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RESUMEN

Los Grupos Caiuá y Bauru del periodo 
Cretácico, representan la sedimentación 
post volcánica de la Cuenca del Paraná. 
En condiciones secas se formaron extensas 
dunas (Draa) con depocentro en la zona sur. 
Posteriormente, en condiciones más húmedas, 
los procesos fluviales-eólicos reelaboraron las 
dunas formando un paisaje con pequeñas 
dunas y cauces fluviales. El Grupo Caiuá 
comprende, en orden estratigráfico ascen-
dente, la Formación Goio Erê (márgenes del 
Draa), la Formación Río Paraná (interior 
del Draa) y la Formación Santo Anastácio 
(Paleosoles). Los resultados paleomagnéticos 
de cinco secciones del Grupo Caiuá (for-
maciones Río Paraná y Santo Anastácio) 
revelaron que estas rocas tienen magneti-
zación remanente debido principalmente a 
magnetita y menores contenidos de hematita. 
El polo paleomagnético a 87.4 ºS 56.6 ºE 
(N=29, A95=6.5°, k=18) para el Grupo 
Caiuá se acerca de los polos de los enjambres 
de diques (Ponta Grossa, Florianópolis y 
los diques alcalinos de Paraguay) de edades 
134-127 Ma, lo que indica que la sedimen-
tación del Grupo Caiuá estuvo restringida al 
Cretácico Inferior. Además, como parte de 
las rocas fueron magnetizadas bajo campos 
magnéticos de transición o reversos, el límite 
de edad superior es probablemente 120 Ma, el 
inicio del Supercrono Normal del Cretácico y, 
por lo tanto, no es más joven que la edad 
Barremiana.

Palabras clave: Grupo Caiuá, 
paleomagnetismo, Cuenca del 
Paraná, Cretácico.

ABSTRACT

The Caiuá and Bauru Groups 
of  Cretaceous age, represent the 
post-volcanic sedimentation in the 
Paraná Basin. Under dry conditions, 
extensive dunes (Draa) were formed 
with depocenter in the southern area. 
Later, under more humid conditions, 
the fluvial-aeolian processes reworked 
the dunes, forming a landscape with 
small dunes and river channels. The 
Caiuá Group comprises, in ascending 
stratigraphic order, the Goio Erê 
Formation (margins of  Draa), the 
Rio Paraná Formation (inner Draa) 
and the Santo Anastácio Formation 
(Paleosols). Paleomagnetic results 
from five sections of  the Caiuá 
Group (Rio Paraná and Santo 
Anastácio formations) revealed that 
these rocks carry remanent magne-
tization due primarily to magnetite 
and smaller contents of  hematite. A 
paleomagnetic pole at 87.4 ºS 56.6 
ºE (N=29, A95=6.5°, k=18) for the 
Caiuá Group plots close to the poles 
from the dyke swarms (Ponta Grossa, 
Florianópolis and the alkaline dykes 
from Paraguay) of  ages 134-127 Ma, 
indicating that the sedimentation of 
the Caiuá Group was restricted to 
the Lower Cretaceous. Furthermore, 
as part of  the rocks were magnetized 
under transitional and reversed fields, 
the upper age limit is probably 120 
Ma, the initiation of  the Cretaceous 
Normal Superchron, and therefore 
not younger than the Barremian age.

Keywords: Caiuá Group, paleo-
magnetism, Paraná Basin, 
Cretaceous.

1 Instituto de Astronomia, Geofísica e Ciências 
Atmosféricas, Universidade de São Paulo, R. 
do Matão, 1226 - Butantã, São Paulo, Brazil.

2 Instituto de Geociências, Universidade Estadu-
al de Campinas, R. Carlos Gomes, 250 - Cidade 
Universitária, Campinas, São Paulo, Brazil.

