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ABSTRACT

The Early Cretaceous may be considered a key period for understanding the evolution
of the Earth’s magnetic field. Some still unsolved problems are related to the mode of
paleosecular variation (PSV) of the Earth’s magnetic field before and during the
Cretaceous Normal Superchron. We report here a detailed rock-magnetic, paleomagnetic
and paleointensity investigation from 28 lava flows (331 standard paleomagnetic cores)
collected in the Argentinean part of the Parana Flood Basalts (Formation Posadas) in
order to contribute to the study of PSV during the early Cretaceous and to obtain precise
Cretaceous paleomagnetic pole positions for stable South America. The average
paleofield direction is precisely determined from 26 sites, which show small within-site
dispersion and high directional stability. Five sites show evidences for the self-reversal of
thermoremanent magnetization. 23 sites yielded normal polarity magnetization and only 3
are reversely magnetized. Moving windows averages were used to analyze the sequential
variation of virtual geomagnetic pole’s (VGP) axial positions. Interestingly, the axial
average VGP path traces an almost complete cycle around the geographical pole and
passes near the location of all previously published Parana Magmatic Province poles.
Both paleomagnetic poles and average VGP paths are significantly different from the pole
position suggested by fixed hotspot reconstructions, which may be due to true polar
wander or the hotspot motion itself. Only 15 samples from 5 individual basaltic lava
flows, yielded acceptable paleointensity estimates. The site mean paleointensities range
from 25.2 2.2 to 44.0 £2.2 uT. The virtual dipole moments (VDMs) range from 4.8 to
9.9 x 10°? Am?. This correspond to a mean value of 7.7 2.1 x 1022 Am? which is 96% of
the present day geomagnetic field strength. These intensities agree with the relatively high
values already reported for Early Cretaceous, which are consistent with some inferences
from computer simulations previously published.
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1. INTRODUCTION

The study of fluctuations of the Earth’s magnetic field in the geological past, in terms
of both absolute intensity and directions, are of great interest in geophysics. Therefore,
knowledge of geomagnetic variations with geological time is essential for understanding
the functioning of the geodynamo, which is intimately connected to conditions in the
Earth’s liquid core and at the core-mantle boundary (Hide, 1967; Courtillot and Besse,
1987; Gubbins, 1994; Glatzmaier and Roberts, 1995; Heller at al., 2002). These data
provide thus an important source of information on the physics of the Earth’s deep
Interior.

Considering the polarity time scale for the last 160 Ma, it is seen that the length of the
majority of polarity intervals lies in the time range of 0.1 to 1 Ma. The Cretaceous Normal
Superchron (CNS) is a clear outlier with duration of about 35 Ma from 118 to 83 Ma
(Cande and Kent, 1995; Tarduno et al., 2002). Thus this period cannot be accommodated
in the rest of the polarity sequence, therefore suggesting that the geodynamo must have
two fundamental states: a reversing and a non-reversing states (McFadden and Merrill,
1997). Larson and Olson (1991) found that the magnetic field will cease to change
polarity if the amplitude of convection in the outer core rises above some threshold, and
they speculated that the CNS (i.e. non-reversing state of the geodynamo) corresponds to a
period with strong convection in the Earth's outer core. They also predicted an abnormally
high paleointensity of the geomagnetic field during the CNS. Hence, new high quality
paleomagnetic data from the Early Cretaceous are important in order to both constrain
geodynamo theory and provide a mean for better understanding the long term evolution of
the geodynamo.

For these reasons, we investigated 28 independent lava flows (331 standard
paleomagnetic cores) erupted during the Early Cretaceous in northeastern Argentina,
which have several advantages: (1) they are widely distributed in a large volcanic
province and easy to access; (2) they record faithfully the magnetic field that existed at the
time of their eruption (Mena et al., 2006); (3) the age of these eruptions are well
constrained.

2. GEOLOGICAL SETTING AND SAMPLING DETAILS

The basalts of the Posadas Formation (Gentili and Rimoldi, 1980), which outcrop in
north-eastern Argentina, belong to the Parana Magmatic Province (PMP), considered as
one of the largest continental volcanic provinces in the world (Ernesto et al., 1990). These
lava flows were extruded during the huge continental volcanism that affected the Parana
Basin in the Lower Cretaceous. The volcanic outcrops extend into Paraguay, Uruguay and
South Brazil where they are called Alto Parana, Arapey and Serra Geral Formation,
respectively. Coetaneous volcanic rocks are also exposed in Africa, forming the Etendeka-
Angola igneous province (Renne et al., 1992; 1996). Available radiometric ages indicate
the relatively short time interval from 137 to 127 Ma as the best estimate of the lava
emplacements (Turner et al., 1994).
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The PMP is divided into three parts, northern, central and southern, by the Rio Piquiri
and Rio Uruguay tectonic lincaments (Fig. 1). This division is in accordance with
petrological and geochemical features (Piccirillo and Melfi, 1988). Geochemically, the
dominant rock type is tholeiitic basalt characterized by decrease of the TiO, content from
the north to the south. The present study was carried out on lava flow outcrops in the
central part of the PMP, in Misiones Province, Argentina. These rocks were classified as
tholeiitic basalts and andesi-basalts characterized by a low to intermediate content of Ti
(Mena et al., 2006).
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Fig. 1. a) Sketch map of Parana Flood basalts. Thick black lines indicate Rio Uruguay (1) and
Rio Piquiri (2) tectonic lineaments which divide the Parana Magmatic Province into three mayor
parts: northern (NPMP), central (CPMP) and southern (SPMP) (after Piccirillo and Melfi, 1988);
thick A-B line indicates the sampling sections. b) Sketch map of the Misiones province, Argentina
and locations of the sampling sites.
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Paleomagnetic samples were extracted along the roads between San Ignacio, Eldorado
and Bernardo de Irigoyen localities (Fig. 1). The lava flows are well exposed in the road
cuts with sub-horizontal position. Five sites were located between San Ignacio and
Eldorado. The first of them corresponds to a basaltic flow situated about 40 m above the
contact with underlying Solari Formation - equivalent to the Botucati Formation in
Brazil. Due to the relatively high alteration, the rocks near the contact are inadequate for
paleomagnetic studies. The remaining 23 sites were located between Eldorado and
Bernardo de Irigoyen towns.

Ernesto et al. (1990) reported first comprehensive paleomagnetic study from more
than 300 sites belonging to PMP. This pioneering study however presents a major
limitation because only three oriented hand samples per site are investigated and thus does
not meet the basic criteria to study the fine characteristics of geomagnetic paleosecular
variation (Biggin et al., 2008). The same is true for the study conducted by Mena et al.
(2006) who only used one or two hand samples on the Argentinean part of PMP (Posadas
Formation). This later study should be considered as reconnaissance and thus cannot be
used as supplementary material for present modern paleomagnetic survey. Based on field
observations and absolute altitudes, it was possible to establish a relative stratigraphy of
the studied lava flows. Because these lava flows were extruded in a complex paleorelief in
context of some vertical displacements along sub-vertical faults, their sequential positions
are not necessarily indicative of their relative ages. A total of 331 standard paleomagnetic
cores were drilled at the 28 sites and oriented with both magnetic and sun compasses
whenever possible.

