Araguainha 255 22.0 Late K-X 0.9686 0.0283 0.0031 3.6330 2.2115 5.7444 1.6976 121 1241
Suriname Dykes 232 35 Late K 0.9626 0.0283 0.0091  3.5268 1.1346 4.6614 3.1084 145 145
Independencia 260 28.8 Late K 0.9679 0.0288 0.0033  3.5148 2.1665 5.6812 1.6224 147 147
Cerro Colorado- 291 40.2 Late K 0.9466 0.0356 0.0178  3.2805 0.6931 3.9737 4.7328 147 147
Caminiaga

Sierra Chica 2 263 42.5 Late K 0.9644 0.0221 0.0136 3.7759 0.4855 4.2614 70773 15.0 1441
Saldan 141 23.1 JK Sills 1 0.9627 0.082 0.0053 3.4040 1.7980 5.2020 1.8932 161 1641
Tambillos 267 41.1 Late K 0.9458 0.0345 0.0197  3.3111 0.5603 3.8714 59090 18.1 18.1
Chancani 291 334 X 0.9285 0.0555 0.016 2.8172 1.2438 4.0610 22650 182 182
NPB igneous 131.5 19.6 JK Sills 0.9244 0.062 0.0136  2.7020 1.5171 4.2191 1.7811 182 148
Puesto Viejo 240 46.6 Late K 0.9413 0.0447 0.014 3.0473 1.1609 4.2082 26249 184 184
Rio del Penon 290 44.3 Late K-X 0.9593 0.0325 0.0082  3.3850 1.3771 4.7621 24580 20.0 20.0
Tunas 2 275 35.4 Late K-X 0.9408 0.0334 0.0257  3.3382 0.2621 3.6002 12.7380 20.8 20.8
Upper Choiyoi 264 48.6 Late K 0.9421 0.0318 0.0261 3.3886 0.1975 3.56862 171550 211 211
ITE-W 310 20.5 X 0.8989 0.098 0.0031  2.2162 3.4536 5.6698 0.6417 233 135
Rio Los Molinos 141 37.1 JK Sills 1 0.9504 0.0334 0.0162 3.3483 0.7235 4.0719 4.6277 242 242
San Roberto 270 27.5 X 0.9695 0.0249 0.0056  3.6619 1.4921 5.1540 24542 249 249
Copacabana 280 29.8 Late K 0.9823 0.0138 0.004 4.2652 1.2384 5.5036 34442 249 249
Punta del Agua 290 39.4 X 0.9358 0.0488 0.0154  2.9537 1.1534 4.1070 25609 251 25.1
Rio Blanco 2 216 39.8 Late K 0.9889 0.011 0.0001  4.4987 4.7005 9.1992 0.9571 259 259
Bolivar Dykes 202.5 71 Late K 0.9953 0.004 0.0007 5.5167 1.7430 7.2597 3.1651 262 26.2
Rio do Sul 310 429 Late K 0.9339 0.0411 0.0251  3.1234 0.4931 3.6165 6.3336 28.3 258
Paganzo Basalt 310 40.9 Late K 0.9489 0.0504 0.0007  2.9353 4.2767 7.2120 0.6864 29.0 29.0
Camaraca 157 19.8 JK Sills 1 0.8811 0.0866 0.0323  2.3199 0.9862 3.3061 23523 29.0 269
Rio Curaco 290 415 X 0.9732 0.0187 0.008 3.9521 0.8491 4.8011 4.6545 291 291
El 123 28.2 JK Sills 1-2 0.8851 0.1054 0.0095 2.1279 2.4065 4.5344 0.8843 304 19.6
Salto-Aimafuerte

Cas 310 29.6 Late K 0.9441 0.0535 0.0024 2.8706 3.1042 5.9748 0.9247 311 311
Sierra Chica 1 263 29.0 X 0.9313 0.0454 0.0233  3.0211 0.6671 3.6881 45289 319 319
Itu 310 14.3 X 0.8817 0.1163 0.002 2.0257 4.0630 6.0887 0.4986 324 319
IT Sills 131.5 19.1 JK Sills 0.8778 0.1219 0.0003  1.9742 6.0072 7.9814 0.3286 329 329
Tunas 1 290 32.4 X 0.852 0.1213 0.0267  1.9493 1.5136 3.4629 12879 339 339
Santa Fe 300 38.7 Late K 0.8721 0.0811 0.0468  2.3752 0.5498 2.9250 4.3202  34.0 30.1
Itararé 11 and 2 310 40.2 Late K 0.9079 0.0588 0.0333  2.7370 0.5686 3.3056 48137 353 353
Horcajo 267 425 X 0.7299 0.1934 0.0767  1.3281 0.9249 2.2530 14361 372 37.2
ITN-S 310 20.2 X 0.8028 0.1719 0.0253  1.5412 1.9161 3.4573 0.8043 39.4 394
La Tabla 310 39.5 X 0.954 0.0411 0.0049  3.1447 2.1268 5.2714 14786  43.7 437
Pular 310 43.6 X 0.9796 0.0202 0.0002  3.8815 4.6151 8.4966 0.8410 457 457
Eastern Cordillera 248.5 13.4 Late K 0.6425 0.2973 0.0602 0.7706 1.6971 2.3677 0.4825 541 541
Tepuel 318 65.7 N/A 0.7592 0.178 0.0627  1.4505 1.0434 2.4939 1.3901 66.8 66.8
Hoyada Verde mC 28.4 Late K 0.7146 0.2737 0.0117 0.9597 3.1624 41121 0.3044 69.6 69.6