3 Instituto de Geociências, Universidade de São 
Paulo, R. do Lago, 562 - Butantã, São Paulo Brazil.

3 Universidade Federal de Santa Catari-
na, Departamento de Geologia, R. Eng. 
Agronômico Andrei Cristian Ferrei-
ra, s/n - Trindade, Florianópolis, Brazil.

* Corresponding author: (M. Ernesto)
mernesto@usp.br

A
B
S
T

R
A

C
T

Post-magmatic sedimentation in the Paraná Basin, Brazil: paleomagnetic constraints on 
the age of the Cretaceous Caiuá Group

Sedimentación post-magmática en la cuenca del Paraná, Brasil: Aproximaciones 
paleomagnéticas de la edad del Grupo Caiuá, del Cretácico

Marcia Ernesto1,*, Alessandro Batezelli2, Antonio Roberto Saad3, George Caminha-Maciel4, 
Paloma G. Oliveira1

How to cite this article:
Ernesto, M., Batezelli, A., Saad, A.R., 
Caminha-Maciel, G., Oliveira, P.G., 2024, 
Post-magmatic sedimentation in the Paraná 
Basin, Brazil: paleomagnetic constraints on 
the age of  the Cretaceous Caiuá Group: 
Boletín de la Sociedad Geológica Mexicana, 
76 (3), A160124. http://dx.doi.org/10.18268/
BSGM2024v76n3a160124

Manuscript received: October 23, 2023
Corrected manuscript received: January 20, 2024
Manuscript accepted: February 8, 2024

Peer Reviewing under the responsibility of 
Universidad Nacional Autónoma de México.

This is an open access article under the CC BY-NC-SA 
license(https://creativecommons.org/licenses/by-nc-sa/4.0/)



P
o

st
-m

a
g

m
a
ti

c 
se

d
im

e
n

ta
ti

o
n

 i
n

 t
h

e
 P

a
ra

n
á
 B

a
si

n
, B

ra
z
il

2 / Boletín de la Sociedad Geológica Mexicana / 76 (3) / A160124/ 20242

http://dx.doi.org/10.18268/BSGM2024v76n3a160124

/ Boletín de la Sociedad Geológica Mexicana / 76 (3) / A160124 / 2024

IN
T

R
O

D
U

C
T

IO
N

1. Introduction

The volcanic activity in the Paraná Basin (Figure
1) occurred in the Lower Cretaceous, and its main
phase covered a short time interval from 135 to
133 Ma (Janasi et al., 2011; Thiede and Vasconce-
los, 2010). It formed the large Paraná Magmatic
Province (Bologna et al., 2022), which preceded
the South Atlantic opening. The tectonic pro-
cesses associated with the breakup of  the former
Western Gondwana plate created conditions for
forming a new sedimentary basin, mainly in the
northwestern portion of  the province (Fernandes,
1988). The first deposits were of  an aeolian-fluvial
nature (Caiuá Group) that filled the irregularities
of  the basaltic surface, corresponding to the Goio-
Erê, Rio Paraná, and Santo Anastácio formations
(Fernandes and Coimbra, 1994; Fernandes and
Coimbra, 2000; Silva et al., 2009). Those units
crop out mainly along the Paraná River, compris-
ing the western part of  the Paraná and São Paulo
states and the eastern Mato Grosso state (Figure

1). A second depositional phase occurred under 
more humid conditions, with its depocenter dis-
placed to the north, corresponding to the Bauru 
Group (Araçatuba, Adamantina, Uberaba, and 
Marília formations) (Batezelli, 2017). Fernandes 
and Coimbra (1994; 2000) proposed a unique sed-
imentary basin (Bauru Basin) containing the two 
groups as they may appear interfingered. However, 
since Fulfaro and Barcelos (1993), two groups with 
distinct ages have generally been admitted based 
on stratigraphic analyses.
 The age of  the Caiuá Group marks the initi-
ation of  post-magmatic sedimentation but is still 
under debate. Soares et al. (1980) proposed an 
Aptian age to the Caiuá Group. Dias-Brito et al. 
(2001) also estimated an Aptian-Cenomanian age 
for the Caiuá sediments, whereas Fernandes and 
Coimbra (1994) considered that the Bauru Basin 
formed during the Late Cretaceous. A paleomag-
netic work on those rocks may help better constrain 
the age of  those sediments and their relationship 
with the tectonic evolution of  the basin.