The stratigraphic position of sites, determined in function of geological/field
observation and absolute altitudes allowed to establish a relative sequence, from bottom to
top: 1SG through 11SG, 13SG, 12SG 15SG, 14SG and 16SG through 28SG. Microscopic
observations carried out on polished and thin sections under reflected and transmitted light
show a porphyritic texture, with olivine phenocrysts, frequently altered to iddingsite (an
alteration of olivine that consists of a mixture of clay minerals, iron oxides and
ferrihydrites). On the basis of their optical characteristics, opaque minerals seems to be
mainly titanomagnetites and, to a much lesser extent, ilmenite. In some sections
titanomaghemite appears in relatively small proportions acting as a replacement of
titanomagnetite.

3. ROCK MAGNETISM

In order to identify the carriers of the remanent magnetization, to obtain information
about their paleomagnetic stability and to assess the suitability of the collected samples
for paleointensity studies, several rock-magnetic experiments were carried out. These
experiments included: a) measurements of the viscosity index, b) measurements of
continuous thermomagnetic curves (susceptibility versus temperature), and c) hysteresis
experiments.

To obtain precise and reliable remanent magnetization (RM) measurements during the
progressive thermal demagnetization it is advisable that the specimen has low magnetic
viscosity. Xu et al. (1986) suggested that viscous remanences can be acquired very
quickly but in spite of this they can decay much more slowly, and that this process can

282 Stud. Geophys. Geod., 55 (2011)



Paleosecular Variation and Paleointensity from Early Cretaceous Posadas Formation

operate in a wide variety of types of rocks. This phenomenon, probably due to an effect of
later diffusion (Neéel, 1955), could also reduce the accuracy of the RM measurements
when the rocks are not treated and measured in a non magnetic atmosphere. In this study
the index of viscosity v (Thellier and Thellier, 1944) was determined using two specimens
per flow. Their RMs were measured at two moments: the first one after two weeks of
storage with the cylindrical axis of the specimens parallel to environmental field and the
other after having elapsed other two weeks of storage with axes in the opposite direction.
The studied samples show low capacity to acquire viscous remanent magnetizations. The
index of viscosity varies between 0.3 and 11.4% most being smaller than 5%.

Magnetic bulk susceptibility measurements x at room temperature using dual
frequencies of 470 and 4700 Hz (x47¢ and 4709, respectively) were carried out for all
specimens using a Bartington MS2 susceptibility meter. Some specimens of the 6SG,
21SG, 228G and 265G sites have F factors ( F =100(x479 — k4700 )/K'470 ) between 7 and

11% suggesting the presence of superparamagnetic particles (SP) (Dunlop and Ozdemir,
1997; Evans and Heller, 2003).

Low-field susceptibility measurements (-7 curves) under air were carried out using
a Highmoore susceptibility bridge equipped with furnace. Selected samples were heated
up to about 600°C at a heating rate of 20°C/min and then cooled at the same rate. Curie
temperature was determined by the method of Prévot et al. (1983).

In most cases, two different thermomagnetic phases were recognized during heating
(Fig. 2, samples 13SG, 4SG, 6SG and 7SG). The lower Curie point ranges between
380—420°C, and the highest one is about 580°C. The cooling curve shows only a single
phase, with a Curie temperature close to that of magnetite. Such irreversible curves can be
explained by titanomaghemite, which probably transformed into magnetite (Readman and
O’Reilly, 1972; Ozdemir, 1987) during heating. Both experimental and theoretical studies
(Heider and Dunlop, 1987, Ozdemir and Dunlop, 1989; Nishitani and Kono, 1989,
Goguitchaichvili et al., 2000) show that chemical remagnetization by maghemitization
records the same field direction as the original thermoremanent magnetization (7RM).
Consequently, paleodirections were most probably unaffected by alteration. Other
samples, however, yielded reasonably reversible curves (Fig. 2, samples 16SG and 26SG)
pointing to Ti-poor titanomagnetites as main magnetic carrier. It is worth to note that
some (titano)hematite may be present in the studied samples but because of their low
susceptibility signal it cannot be detected.

Hysteresis measurements at room temperature were performed on all studied samples
using the AGFM ‘Micromag’ apparatus in fields up to 1.2 T. The saturation remanent
magnetization (J,5), the saturation magnetization (Jy) and coercitive force (H.) were
calculated after correction for the paramagnetic contribution. The coercivity of remanence
(H.,) was determined by applying progressively increasing backfield after saturation. The
typical hysteresis loop is presented in Fig. 3. In general, the curves are symmetrical with
no evidence of potbellied or wasp-waisted forms (Tauxe et al., 1996) detected, which
probably reflects very restricted ranges of the opaque mineral coercivities. ‘Small’
pseudo-single-domain grains seem to be responsible for remanence judging from
hysteresis parameters values (Day et al., 1977; Dunlop and Ozdemir, 1997). Alternatively
this behavior may be due to the presence of mixture of multi-domain (MD) and significant
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Fig.2. Susceptibility versus temperature (in air) curves of representative samples. The arrows
indicate the heating and cooling curves.

amount of single-domain (SD) grains. Let us note, that the domain state estimation using
room temperature hysteresis parameters in terms of the plot of magnetization ratio versus
coercivity ratio has no great resolution for most of natural rocks.

Based on the experimental study of the chemically well-identified synthetic
titanomagnetites, Day et al. (1977) proposed an empiric relation between the domain
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Fig.3. Typical example of hysteresis loops (corrected for dia/paramagnetism) of small chip
samples from the studied volcanic units and Day plot (Day et al., 1977) showing the relationship
among different hysteresis parameters.

structure and the hysteresis parameters. However, natural rocks, almost always plot on the
pseudo-single-domain behavior judging from their hysteresis parameter values. This is
true for Posadas basalts too. As suggested by Goguitchaishvili et al. (2001), natural rocks
are complex magnetic systems, which contain the grains of variable sizes, coercivities and
even distinct magnetic phases. Thus, generalizations based on studies of synthetic
materials with perfectly established chemical composition is probably delicate. Let us note
that if some superparamagnetic fraction exists also in these samples, the measured
coercive force and saturation magnetization are somewhat lower and larger, (see for
instance in Dunlop, 2002), respectively, than those ferrimagnetic fractions alone.
Isothermal remanent magnetization (IRM) acquisition curves (not shown) were very
similar for all samples. Saturation is reached in moderate fields of the order of
100-200 mT, which reveals that a cubic phase is the principal remanence carrier.

4. ANALYSIS OF THE PALEOMAGNETIC DIRECTIONS
Magnetic remanences were analyzed for one specimen from each core, employing

both stepwise alternating magnetic field (AF) and thermal demagnetization techniques.
Two specimens per site were submitted to thermal demagnetization and at least five

Stud. Geophys. Geod., 55 (2011) 285



M. Mena et al.

Table 1. Paleomagnetic results of studied section. D, I - declination and inclination of the site mean
directions; N is number of specimens used; k and ags are Fisherian statistical parameters; VGP
Long, VGP Lat - longitude and latitude of the virtual geomagnetic poles.