S and Sy are the VGP scatter before and after variable cut-off angles. Studied formations are listed according to their S values. See text for details.

To constrain the shape of the VGP distributions further, the
eigenvalues of the great-circle fits are plotted on a Woodcock
(1977) diagram (Figure 11) as In (7;/ 73) vs. In (2/73). On such
a diagram, perfectly elongated distributions (uniaxial girdles) lie
along the abscissa, whereas perfect uniaxial clusters lie along
the ordinate axis. The variation in shape is tracked by the value

of y = In ((r1/12)/In(72/73). Furthermore, the strength of such
distributions can be evaluated in terms of ¢ = In(t;/73), with
isotropic shapes at the origin. The eigenvalues are reported and
values of y and ¢ are reported in Table 3.

Additionally, for each Fm. we have also calculated the angular
VGP scatter (S) (e.g., McFadden et al., 1988) of all VGPs, and after
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distribution; (C) “JK-Sills” distribution. See text for details.

FIGURE 10 | Great circle analysis of VGP elongations. Stereonet projections of great circle-fits through the VGPs of the rock formations studied. The South pole is in
the center and the prime meridian is vertical through the plots. Blue, red, purple, light blue and green data are for Carboniferous (and intruding sills), Permian, Triassic,
Jurassic, and Cretaceous data. Intersections of great circles and bootstrap 95% confidence ellipses are black symbols. (A) “Late Cretaceous” distribution; (B) “X”

applying a variable cut-off angle (Sy, Vandamme, 1994). These
values are reported in Table 3. We note that the variable cut-off
angle only makes a difference to eight of the VGP distributions,
however, we point out that to fully evaluate the shape and
strengths of the distributions, cut-off angles should not be applied
as these will inevitably modify the shape parameters, and outliers
should be removed based on the paleomagnetist’s experience.
The Woodcock (1977) diagram in Figure 11 shows the Fms
grouped according to their scatter values, S. Rather strikingly,
S tends to increase with elongation (girdling). Scatter also
increases with isotropy, reflected in greater S values toward
the origin. Overall, it appears that many of the data are too
girdled (y > 2) to reflect primary magnetizations that average
paleosecular variation. Conversely, for data that are too clustered
and/or have too strong distributions (y << 5 and ¢ > 5)
these distributions may be unrealistic to reflect natural DRMs
or TRMs. To further evaluate the scatter of these data, we plot
S vs. the paleolatitude (Table 3) calculated from their reported
paleomagnetic inclinations (or reported poles and site locations),
together with their bootstrap confidences (Figure 12). For this
analysis we have separated the igneous and sedimentary rocks,

and have plotted the Model G fit (McFadden et al., 1988)
calculated by Oliveira et al. (2018) for the Permo-Carboniferous
Reverse Superchron (PCRS) using global data, and the Model G
fit for the Cretaceous Normal Superchron (CNS) of Biggin et al.
(2008), also from global data.

It is apparent that the majority of the data analyzed in this
study do not fit either the PCRS or CNS models, suggesting
that the scatter of these data may be the result of unremoved
secondary magnetizations, which increased the elongation
and/or the strength of the distributions (see Figure 11). In
general, however, we must stress that while a large (or too
small) S value may be an indication of remagnetization,
in general S cannot be used as a tool alone to identify
remagnetizations. However, the observations that the data
used in this study are highly elongated and/or possess strong
distributions, the observation that the VGP distributions have
common intersections regardless of the rock ages, together
with the observation that the VGP scatter generally does not
agree with global models of VGP scatter for similar aged-rocks,
make a valid case for widespread remagnetizations in South
America. The extent of the remagnetizations, however, needs to
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remagnetization suggested here for the igneous rocks, thermo-
viscous remagnetization of larger PSD-MD grains, may not
appear convincing to many, partly due to the still relatively
poor understanding of MD grains. However, the evidence
compiled for Jurassic/Cretaceous remagnetizations of older
rocks appears overwhelming. Very similarly, Veselevskiy et al.
(2016), reported convincing evidence for widespread Early
Jurassic remagnetizations in Fennoscandia that affected 500 Ma
to ~2 Ga rocks, with significant consequences for the APWP
of Baltica. The authors of that study were not able to provide
convincing petrographic or magnetic evidence or mechanisms
for the remagnetizations, and speculate that migration of
low-temperature fluids resulted in chemical remagnetization.
Regarding the Itararé Group rocks, specifically, we had already
noticed that the three II1, II12 and II3 sites have a significantly
different lithology than the rest of the Group rocks. Moreover,
the VGPs calculated from these sites are located at the end
of one of the N-S distributions (see Figure 9C), which is also
a paleopole position consistent for Carboniferous rocks (cf.
Figure 9D). A paleopole calculated from these sites, ITAl, is
reported in Figure 9D and Table 2 (Lat —37.8°, Long 350.4°,
Ags 9.8°). It is located at lower latitudes than most of the
other Carboniferous paleopoles, suggesting that this pole is
unaffected by the remagnetizations described. We also note
that the ITA1 paleopole is located at a similar latitude as the
Carboniferous Tepuel paleopole, the only formation in our study
that has a distribution of VGPs that is independent of the other