Figure 1   a) A Paraná Basin map showing the occurrence of the Serra Geral volcanics, dyke swarms and the Bauru/Caiuá Basin. b) The 

Bauru/Caiuá Basin (Batezelli, 2017) and the location of the sampling localities (black stars). c) Outcrop of the Rio Paraná and d) the 

Santo Anastácio formations.
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2. Geological aspects

The Caiuá sedimentation occurred unconformably 
over the Paraná basalts (Batezelli, 2010; Batezelli, 
2017; Fernandes and Coimbra, 1994), occupying 
the depression developed by thermal subsidence 
along the central-north area of  the Paraná Basin 
(Figure 1), from the northern Paraná State to 
southern Minas Gerais State. Under arid climate 
conditions, giant wind dunes (Draa) formed in the 
central part of  the desert, and peripheral dunes 
were possibly influenced by ephemeral floods 
(Batezelli, 2010). The Caiuá Group occupies an 
area of  2,222 km² along the Paraná River in the 
west of  the States of  São Paulo and northern 
Paraná, eastern of  Mato Grosso do Sul and south 
of  the Minas Gerais State (Batezelli, 2010; Bate-
zelli, 2017; Fernandes and Coimbra, 1994). Its 
depocenter is in the Paraná State, where the sedi-
ments may reach a thickness of  280m (Fernandes 
and Ribeiro, 2015). In ascending stratigraphic 
order, with major depositional environments in 
parentheses, the Group is composed of  the Goio 
Erê Formation (margins of  Draa), the Rio Paraná 
Formation (inner Draa), and the Santo Anastácio 
Formation (Paleosols).
 According to Fernandes and Coimbra (2000), 
the Goio Erê Formation consists of  quartz and 
sub-arkose sandstones, reddish-brown to pur-
plish-grey, fine- to very fine-grained, and occasion-
ally medium-grained. The tabular strata present 
cross-stratification and are interspersed with 
massive metric sandstone layers. The cross-strat-
ification, of  medium to small size (up to three 
meters in height), is of  the channeled or tangential 

tabular type at the base, respectively, in a section 
perpendicular or parallel to the direction of  the 
paleo flow. This unit corresponds to deposits in 
peripheral sand sea areas, where there were no 
conditions for accumulating and preserving large 
wind farms. The subhorizontal sandy strata with 
channeled cross-stratifications are attributed to 
moderately sized barchan dune deposits.
 The Rio Paraná Formation is made of  
brown-reddish fine-to-medium grain sandstones 
containing about 17% silt and clay that originated 
during the diagenesis (Fernandes and Coimbra, 
1994; Fernandes and Ribeiro, 2015; Milani et al., 
2007). The unit exhibits well-developed cross-strat-
ification, indicating an arid depositional environ-
ment favoring the building of  wind dunes of  sig-
nificant size. The Rio Paraná Formation gradually 
changed into the Goio Erê and Santo Anastácio 
formations. The cross-stratifications become less 
defined, indicating the transition from a desertic 
condition to a lacustrine sedimentation. In some 
areas of  the basin, the Santo Anastácio Formation 
occurs at the top of  the Caiuá Group (Figure 1), 
displaying a well-selected, massive sandstone. On 
the top, the Santo Anastácio Formation may reach 
100 m of  fine-grained and massive sandstones. 
This unit has been interpreted as a paleosol on the 
top of  the Caiuá Group (Batezelli, 2010; Batezelli, 
2017; Fulfaro et al., 1999).

3. Experimental work

Four sections of  the Rio Paraná Formation and
one of  the Santo Anastácio Formation were sam-

Table 1. Description of sampling localities.