Site | Polarity D 1 N k ags VGP Long [°E] VGP Lat [°S]
1 N 1.0 -554| 9 55.84 6.9 299.1 -81.3
2 N 431 -533 |10 454.21 2.3 276.2 -82.4
3 N 2331 -350| 8 87.67 59 200.4 —67.3
4 N 349.5| 480 7 97.54 6.1 19.1 -80.5
5 N 2771 -50.7| 8 91.36 5.8 232.9 —65.4
6 N 3584|513 7 359.02 32 319 -84.3
7 N 333.4| -47.8| 6 352.07 3.6 232 —66.4
8 N 1021 =382 | 9 52.48 7.2 189.8 -79.5
9 N 13.5| -51.0| 8 169.93 4.3 242.9 -77.1
10 N 11.5| 484 | 5 301.90 4.4 234.6 -79.4
11 N 1.0| -41.0| 8 25791 3.5 143.2 -87.0
13 N 3549 -31.7| 6 322.10 3.7 97.6 —-79.6
12 N 359.9| =319 10 113.00 4.6 125.2 -80.9
15 N 356.8] —29.0| 5 83.20 3.0 109.8 -78.7
14 N 358.8| =350 9 376.49 2.7 116.7 —-82.8
16 N 352.5| -336| 8 249.47 3.5 834 -79.4
17 N 359.8] -39.8| 5 404.39 3.8 123 —-86.2
18 R 172.8| 66.1| 6 87.04 7.2 318.2 —67.2
19 R 167.9| 42.1| 2 267.11 153 43.7 -78.9
20 N 354.8| —449| 6 53.18 9.3 329 -85.3
21 R 171.1| 542 8 46.33 8.2 346.5 -78.7
22 R 177.5| 473| 8 224.11 3.7 340.3 -86.7
23 N 356.8| —46.6| 5 257.65 4.8 7.2 -86.8
24 N 358.7| 424 | 7 265.98 3.7 92.6 -87.9
25 N 351.6| -37.6| 6 119.37 6.2 68.8 —-80.7
26 N 3.6 523 8 29.27 10.4 281.7 -82.7
27 N 357.6| -402| 8 50.67 7.9 92.8 —-86.0
28 N 356.5| -42.7| 11 55.63 6.2 60.9 —86.5

Secondary Components

19 N 356.2| =392 7 235.38 3.9 85.3 —-84.6
21 N 328 -514| 4 16.73 23.1 2353 —60.9
22 N 357.4| -50.1] 8 32.39 9.9 352.1 —-86.9
23 R 1824 47.7| 2 171.74 21.0 265.7 —-86.8
27 R 176.0| 29.1| 4 24.37 18.0 106.2 -78.6
28 R 1652 36.6| 8 160.05 4.4 56.7 —75.2

specimens per site were treated by AF demagnetization. Remanent magnetization
measurements and demagnetizations were performed with a DC-squids 2G cryogenic
magnetometer with an incorporated three-axis static AF demagnetizer and an ASC-
Scientific thermal demagnetizer.
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Thermal demagnetization (TD) was performed in 12 steps from 100°C to 600°C. In
few cases two additional steps of 610°C and 620°C were added. Possible mineralogical
changes were controlled by measuring the bulk susceptibility after each step. At about
580°C, 85% of the specimens showed residual remanences which represent less than 10%
of total natural remanent magnetization (NRM). These behaviors suggest that, once again,
the main carriers of remanence are Ti-poor titanomagnetites. AF demagnetization was
applied using 12 steps from 2 to 90 mT. Some specimens presented soft viscous
remanences and were easily removed in fields of 5 to 15 mT.

Remanent magnetization directions were determined by the principal component
analysis method (Kirschvink, 1980), 5 to 11 points being taken for this determination.
Primary directions were averaged by site and the statistical parameters calculated
assuming a Fisherian distribution (Table 1).

Characteristic remanent magnetization (ChRM) defined for sites 1SG to 17SG (located
in the lower part of the sequence) correspond to normal polarity geomagnetic field. In
general, the specimens presented unblocking temperatures under 580°C indicating that
magnetite or Ti-poor titanomagnetite is the main remanence carrier. Most of these
specimens have unblocking temperature spectra well above 300°C (Fig. 4a) while in some
cases a minor secondary overprint (removed at low temperatures) is observed (Fig. 4b).
Some lavas show the subordinate presence of hematite (3SG, 4SG, 14SG, 15SG and
16SG), with 10% of initial remanences still surviving above 580°C. These mineral phases
of high unblocking temperature have RM with identical directions to those defined at
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Fig. 4.

Magnetic intensity curves (top) and orthogonal vector plots (bottom) of stepwise thermal

demagnetization of three representative specimens. In orthogonal plots, open (solid) squares
indicate projection onto the vertical (horizontal) plane.
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Fig. 5. Site average bulk magnetic susceptibility (K,) for site versus stratigraphic order. Except
for the sites 12 to 15, indicated in the curve, the site number corresponds to the stratigraphic order.

lower temperatures. Only in two sites (9SG and 10SG) the presence of hematite is
important. Their specimens have a large range of coercivities and unblocking temperature
spectra, keeping 40 to 45% of the NRM above 580°C (Fig. 4c). The presence of hematite
is also revealed judging from their relatively low susceptibilities (Fig. 5).

The site 18SG stratigraphicaly overlies 17SG which is situated 80m below. The site-
mean susceptibility (K,) is relatively low, but the two specimens thermally demagnetized

show that the remanence is not completely removed at 580° (4 to 8% of the NRM still
remains). It is worth to note that there is no evidence of viscous remanent magnetization
in these particular samples. All ChRMs were defined with maximum angular deviation
(MAD) smaller than 3° corresponding to intermediate/high coercivities and reverse
polarity magnetic fields.

Basalts of flow 19SG have intermediate K, values. The AF demagnetization of 6
specimens allowed to define normal polarity components using 6 to 1lsteps and
MAD < 3°. The coercivity spectra are quite large and the demagnetization curves show
a typical, quasi-exponential shape, common for thick massive flows of coarse grains and
high content of multidomain (MD) ferrimagnetic particles with low oxidation (Dunlop
and Ozdemir, 1997). The Zijderveld plots show rather curved lines for AF (Fig. 6a) and
a complex behaviour for thermal treatment (Fig.6b). By TD, a component with similar
direction to those defined by AF is removed from 50°C to 400-450° while the
demagnetization curve shows a gradual increase of intensity. A second component -
almost anti-parallel to the first one is removed from 450°C to 580°C. Finally, a third
component yielding the almost same direction that the low temperature component is
destroyed above 580°C. In this flow, unblocking temperatures of samples with positive
inclination (reverse polarity) suggest that the magnetic carrier is magnetite or Ti-poor
titanomagnetite. On the other hand, normal polarity components with low and high
unblocking temperature could be carried by titanomaghemite and hematite, respectively.
Presence of these minerals formed by low temperature oxidation has also been observed
on polished section showing magnetite phenocrysts with slight alteration to hematite or in
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Fig. 6. Stereoplots, magnetic intensity curves and orthogonal vector plots of: a) stepwise
alternating field, and b) thermal demagnetization of two representative specimens.