FIGURE 12 | VGP scatter, S, vs. paleolatitude calculated from igneous (A) and
sedimentary (B) rock formations of different ages: blue, red, purple and green
are for Carboniferous, Permian, Triassic, and Jurassic-Cretaceous data,
respectively. Error bars are based on the minimum and maximum values of S
determined by bootstrapping. Solid curves are the Model G fit for the
Permo-Carboniferous Reverse Superchron (PCRS Model G) of Oliveira et al.
(2018), whereas the dashed curves are the Model G fit for the Cretaceous
Normal Superchron (CNS Model G) of Biggin et al. (2008); see text for details.

rock formations, and therefore is possibly primary. Detailed
paleomagnetic results of the sedimentary rocks of the Itararé
Group will be presented in a dedicated article, together with
their paleogeographic implications. However, we report here that
an inclination correction of the ITA1 paleopole (Lat —35.1°,
Long 339.4°, Ags 7.7°) brings this pole into closer agreement
to the Tepuel Fm paleopole (ITA1" in Figure 9D and Table 2).
For future investigations, we also suggest that a more modern
study of the Tepuel Fm, whose pole currently has a large circle of
confidence, may increase its precision. Likewise, we suggest that a
new study of the Hoyada Verde Fm paleopole, which is the closest
to the Itararé ITA1 pole (Figure 9C), may help better constrain
the magnetization history of this Fm. The Hoyada Verde Fm
VGPs show the most pronounced elongation and VGP scatter
of all the studied formations, suggesting that these VGPs may
likely have been dragged toward a younger paleopole position,
and away from the expected Carboniferous pole position.
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CONCLUSIONS

We have conducted a detailed paleo and rock-magnetic
investigation of the Permo-Carboniferous Itararé Group
sedimentary rocks and three intruding mafic sills that were
encountered during field work. Paleomagnetic analysis revealed
that many of the sedimentary rock sites have paleomagnetic
directions that are grouped around those of the intrusive rocks
from our and published studies, which have been precisely
dated as Early Cretaceous. The intrusive rocks instead have
stable magnetization directions that do not agree with the
Cretaceous reference poles, but such discordant directions are
also encountered in other South American Late Jurassic/Early
Cretaceous rocks and have been deemed “problematic” by
previous workers. Moreover, the intrusive rocks have magnetic
overprints that are stable up to high temperatures that record the
present-day field direction.

A detailed rock-magnetic investigation of the remanence-
carrying minerals of the intrusive rocks reveals that the present-
day overprint is carried by interacting SD magnetite particles,
likely of chemical origin. The more stable component is instead
carried by a population of PSD-MD magnetite grains.

A great circle analysis performed on VGPs from
Carboniferous through Triassic rocks, as well as the
“problematic” Late Jurassic/Early Cretaceous rocks from
South America, clearly reveals two common intersecting
positions, one corresponding to the Late Cretaceous and one of a
different age. This observation suggests that all Carboniferous to
Triassic rocks have been somewhat overprinted by either a Late
Cretaceous magnetization and/or a different magnetization likely
associated with a short lived geomagnetic field behavior during
the Late Jurassic/Early Cretaceous, and possibly overprinted
by the present-day magnetic field. The cause of the secondary
magnetizations resides with the well-documented extensional
processes that affected South America during the opening of the
South Atlantic, and responsible for the widespread magmatism
that occurred at that time.

We note that many of the South American paleopoles
are inconsistent with the classic Pangea A reconstruction.
We have calculated a displacement rate of ~18 cm/yr from
the currently-accepted APWP for South America, highlighting
how this is unrealistic from a plate motion standpoint. These
lines of evidence provide further support for widespread
remagnetizations.

The extent of the remagnetizations is formation-specific,
but a careful evaluation of the Itararé Group sedimentary
rocks allows discriminating sites that are likely unaffected, that
enabled calculating a reliable paleomagnetic pole. Moreover, this
paleomagnetic pole was corrected for inclination shallowing.
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