Formation Section Latitude
(°S)

Longitude
(°W)

Elevation (m)/
sampled thickness (m)

Number of
cylinders/blocks

Rio Paraná Paraná 21.7427 52.0868 272/11 25/5
Rio Paraná Colorado 22.8238 51.9506 420/8 9
Rio Paraná Terra Rica 22.6865 52.5600 420/7 34/3
Rio Paraná Morro Três Irmãos 22.7827 52.6504 613/6 23

Santo Anastácio Presidente Venceslau 22.0494 51.8999 377/5 28
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Figure 2   Orthogonal plots (a to e) of the remanence vector during demagnetization using the Puffinplot software (Lurcock and Florindo, 

2019). All diagrams refer to thermal demagnetization, except the one for the Morro Três Irmãos section (d), which is AF. Red points are 

the selected points to calculate the magnetization component. Blue lines best fit the segments using the principal component analysis.
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pled for the paleomagnetic work. The Rio Paraná 
Formation was best sampled in four sections (Fig-
ure 1; Table 1). Oriented cores were taken with 
a gasoline-powered drill whenever possible. Alter-
natively, some oriented hand-blocks were cut from 
the friable outcrops. For the experimental work, 
samples were prepared into standard specimens 
(2.5 cm diameter and 2.2 cm long). On the left 
bank of  the Paraná River at the city of  Presidente 
Epitácio (SP), a good exposure of  the aeolic sed-
iments allowed a denser sampling. This section is 
hereafter called the Paraná section. 
 Some samples from each section were selected 
to test the alternating field (AF) demagnetization 
efficiency. AF cleaning was performed up to 
100 mT (generally, steps of  5 mT) in a Molspin 
tumbler demagnetizer. Still, better results were 
obtained with thermal demagnetization up to 680 
ºC, starting at 150 ºC and increasing temperature 
with steps of  50 ºC). Remanences were measured 
in JR6 spinner and 2G cryogenic magnetometers, 
and samples were stored inside a magnetically 

shielded room in the Laboratory of  Paleomagne-
tism, University of  São Paulo, Brazil. 
 However, about 60% of  the analyzed samples 
yielded no reliable results as their characteristic 
remanence magnetization could not be appro-
priately determined. The magnetic remanence 
became very noisy after some steps of  demagneti-
zation. The magnetic components were identified 
and calculated using the Remasoft/Agico software 
by principal component analysis (Kirschvink, 
1980) for good demagnetization results. Examples 
of  the AF and thermal demagnetization results are 
displayed in Figure 2.
 Table 2 and Figure 3a displays the most stable 
magnetization components. All sections are hori-
zontal/subhorizontal, and no tectonic correction 
was applied. They were selected considering only 
results with a maximum angular deviation (MAD) 
of  less than 15°. Normal and reversed polarity 
components and many anomalous or interme-
diate directions were identified. The Rio Paraná 
(except site 25) and Colorado sections yielded only 

Figure 3   a) Characteristic remanent magnetizations with MAD < 15º for the Caiuá Group. Open (full) symbols represent negative 

(positive) magnetic inclinations. Colors indicate results by formation. b) South virtual geomagnetic poles represented by the same 

colors as in a).
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Table 2. Paleomagnetic results for the cylinders from the Caiuá and Santo Anastácio formation showing the sample relative position 

(Elev), magnetization declinations and inclination (Dec and Inc), number of demagnetization steps (N) for the component calculation and 

the maximum angular deviation (MAD), and the coordinates (VGP-Long an VGP-Lat) of the corresponding VGPs.