few cases to maghemite. Since the titanomagnetite can be considered the primary
magnetic minerals of this volcanic rock, it could be assumed that the primary remanence
can be represented by the reversed component defined by demagnetization at 450—-580°C
range. This component would not be defined by AF due to the contrast between the high
maghemite and hematite and the low titanomagnetite coercivities. Fine size of particles
formed by oxidation, in front of MD titanomagnetites particles, more resistant to the
processes of oxidation, could contribute to this hiding. Then, the direction defined by AF
would be the resultant of components defined by thermal demagnetization due to the
important coercivity overlap. When the best fit great circles for the residual remanence
positions obtained by AF and thermal demagnetization are calculated this hypothesis is
reinforced (Fig. 7): the closed grouping of the plane poles suggest that the antipodal
component is present in the specimens treated with AF demagnetization, although this
process was not able to discriminate them.
The two antipodal components found may have two possible explanations:

1. Normal polarity components from site 19SG yielded directions statistically
indistinguishable from the ChRM defined for the flow stratigraphically situated
immediately above (20SG). In this case a volcanic episode younger than flow
19SG may remagnetize all magnetic particles with unblocking temperatures below
450°C or alternatively, can favor the formation of maghemite and hematite by
oxidation processes which recorded the magnetic field direction corresponding to
the new, normal magnetic polarity.
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Fig.7. Stereoplots of stepwise AF (19SG-2; 19SG-4) and thermal demagnetization (19SG-12)
and best fit great circles for the residual remanence position of representative specimens from site
19SG.

2. Since the normal polarity components show directions almost anti-parallel to the
reversed ones, self-reversed magnetization may have happened in hematite and
maghemite. Self-reversal behavior are now well documented in some
hemoilmenite-bearing igneous rocks (Goguitchaichvili et al., 2002). When
titanohematites become ferrimagnetic during the cooling, its spontanecous magnetic
moments can be oriented anti-parallel to the magnetite or titanomagnetite
remanence, so that a partial self-reverse appears by magnetostatic interaction
between both minerals. Self-reversed hematite occurrences are described in Dunlop
and Ozdemir (1997) and Bina et al. (1999) among others. On the other hand,
during the basalt oxidation processes titanomagnetite can generate
titanomaghemite that may carry self-reversed magnetization (Ozdemir, 1987).
Doubrovine and Tarduno (2004) have reported self-reversals from oceanic basalt
where self-reversed magnetization is carried by titanomaghemite formed by low
temperature oxidation.

On the other hand, the fact that the secondary components are statistically antipodal to
the primary ones imposes little angular deviation to the primary direction, and the
component defined between 450 and 580°C can be employed to characterize the flow
remanence direction.

The later site (20SG) corresponds to a 3 m thick basaltic flow of similar color to the
previous one, but with conspicuous columnar and horizontal disjunction, located 20 km to
the east and with altitude 20 m higher than the previous flow. Its K, is relatively high
contrary to the precedent site (Fig.5). Both AF as well as thermal demagnetization
defined ChRM directions with normal polarity and MAD < 3.5°, employing from 5 to 12
steps.

ChRMs defined by AF or thermal demagnetization (Fig. 8a) for the two following
flows (21SG and 22SG) have reverse polarity. Several specimens from these sites show
disperse secondary components corresponding to normal polarities. Those components are
carried by low coercivity phases that are destroyed with fields up to 15 mT and with
temperatures under 200-350°C. These secondary components can be attributed to
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overprint caused by later effusive episodes since the following flows carry only normal
polarity remanences.
Site 23SG shows the highest K, of the whole sequence. Using AF demagnetization,

normal polarity CARM with 10 to 15 steps and MAD < 5° were defined after eliminating
scattered viscous remanences of very low coercivities in most of the specimens.
Demagnetization curves show typical exponential shapes of titanomagnetites. Two
specimens carried a high coercivity component with a direction near opposite to the
before mentioned ChRMs (Fig. 8b). Similar normal components were defined by thermal
demagnetization on 4 to 8 steps and MAD <5°. Their unblocking temperatures are
between 450°C and 550°C. Residual components with very small intensity and nearly
antiparallel to the normal direction remain above 580°C.

Sites 24SG and 25SG do not carry secondary components. In both cases, 7 to 12 steps
were used to determine ChRM directions, giving MAD < 4°. While in the site 24SG
ChRMs are carried by titanomagnetite as well as hematite, in 25SG they are carried by
titanomagnetite alone. This is reflected on demagnetization curves and on relatively low
Ka values for site 24SG and high for site 25SG. Specimens from site 24SG maintain
around 25% of their NRM above 580°C.

The following three sites have intermediate K, and carry a normal polarity primary
and a near antipodal secondary components. AF and thermal demagnetization from site
26SG allowed definition of the normal component by 7 to 15 steps and MAD < 4°,
Thermal demagnetizations showed scattered residual components with nearly opposite
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Fig. 8. Stereoplots, magnetic intensity curves and orthogonal vector plots of stepwise alternating
field of two representative specimens from: a) 22SG and b) 23SG sites.
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sense to the normal and only 2% of the NRM intensity remaining above 580°C. Thermal
demagnetization for site 27SG allows to define normal components with unblocking
temperatures corresponding to magnetite. There is no significant remanence above 580°C.
AF demagnetization defines the same normal direction but above 80mT appears a very
small intensity component near antiparallel to the first one. Finally, site 28SG presents
two remanence components. The first corresponds to a normal polarity field and has
coercivities under 20 mT and unblocking temperatures between 200 and 570°C. The other
has an antiparallel direction being defined between 30 and 90 mT and 580 to 650°C with
MAD < 4° (Fig. 9a, b and c).
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Fig.9. Stereoplots, magnetic intensity curves and orthogonal vector plots of: a) stepwise thermal
demagnetization, and b) and c) alternating field of of representative specimens from 28SG site.
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5. PALEOINTENSITY DETERMINATION

Paleointensity experiments were performed using the Thellier method (Thellier and
Thellier, 1959) in its modified form (Coe et al., 1978). The heatings and coolings were
made in air and the laboratory field set to 30 microtesla. Ten temperature steps (NRM,
200°C, 250°C, 300°C, 350°C, 400°C, 450°C, 475°C, 500°C, 525°C, 550°C and 575°C)
were distributed between room temperature and 575°C. The TRM/NRM checks (so-called
PTRM checks) (Goguitchaichvili et al., 1999) were performed after two consecutive
heating steps (Fig. 10) in order to avoid additional heatings during Thellier paleointensity
experiments, which may alter significantly the magnetic carriers. So called pTRM tail
checks are often incorporated during the measurements (Riisager et al., 2002) to detect
the presence of multidomain magnetic grains. We prefer avoid this procedures because of
additional heatings required.

Following the paleodirectional and rock-magnetic results, altogether 43 samples
belonging to 9 cooling units, yielding stable, one component magnetization with blocking
temperatures compatible to Ti-poor titanomagnetite phase, low viscosity index (lower
than 5%) and reasonably reversible x-T curves were selected for paleointensity
experiments.

Paleointensity data are reported on the classical Arai-Nagata (Nagata et al., 1963) plot
in Fig. 10 and results are given in Table 2. We accepted only determinations: (1) which
were obtained from at least 8 NRM-TRM points corresponding to a NRM fraction larger
than 1/3 (Table 2), (2) yielding quality factor (Coe ef al., 1978) of about 5 or more, and
(3) with positive ‘pTRM’ checks. In most cases the linearity was observed up to
500-525°C (Fig. 10, samples 15SG3A and 9SG1A) and the control heatings were
successful, i.e. the deviation of ‘pTRM’ checks were less than 15%. The direction of NRM
left at each step, obtained from the paleointensity experiments are reasonably linear and
point to the origin. No deviation of NRM left directions towards the direction of applied
laboratory field was observed. Valet and Herrero-Bervera (2000) and Tauxe and
Staudigel (2004) yielded some experimental evidences that the zero field demagnetization
performed prior to the TRM in the Coe version prevents to see the possible acquisition of
chemical remanent magnetization (CRM). In order to monitor the potential CRM
production, we calculated the ratio of potential CRM(T) to the magnitude of NRM(T) for
each double heating step in the direction of the laboratory field during heating at T
(Goguitchaichvili et al., 1999). The values of the angle between the direction on
characteristic remanent magnetization (CARM) obtained during the demagnetization in
zero field and that of composite magnetization (equal to NRM(T) if CRM(T) is zero) are
all < 6° which attest that no significant CRM was acquitted during the laboratory heatings.

A typical ‘concave-up’ behavior (Dunlop and Ozdemir, 1997) was detected in some
cases (Fig. 10, sample 1SG3A). Up to 400-450°C an important loss of NRM without any
noticeable TRM acquisition but with positive pTRM checks is observed. This phenomenon
can be due to irreversible variations of coercive force (Kosterov and Prévot, 1998) at low
temperature and can be interpreted as transformation from a single-domain ‘metastable’
state to polydomain state which results in a large NRM lost without any correlated TRM
acquisition during the subsequent cooling.
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Table 2. Paleointensity results from Posadas Formation. n» - number of point defining a straight
segment on the Arai-Nagata plot; T}, —Tyay 1S the temperature interval used for paleointensity

determination; f - fraction of extrapolated NRM used; g - gap factor; g - quality factor; Fg £ o-(F E)

is individual paleointensity estimate and associated error; Fg  s.d. means site mean and associated
standard deviation; VDM; VDMe - individual and average virtual dipole moments.

Site | Sample | n |1 Tmax| o1 Fe2o(Fe)| yoar | FEESS 1 ppuge
[°C] [°] [°]

3SG3A | 8 | 200-500 | 041|081 | 6.6 | 284+13 | 637
3SG4A | 8 | 200-500 |0.52]0.80| 9.2 | 264+1.1 | 5.93

356 1 39G5A | 9 | 200-525 | 047|082 | 73 | 334426 | 7.50 |P01 33| 68207
3SG6A | 9 | 200-525 | 046|084 | 6.8 | 322+23 | 7.23
8SG2A | 8 | 200-500 | 0.71| 083 | 7.2 | 464 +2.1 | 10.1

8SG | 8SG3A | 8 | 200-500 | 0.63|0.79 | 5.7 | 423+1.8 | 9.24 [440+22| 9.6+05
8SG7A | 8 | 200-500 | 0.59 083 | 6.7 | 432+2.4 | 9.43
9SGIA | 9 | 200-525 | 032|084 86| 23.6+1.5 | 451

95G 1 95G7A | 9 | 200-525 |035[0.83| 6.2 | 267+1.6 | 5.11|>2E22| 4804
15SG3A | 9 | 200-525 |0.43 087|176 | 454+23 | 107

158G | 15SG5A | 9 | 200-525 |0.45|0.81| 6.6 | 424+2.1 | 9.95 [423+3.1] 9.9+07
15SG9A | 8 | 200-500 | 0.39 [0.79| 5.9 | 392+2.0 | 9.20
24SG4A | 9 | 200-525 | 036|084 | 62 | 377423 | 791

245G |243G5A | 8 | 200-500 |0.310.78| 55| 333+1.8 | 6.99 [349+25| 73+05
24SG7A | 8 | 200-500 | 037]0.78 | 6.4 | 33.6+1.6 | 7.05

6. MAIN RESULTS AND DISCUSSION

6.1. Paleodirecions and Magnetic Polarities

The average flow directions are rather precisely determined for 26 out of 28 sites
(Table 1) with ag5 (twice the standard error of the mean) less than 10° which points to

small within-site dispersion and high directional stability. The other two sites have ags5 of

10.4° and 15.3°. Twenty four sites give normal polarity primary magnetization and four
have reverse primary magnetization. One of the reversely magnetized site presents
asingle component. Few samples from the other sites show reverse polarity
magnetizations carried by (titano)magnetites, while hematites and probably maghemites
carry opposite paleodirections probably due to self-reversed magnetization. On the other
hand, few samples from another three sites show a opposite behavior with normal polarity
magnetizations carried by (titano)magnetites, and hematites and maghemites with almost
antipodal directions. Because (titano)magnetites are primary minerals, we believe thus
that they carry primary remanent magnetizations. Under this hypothesis, the volcanic
sequence studied here, presents at least two polarity reversals. The occurrence of reverse
and normal polarities in Parana Lavas were already detected by Ernesto et al. (1990) and
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Fig. 11. Changes in declination and inclination of the site mean directions on stratigraphic order.
Secondary directions are shown as empty grey diamonds. The solid grey line indicates the GAD
field position for the sites.

have been seen by several authors later (4lva-Valdivia et al., 2003; Mena et al., 2006
among others). Fig. 11 shows the variations in declination (D) and inclination (/) of the
site mean directions while corresponding virtual geomagnetic poles (VGP) with their
Fisherian parameters are shown in Table 1.

The sequence of paleodirections in stratigraphic order shows that the first flows cooled
down during periods of normal polarity geomagnetic field (flows 1SG to 17SG). The two
following flows (18SG and 19SG) recorded an interval of reverse polarity, while the
20SG flow showed a normal polarity. Sites 21SG and 22SG also yielded a reverse
polarity. Finally the 23SG to 28SG flows have ChRMs corresponding to normal magnetic
polarity. From these considerations it may be suggested that the effusive sequence
recorded at least two polarity reversal (N-R-N). If the hypothesis that flow 20SG is
younger than 195G is valid, then the sequence would record four changes of polarity (N-
R-N-R-N). It worth noting that the lava flow sequence reported in Mena et al. (2006)
corresponding to the 6 to 28 new sites, show normal remanences in the bottom and top
flows and reverse polarities in the middle.