Section Sample
Elev
(m)

Dec
(°)

Inc
(°)

N
MAD

(°)
VGP-Long

(°S)
VGP-Lat

(°S)

Rio Paraná Formation

Colorado 29A1 0.0 358.1 -44.4 5 3.1 330.9 -85.6

Colorado 30A2 0.23 347.5 -36.7 6 12.7 43.7 -78.2

Colorado 30D1 0.25 358.8 -34.2 10 9.5 112.4 -85.8

Colorado 31A2 0.68 337.4 -43.5 5 9.0 24.5 -69.1

Colorado 32B1 1.03 22.8 -17.8 15 8.5 189.6 -64.2

Colorado 34E1 2.72 25.2 -54.6 14 9.7 253.0 -64.9

Colorado 37B1¹ 4.7 37.4 -23.7 9 6.0 208.2 -52.9

Colorado 37C1 4.75 0.8 -8.5 8 8.0 30.6 -71.4

Morro Três Irmãos 43B2¹ 7.38 119.0 -8.7 13 5.3 53.8 -24.6

Morro Três Irmãos 42C1 7.18 9.1 -19.0 8 3.6 162.6 -74.3

Morro Três Irmãos 43E1¹ 5.55 301.9 47.7 12 3.4 77.3 -13.9

Morro Três Irmãos 43I1 4.60 355.6 -11.3 5 1.5 112.7 -72.4

Morro Três Irmãos 49C1¹ 3.50 101.0 -49.2 10 2.5 249.1 -2.4

Morro Três Irmãos 44C1¹ 3.0 81.8 -41.8 7 13.5 237.2 -16.2

Morro Três Irmãos 51A2¹ 1.7 113.8 -2.0 10 5.0 48.0 -21.4

Morro Três Irmãos 51C2¹ 1.5 114.5 -30.7 10 4.1 62.9 -14.9

Morro Três Irmãos 51F3¹ 1.3 116.5 -40.9 5 7.1 69.9 -12.9

Morro Três Irmãos 52A1¹ 0.00 63.1 -17.5 7 9.0 215.4 -28.2

Paraná 25B1¹ 9.10 117.1 -29.9 6 10.1 64.0 -17.7

Paraná 25D2¹ 9.00 316.4 -58.7 5 14.9 2.2 -49.1

Paraná 22B1 7.60 353.4 -60.4 8 6.4 322.3 -69.6

Paraná 21B1 7.00 5.3 -33.1 5 5.8 182.3 -83.8

Paraná 23C1¹ 3.55 351.8 -30.8 7 6.0 70.1 -80.7

Paraná 18C1 5.00 323.5 -28.2 7 2.3 42.6 -54.8

Paraná 18B1 4.95 354.5 -46.8 17 4.5 345.2 -82.0

Paraná 18F1 4.90 343.6 -43.2 7 7.3 21.9 -74.6

Paraná 17A1 4.20 29.6 -47.4 9 7.3 238.2 -62.4

Paraná 13B1 2.15 19.1 -35.6 12 6.0 214.8 -72.0

Paraná 13C2 2.10 21.2 -67.3 8 8.5 22.6 -57.1

Paraná 7A1 1.00 18.8 -59.6 8 5.5 271.8 -65.4

Paraná 7C1 0.80 359.1 -40.9 9 0.9 334.1 -88.1

Terra Rica 40C2¹ 1.42 212.9 -78.2 9 13.4 319.6 -3.3

Terra Rica 40F2 1.6 2.9 -29.0 4 6.9 148.8 -82.3

Terra Rica 40J1 1.9 354.3 -37.8 7 9.7 52.1 -84.5

Terra Rica 40N1 2.6 153.7 -43.9 7 10.5 98.1 -35.3

Terra Rica 41E2 4.2 355.0 -35.3 6 7.4 170.9 -84.3

Terra Rica 38L3 6.7 256.7 -21.6 7 8.4 111.6 -78.1

Santo Anastácio Formation

Presidente Venceslau 28G11 3.20 305.6 24.2 4 8.2 65.8 -26.4

Presidente Venceslau 28E2 2.90 175.5 34.7 4 4.6 72.3 -84.9

Presidente Venceslau 27M1 2.00 202.9 -7.5 5 6.1 171.8 -55.8

Presidente Venceslau 27K1 1.80 179.4 40.6 4 7.7 333.7 -88.7

Presidente Venceslau 27J1¹ 1.62 260.0 53.1 6 8.7 247.3 -20.0

Presidente Venceslau 27I1¹ 1.52 260.5 50.1 12 14.2 244.6 -18.9

Presidente Venceslau 27H1 1.40 163.2 46.8 16 14.1 13.2 -73.7

Presidente Venceslau 27G1¹ 1.20 272.2 24.2 8 12.4 230.7 -2.7

Presidente Venceslau 27D1¹ 1.00 184.1 77.3 7 8.2 30.7 -46.2

Presidente Venceslau 27B1¹ 0.85 283.7 2.0 8 12.6 44.3 -12.3

Presidente Venceslau 27A2 0.65 150.8 7.5 9 11.7 66.8 -56.3

Presidente Venceslau 26F1¹ 0.60 273.0 5.4 7 10.2 41.7 -1.8

Presidente Venceslau 26C1¹ 0.20 264.1 24.8 8 6.6 228.1 -10.2

Presidente Venceslau 26B1¹ 0.15 269.2 17.1 11 5.7 229.9 -4.01