The mean paleomagnetic direction of normal polarity sites is /=-42.9°, D =0.3°,
k=537, ag5=4.2°, N=23 (k is precision parameter and N number of sites) while
reversely magnetized sites give /=155.9°, D=174.1°, k=69.8, ag5 =14.9°, N=3. The
reversal tests as defined by McFadden and Lowes (1981) and McFadden and McElhinny
(1990) are both rejected at the 95% confidence level (y. = 12.12°; y, = 13.60°). In fact the

first test is not strictly valid because one of the distributions has less than 5 data, but the
second is valid because statistically at 95% level have a common k parameter
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Fig. 12. Stereoplots for site mean direction corresponding to normal polarity (black circles),
antipodal directions to site mean corresponding to reverse polarity (grey full triangles), mean
secondary directions with normal polarity (grey full squares) and antipodal of mean secondary
directions with reverse polarities (diamonds).

(ki = 1.2990; F44.4.0.05 = 5.7091). Notably, when mean site secondary directions are
also considered (Fig. 12), both reversal tests are accepted at 95% confidence level
(7. = 8.85% y, = 6.13°, type B; k,/k, = 1.2391; F12.50.0.05 = 1.9436).

The distribution of the site-mean VGPs is somewhat elongated (Fig. 13). Similar
configuration was also found for coeval VGPs (Mena et al, 2006). However, the
elongation is not significant since the VGP distribution yields a reasonably good fit with
fisherian distribution when probability plots as well as formal testing procedures are used.
The quantil-quantil (Q-Q) plot for longitudes using the uniform model is approximately
linear, passing through the origin with a slope near 45° (Fig. 14a). The Q-Q colatitude plot
with exponential model is also linear (Fig. 14b), with a slope that gives an estimated
k=42.92. In this plot four points could be considered outliers with respect to the fisherian
model (3SG, 55G, 7SG, 18SG). In other hand, considering the sample size, these outliers
can be attributed to fluctuation due solely to sampling variability. The new slope
calculated without these points give a k = 67.57. The Q-Q plot for two variables (Fig. 14c)
is approximately linear, passing through the origin and with a slope that give an estimate
k=47.56. The three k estimate values are statistically undistinguishable at 95% level
using an F-test. The fact that estimates of & with colatitude and two variables tests are in
reasonable agreement suggests that the underlying distribution is fisherian. Employing
formal testing procedures, we obtain the following results for the modified statistics of

Kolmogorov-Smirnov and Kuiper (D: , V: , My (V,,) , Mg (Dn) and My (D,l) ; Fisher
et al., 1987): Longitude test: D: =0.673; V: =1.134; My (V,)=1.038; colatitude test:
D, =1.11; ¥, =1.743 ; My (D,)=1.114; Two-variable test: D, =0.608; ¥, =1.063;
My (D,l ) =0.609. The significance probability exceeds 10% for longitude and two-
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Fig. 13. South VGPs distribution from 26 sites with ag5 < 10°.
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Fig. 14. Probability plots for checking goodness of fit of the VGPs to the Fisher distribution.

variable statistics, but for the colatitude test this only happens with DZ while V;
significance probability exceeds 5% and Mg (Dn) statistic lies between the 5% and 1%

points, suggesting some small departure from the Fisher model.
Considering the PGVs from sites with ags5<10° the paleomagnetic pole (PP) is

located at 339.1° longitude E, 89.7° latitude S, N =26, K =45.6, Ag5 = 4.2.
6.2. Paleosecular Variation

Statistical models of paleosecular variation (PSV) predict that the dispersion in VGPs
tends to increase with site paleolatitude. VGPs scatter is commonly calculated with the
total angular dispersion (S,) according to Cox (1969):
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) X
Sp =2Ai /(N_l)’
i=1

where N is number of sites used in the calculation, A; is angular distance of the i-th VGP

from the axial dipole.

Since our calculated PP is nearly coincident whit the present-day Earth spin axis, the
last was used to calculate VGP angular deviations (A) (Table 3). This way, S, = 12.1°. It is
interesting that the A for the discarded sites (with ags5> 10°) has not significantly larger

deviations.

Table 3. Paleosecular variation results. A is VGP angular deviation from geographic pole; K means
Fisher concentration parameters for VGPs, S,, is within-site scatter; n numbers of directions used;

A? —ng /”i represents corresponding difference involved in the calculation of the corrected total

angular dispersion S,. The discarded sites (with azgs > 10°) are indicated in italics and the negative
differences are emphasized in bold.

Site A K Sy N A? _ng/ n;
1 8.7 49.97 115 9 61.10
2 7.6 406.43 4.0 10 56.15
3 227 78.45 9.1 8 504.84
4 95 87.28 8.7 7 79.51
5 24.6 81.75 9.0 8 595.13
6 5.7 321.26 45 7 29.57
7 23.6 315.04 46 6 553.49
8 10.5 46.96 11.8 9 94.73
9 12.9 152.06 6.6 8 161.02
10 10.6 270.14 49 5 107.50
11 3.0 230.78 5.3 8 5.45
13 10.4 288.22 48 6 104.37
12 9.1 101.11 8.1 10 76.32
15 113 74.45 9.4 5 110.06
14 7.2 336.89 44 9 49.68
16 10.6 223.23 5.4 8 108.69
17 3.8 361.85 43 5 10.81
18 22.8 77.88 9.2 6 505.80
19 11.1 239.01 5.2 2 109.48
20 4.7 47.59 117 6 -0.89
21 11.3 41.46 12.6 8 107.91
22 3.3 200.54 5.7 8 6.80
23 3.2 230.55 5.3 5 455
24 2.1 238.00 5.3 7 0.47
25 9.3 106.81 7.8 6 76.25
26 7.3 26.19 15.8 8 21.98
27 4.0 4534 12.0 8 -2.09
28 3.5 49.78 115 11 0.27
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S, will be partly caused by the geomagnetic secular variation and partly by random

errors associated with rock heterogeneities and sampling and measuring processes. To
remove the later source McEllhinny and McFadden (1997) defined the parameter Sp

S5 = (0752 ) -,

i=1

where S, is the within-site scatter, calculated as Sw=81/ JK ; K being Fisher
concentration parameter for poles estimate from direction concentration parameter (k)

according to K = Sk/ (5 +18sin® 4+ 9sin? /1) , with 1 site paleolatitude (Cox, 1970), and

n; number of directions from i-th site .

To calculate secular variation parameters the current average site latitude (1 =26.5°S)
was employed as site paleolatitude. The results are shown in Table 3. When the within-
site scatter corrections were negative they were considered equal to zero. This way,
Sp=11.68° with lower and upper 95% confidence limits of 9.8° and 14.5° respectively,

calculated according to Z(N - I)S2 / o? ~ ;(22( ) These VGP dispersion is smaller than

N—-
the expected value for this latitude (= 14°) according to the curve for 0—5 Ma lapse from
McElhinny and McFadden (1997). On the other hand, if the Sp is compared with the
calculated for Johnson et al. (2008), the value here obtained is significantly smaller that
the VGP dispersion for Matuyama chron and for 0-5 Ma time interval for sampling
latitude band, 10° wide, centered on 22.1°S, but that value is included in the 95%
confidence intervals from Brunhes chron for 22.1°S and 27.1°S centered bands.