Presidente Venceslau 26A1¹ 0.0 130.0 24.8 8 9.1 10.1 -41.7
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normal polarity directions, which are well grouped 
and are distinct from the local geomagnetic field. 
The other sections showed transitional directions. 
Still, only the Santo Anastácio samples recorded 
directions compatible with a reversed field. These 
sites have inclinations >30º and are opposite to 
the mean inclination of  the significant group of  
normal components. The corresponding virtual 
geomagnetic poles (VGPs; Figure 3b) represented 
as south poles are mostly confined inside the 45º 
polar cap, and a second group plots at latitudes 
< 30º and longitudes of  ~60 and 240 ºE. These 
results correspond to the Morro Três Irmãos and 
Santo Anastácio sections. The Terra Rica section 
also displays transitional (or anomalous) VGPs at 
different longitudes.
 All results were obtained by thermal demag-
netization, although AF cleaning gave reliable 
results in some cases (Figure 4). The VGP lati-
tude variations versus the relative stratigraphic 
elevations show consistency between the AF and 
thermal cleanings, although the AF is generally 
more scattered. The general tendency is preserved 
in all sections except the Colorado section. This 
observation is vital as thermal cleaning could 
eventually impart some spurious magnetization to 
the samples during mineralogical alterations. This 
behavior could be true in the Santo Anastácio 
section, where the thermal demagnetization seems 
noisy, but the thermal and AF cleaning indicated 
mainly low latitude VGPs. 

3.1. MAGNETIC MINERALOGY

The thermomagnetic curves (susceptibility vs. 
temperature) for samples from the studied outcrops 
are noisy as the initial susceptibility is generally 
low. Most curves indicate Curie temperatures near 
600ºC or higher. The AF and thermal demagne-
tization curves indicated that a considerable part 
of  the remanence could be eliminated at low 
AF fields. Still, the higher fields were insufficient 
to completely erase the magnetizations in many 
cases. Therefore, mixed soft and high-coercivity 
minerals must carry the magnetization. During 
thermal demagnetization, ca. 80% of  the total 
remanence intensity was preserved at tempera-
tures higher than 150 ºC, discarding goethite’s 
presence. The isothermal remnant magnetization 
(IRM) curves (Figure 5) show that magnetization 
saturation generally occurred at fields higher than 
2,000 mT, indicating the presence of  high coerciv-
ity minerals such as hematite.
 Inspecting the magnetic mineral assemblages 
using the IRM-Unmix protocols (Maxbauer et 
al., 2016) revealed complex mineral assemblages. 
Some examples for the Paraná and Colorado sec-
tions in Figure 5 show the adjustment of  the two 
main coercivity components. These components 
generally range from 30-40 mT to 40-55 mT, indi-
cating magnetite is in the lower range.