Biggin et al. (2008) analyzed the PSV from a VGP database of CNS (84—125 Ma) and
Jurassic ages (145-200 Ma), (their Group 2) and a subconjunct of higher quality data
(their Group 1, n > 5; k> 50). These authors used the Model G (McFadden et al., 1988) to
describe the shapes of the curves that predict average VGP scatter as a function of latitude

. 2 . . . .
according to Slzg =a? +(b/1) , where a and b are the antisymetric and symetric family

coefficients. Employing the a, b best fit values from Biggin et al. (2008) and the site
paleolatitude the expected mean and confidence intervals were estimated (Table 4). The
Sp values here obtained agree well with the selected data reported for the Cretaceous
Normal Superchron. A similar comparison with the Jurassic data is quite delicate due to
the limitation of paleolatitudinal span and relatively poor quality of available data. Thus,
our data reinforces the hypothesis outlined by Biggin et al. (2008) about the different style
of secular variation during (and before) CNS and Plio-Quaternary times supporting the
link between PSV and reversal frequency.

The location of our new PP (1-MIS, Fig. 15, Table 5), is very near to the Earth spin
axis. This PP is statistically indistinguishable from the Florianopolis PP (Raposo et al.,
1998) and the mid-Cretaceous mean-poles (125—-100 Ma) for South America, calculated
by Somoza and Zaffarana (2008), (PPs 9, 14 and 15, Fig. 15). The 1-MIS PP agrees with
PPs of similar and younger ages from the Central Parand Magmatic Province
(132-133 Ma; Alva-Valdivia et al., 2003), Central Alkaline Province, Paraguay
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Table 4. Angular dispersion of VGPs. a, b are shape parameters calculated from Biggin et al.
(2008), by data from their Group 1 and 2 (more details in text); Sp - angular dispersion of VGPs due
to PSV calculate according to Model G of McFadden et al. (1988). CNS - Cretaceous Normal
Superchron; mean, low. I, up. I. are mean, lower and upper confidence limits for the a, b, parameters
and Sp values calculated using this values.

a, b (from Biggin et al., 2008) 1=26.5
Group 1 Group 2
a b Sp a b Sp

low. 1. 6.3 0.22 8.58 7.8 0.22 9.74

CNS mean 8.7 0.27 11.26 9.9 0.26 12.06
up. L. 10.7 0.31 13.49 11.3 0.29 13.67

low. 1. 10.3 0 10.30 8.3 0.14 9.09

Jurassic | mean 16.4 0.19 17.16 10.8 0.24 12.53
up. [ 19 0.46 22.57 12 0.32 14.69

(127-130 Ma; Ernesto et al., 1996), Sierras Pampeanas (~130 Ma; Geuna and Vizan,
1998), Baquer6 Group (~119 Ma; Somoza et al., 2005) and Los Adobes Formation
(112-130 Ma; Geuna et al., 2000), (PPs 6, 7, 8, 10 and 11, Table 5, Fig. 15). 1-MIS PP
confidence region has a small overlap with the Central Parana Basin pole and the early-
Cretaceous mean-poles (135—-130 Ma; Somoza and Zaffarana, 2008) and with the PP
recently reported from coeval basalts of the Arapey formation, Uruguay (Solano et al,
2010), but does not agree with the Southern Parana Basin nor with the Northern Parana
Basin poles (Raposo and Ernesto, 1995; Ernesto et al., 1999). The 1-MIS PP pole is
significantly different from the pole position suggested by hotspot reconstructions
(76.7°8, 116.4°E, ~130 Ma; Muller et al., 1993).

To analyze if the scarce overlap between our PP with the Central Parana Province PP
could be caused by incomplete average-out of the PSV, a non-parametric test for VGP
serial correlation was performed. According to Biggin et al. (2008) the average of angular
distances between the mean paleomagnetic direction of each flow and its successor
(A; ;41) were calculated (A, = 34.29°). The same calculus was repeated 10000 times for

directions in random order. The pseudo-sample distribution have a median of 51.54° and
a 5-percentile of 36.75. The Non-Random-Ordering (NRO) factor is 0.97, therefore the
serial correlation can be considered significant at the 95% confidence level.

On the base of this correlation the sequential localization of VGP was analyzed.
Considering that the geomagnetic field oscillates around the direction expected from
a GAD field and that each VGP records an instantaneous reading of the Earth Magnetic
Field, we calculated sequential moving axial averages of VGPs. For VGPs corresponding
to reverse polarity, the antipodal location was considered. Windows of 5 VGPs and steps
of one were used. In this way, the first average corresponds to VGPs from 1SG to 4SG
sites, the second for 2SG to 5SG, and so on. Should be considered that the averages
represent different and unknown time intervals.
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Fig. 15. Paleomagnetic poles whit 95% confidence circles for Posadas Formation and previous
cretaceous PPs (Table 5).

Fig. 16 shows the sequential locations of these averages together with the PPs before
considered. Interestingly the axial average VGP path traces an almost complete cycle
around the geographical pole. If it is considered that the region suffered little drift from
the moment when these basalts were extruded, the paleo-position of the geographical pole
should have been very near to the current one. Axial average VGP path passes near the
location of all Serra Geral Poles (CPM; SPB, CPB, NPB, PGR).

Taking as primary assumptions that the magnetic field, when averaged over sufficient
time, is in agreement with a GAD field, then if VGPs are averaged from rocks spanning
enough time to average out secular variation, the mean pole is coincident with the spin
axis. But it is not very well known exactly how much time must elapse and what is the
minimum number of sites required to average out completely secular variation. Magnitude
of contribution of long term non dipole sources are poorly known for the age of the study
rocks. It remains to be investigated whether the previous PP from the PMP completely
averaged out the paleosecular variation due to uneven distribution of sampling of the
paleomagnetic field as a consequence of the instantaneous and aperiodic character of the
volcanic flows.
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6.3. Paleointensity

Only 15 samples, coming from 5 individual basaltic lava flows, yielded acceptable
paleointensity estimates. The Thellier and Thellier (1959) method of geomagnetic
absolute intensity determination, which is considered the most reliable one, imposes many
restrictions on the choice of samples that can be used for a successful determination. In
particular, multi-domain magnetic grains may sometimes overestimate the absolute
paleointensity (Biggin et al, 2010). For these samples the NRM fraction f used for
determination ranges between 0.32 to 0.71 and the quality factor ¢ from 5.5 to 17.6 being
generally greater than 5. Although our results are not numerous, some credit should be
given because of good technical quality determination, attested by the reasonably high
quality factors of Coe et al. (1978). The site mean palaeointensities are ranging from
252422 to 44.0 £2.2 uT. The VDMs are ranging from 4.8 to 9.9 x 1022 Am?2, values
that agree with the coeval ones shown in Tauxe and Staudigel (2004). This corresponds to
a mean value of 7.7 £ 2.1 x 1022 Am?2, almost 96% of the present day geomagnetic field
strength. The mean paleointensities value obtained from the Posadas Formation agree
reasonably well, within the uncertainties, with those retrieved from the coeval Arapey
(Uruguay) and Serra Geral (Southern Brazil) Formations (Goguitchaichvili et al., 2008).

Table 5. Selected Cretaceous paleomagnetic poles. P - number assigned to paleomagnetic pole (PP)
(Figs. 15 and 16); Ags is semi angle of 95% confidence of the PPs.

Long. | Lat. Age
CEl [1os1| "] )
339.1(89.7| 4.2 ? This study
106.2|84 | 1.5| ~133 | Raposo and Ernesto (1995)

64.4184.1| 2.3| ~132 | Raposo and Ernesto (1995)
71483 | 24| 132 | Ernestoetal (1999)
30.3182.4| 2 |129-131| Raposo and Ernesto (1995)

197.9|85.7| 2.6 |132-133| Alva-Valdivia et al. (2003)

Locality P Reference

MIS: Misiones

SPB: Southern Parana Basin
CPB: Central Parana Basin

NPB: Northern Parana Basin
PGR: Ponta Grossa dikes (Brazil)
CPMP: Central Parana Magmatic
Province, Brazil

CAP: Central Alkaline Province, | | ¢ 3| g5 41 3 1 |127-130| Ernesto et al. (1996)
Paraguay

Cba: Sierras Pampeanas, Cordoba | 8| 75986 | 3.3| ~130 | Geuna and Vizan (1998)

FLD: Florianopolis dikes,
Southern Brazil 9 3.3 89.1| 2.7 |119-128| Raposo et al. (1998)

[ Y R S

Baq: Baquer6 Group 10| 42.7(88.2| 55| 119 [Somoza et al. (2005)
LAd: Fm. Los adobes 11 159 |87 | 3.8 |112-130| Geuna et al. (2000)
SAEC: Mean South America Early Somoza and Zaffarana

12| 76.4|84.7( 2 |135-130

Cretaceous (2008)
SAMCI: Mean S.A. Mid- Somoza and Zaffarana
Cretaceous 13| 33.8(89.1| 2.4{125-100 (2008)
SAMC2: Mean S:A: Mid- Somoza and Zaffarana
Cretaceous 14| 354.1|88.7| 2.3 {125-100 (2008)

Somoza and Zaffarana
(2008)

SALC: Mean S.A. Late Cretaceous | 15| 345.1| 80.6( 4.3 [ 85-65

Stud. Geophys. Geod., 55 (2011) 303



M. Mena et al.

0°E
L 33 *5 P,
LY 2 [y
o / 32 o
1-MIS =3 Sd A e
2-SPB 34 35
3-CPB
4-NPB o
o ootP 19 3. e 378
g 14/ Y
7-CAP 00 0%y 30
8-Cba 9 38 8
®e°10 12
9-FLD 21 8213
10-Baq 18 1 29
11-LAd
12-SAEC 7 v22
13-SAMCT
14-SAMC2 *2 vii
15-SALC . 27
16 to 38-mmVGPs ./
\ e 26
o 4 25
16 17 ./6 24
23

Fig. 16. Location at South hemisphere of selected paleomagnetic poles (blue, Table 5) and path of
sequential mean VGPs calculated using moving averages (mmV GPs).

The slightly older Ponta Grossa dikes however, yielded relatively low geomagnetic field
strength. The general characteristic of all Parana paleointensity studies is a relatively high
scatter similar to findings of Granot et al. (2007). Globally, early Cretaceous
paleointensities appear similar to the Brunhes data. This reinforces some previous
suggestions (Goguitchaichvili et al., 2002, 2008) about the invalidity of the Mezozoic
Dipole Low hypothesis (Prévot et al., 1990). High geomagnetic intensities have been
reported (Tarduno et al., 2001, 2002) for Early Cretaceous, which are consistent with
some inferences from computer simulations (Glatzmaier et al., 1999).

7. CONCLUSIONS

The studied samples show low capacity to acquire viscous remanent magnetizations.
Low-field susceptibility measurements (x-T curves) under air, IRM acquisition curves and
AF and thermal stepwise demagnetizations indicate that magnetite or Ti-poor
titanomagnetite is the main remanence carrier. Some sites show the subordinate presence
of hematite or titanomaghemite. Presence of these minerals formed by low temperature
oxidation has also been observed on polished sections that show magnetite phenocrysts
with light alteration to hematite and in few cases to maghemite.

Primary remanent magnetizations were determined for all studied sites using both
alternating field and thermal demagnetizations. Some sites yielded evidence for secondary
components carried by hematite and/or maghemite showing opposite magnetic polarity.
These components can be due to secondary formation of these minerals caused by low
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temperature oxidation after emplacement of these lavas. Alternatively, a self-reversal
phenomena of thermoremanent magnetization may be involved.

The sites showed small within-site dispersion and high directional stability. Average
flow direction were precisely determined for 26 sites whit g5 < 10°. The flow sequence
studied has recorded at least three polarity intervals. The corresponding VGPs statistically
fit with a fisherian distribution yielding significant serial correlation (NRO factor of 0.97).

A new Early Cretaceous paleomagnetic pole (PP) (339.1°E, 89.7°S, N=26, K=45.6,
Ags =4.2) was obtained. This PP is in agreement with other reliable early cretaceous PPs
from South America but disagree with the Southern and Northern Paranid Basin poles
previousely published. Although these rocks are of very similar ages, considering the
sporadic nature of the eruptions, they may have not been emplaced simultaneously and
therefore might have recorded different secular variation cycles.

Moving window averages each 5 VGPs were used to analyze the sequential variation
of VGPs. Interestingly, the axial average VGP path traces an almost complete cycle
around the geographical pole and passes near the location of all published Serra Geral
paleomagnetic poles. This path includes at least two reversals and thus it could be
considered an apparent or true polar wander path (PWP). Since each point of the curve
represents the average dipolar position from five VGPs, they may average itself the SV of
smaller duration than the time involved in the interval defined by these virtual
geomagnetic poles. Both paleomagnetic pole as well as the axial average VGP path are
significantly different from the pole position suggested by fixed hotspot reconstructions,
which may be due to true polar wander or the hotspot motion itself.

The VGP dispersion (Sp) is smaller than the expected value for this latitude for

0-5 Ma lapse (McElhinny and McFadden, 1997; Johnson et al., 2008) but agrees well
with that calculated for the Brunhes chron (Johnson et al., 2008) and for the Cretaceous
Normal Superchron (Biggin et al., 2008).

The mean VDMs (7.7+2.1 x 1022 Am?) is almost 96% of the present day
geomagnetic field strength. The Posadas Formation mean paleointensity agrees reasonably
well with values from the coeval Arapey and Serra Geral Formations (Goguitchaichvili et
al., 2008) while the slightly older Ponta Grossa dikes yielded relatively lower
geomagnetic field strength. This suggests high geomagnetic intensities for the Early
Cretaceous reinforcing some previous suggestions (Goguitchaichvili et al., 2002, 2008)
about the invalidity of the Mezozoic Dipole Low hypothesis (Prévot et al., 1990).
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