Figure 4   VGP latitude variation along the relative elevations for each investigated section. Red symbols indicate results from the 

thermal demagnetization, and the black symbols are from the AF demagnetization.
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4. Discussion
A paleomagnetic pole for the Caiuá Group was
calculated based on all studied sections, giving 
unit weight by specimen or block mean whenever 
the case. However, the Paraná and the Colorado 
sections contributed about 62% of  the 29 sites 
included in the calculation after applying the 
Vandamme (1994) site selection method, which 

offers an objective way to exclude those site results 
that represent anomalous or transitional directions 
and do not represent only the record of  the pale-
osecular variation of  the geomagnetic field. Only 
the Paraná (except the very top site of  the section) 
and the Colorado sections presented a smoother 
paleomagnetic record of  normal polarity. The 
other sections showed significant variations and 

Figure 5   Thermomagnetic curves for representative samples from the Rio Paraná (a, b, c) and Santo Anastácio (d) formations. The red 

lines are the heating stage, and the blue lines are the cooling stage. Characteristic magnetization variation during AF (e) and thermal 

(f) cleaning. Isothermal magnetization acquisition curves (g) and the coercivity spectra (j to i) for some representative samples using

the IRM unmixing protocol by Maxbauer et al. (2016). The blue, purple, and green lines present the three fitted components. The shaded

areas correspond to the 95% confidence interval on each element. The mean remanence coercivity (Bh) dispersion is given by parameter 

(dp).
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Figure 6   The Caiuá paleomagnetic pole compared with other poles from the Paraná Basin and the alkaline magmatism surrounding the 

basin. Color circles are proportional to the A95 cone of confidence and indicate poles of similar ages: green for the Late Cretaceous, 

blue, and purple for the Early Cretaceous. References are ¹Ernesto et al. (2021), ²Ernesto et al. (1999), ³Ernesto et al. (1996), 4Raposo et 

al. (1998), 5Font et al. (2009), 6Ernesto and Raposo (2023), 7Montes-Lauar et al. (1995).

many anomalous (45º ≥ latitude ≥ -45º) VGPs that 
cannot be considered for the pole calculation. The 
Terra Rica and Morro Três Irmãos sections are 
very close and display similar patterns, recording 
normal to transitional fields. The Santo Anastácio 
section is highly variable, but data indicate tran-
sitional to reverse field (latitude ≤ -45º). In this 
case, the high dispersion may be due to spurious 
magnetization or unremoved secondary compo-
nents. Still, considering that the Santo Anastácio 
Formation corresponds to the top of  the sequence 
(Batezelli, 2010), it is reasonable to admit a migrat-
ing record from a stable (all normal polarity) to a 
changing field toward a reverse polarity chron.

The Caiuá paleomagnetic pole (Figure 6) is of  

mixed polarity and plots at 87.4 ºS 56.6 ºE (N = 
29, A95 = 6.5, k = 18) close to the Early Cretaceous 
poles from the Paraná basalts and related dyke 
swarms and far from the Late Cretaceous which 
is well constrained by the high-quality paleomag-
netic poles from the Serra do Mar alkaline dykes 
(Ernesto and Raposo, 2023) and the Poços de 
Caldas Complex (Montes-Lauar et al., 1995). For 
comparison, Figure 6 includes the pole from the 
Cabo de Santo Agostinho magmatic rocks (Font 
et al., 2009), named Cabo Magmatic Province 
(CMP), Ar/Ar dated at 102 Ma (Nascimento et al., 
2003). Therefore, the age for the Caiuá pole must 
not be younger than that age and must be placed 
within the Early Cretaceous. Considering the 
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mixed polarities in the Caiuá Group, the age must 
be older than 120 Ma as the Cretaceous Normal 
Superchron ranges between 120 and 83 Ma (Ogg, 
2020).
 The uncertainty of  the Caiuá pole given by the 
A95 statistical parameter (Fisher, 1953) includes, 
at least partially, the poles from the dyke swarms 
in the Paraná Basin and even the basalts from the 
central area (between the Uruguay and Piquiri 
lineaments: Figure 1a), the most tectonized region 
in the Basin (Ernesto et al., 2021; Jacques et al., 
2014). On the other hand, it differs from the two 
other Paraná basalt poles, especially the one for 
the northern region (north of  the Rio Piquiri lin-
eament), where the studied area is inserted. 
 In Figure 6, a mean age of  about 130 Ma is 
indicated for the dyke swarms, although an age 
of  about 134 Ma is attributed to both Ponta 
Grossa and Florianópolis dyke swarms (Almeida 
et al., 2018; Florisbal et al., 2014) and ~126 Ma 
for Central Alkaline Province in Paraguay (Gomes 
et al., 2013). Assuming that the magnetization of  
the Caiuá Group has the same age as the main 
dyke swarms (~134 Ma), the lithospheric sub-
sidence that allowed the accumulation of  those 
sediments, was active during the extensional phase 
of  the continental rifting following the model by 
McKenzie (1978). An upper age limit to the Caiuá 
sedimentation is defined by the beginning of  the 
Normal Polarity Superchron at about 120 Ma 
(Barremian-Aptian limit; Ogg, 2020). 
 This result agrees with previous works like Ful-
faro et al. (1999), Dias-Brito et al. (2001) and Bate-
zelli (2010; 2017). The last author also considered 
the age of  120 Ma for the Caiuá Group, based on 
the basin analysis and the pterosaurs bone frag-
ments content (Fragoso et al., 2013; Guimarães et 
al., 2012), which occurrence was dated at 120 Myr 
in Chinese tuffs (Wang and Zhou, 2003).

5. Concluding Remarks

Four sections of  the Rio Paraná Formation and
one of  the Santo Anastácio Formation (paleosol) 

were sampled for the paleomagnetic work. The 
magnetic remanence showed significant variations 
throughout the paleosol section. Most sites gave 
anomalous directions, which may be associated 
with the chemical process of  remanent acquisi-
tion or to a transitional field, as a reversed mag-
netization direction was detected in the section. 
However, other two sections of  the Rio Paraná 
Formation (draas) showed similar behavior. Nick et 
al. (1991) showed early magnetization in paleosols 
in a lower Pennsylvanian carbonate sequence in 
Arizona. Therefore, the Santo Anastácio results 
are considered for the paleomagnetic pole calcu-
lation. Consequently, Caiuá paleomagnetic pole 
is of  mixed polarity and plots at 87.4 ºS 56.6 ºE 
(N = 29, A95 = 6.5°, k = 18) close to the Early 
Cretaceous poles from the Paraná basalts and 
related dyke swarms and far from the Late Creta-
ceous which is well constrained by the high-qual-
ity paleomagnetic poles from the Serra do Mar 
alkaline dykes and the Poços de Caldas Complex. 
An upper age limit to the Caiuá sedimentation is 
defined by the beginning of  the Normal Polarity 
Superchron at about 120 Ma (Barremian-Aptian 
limit), reinforcing previous stratigraphic works by 
Fulfaro et al. (1999), Dias-Brito et al. (2001) and 
Batezelli (2010; 2017).

Contributions of authors

(1) Conceptualization: ME, AB, ARS; (2) Analysis
or data acquisition: ME, GCM, PGO; (3) Meth-
odologic/technical development: ME, GCM;
(4) Writing of  the original manuscript: ME; (5)
Writing of  the corrected and edited manuscript:
ME, AB, ARS; (6) Graphic design: ME; GCM; (7)
Fieldwork: ME, AB, ARS; (8) Interpretation: ME,
GCM; (9) Financing: ME.

Financing

FAPESP grants 99/04000-6 and 2020/07997-4; 
CNPq grant 310734/2020-7.



P
o

st
-m

a
g

m
a
ti

c 
se

d
im

e
n

ta
ti

o
n

 i
n

 t
h

e
 P

a
ra

n
á
 B

a
si

n
, B

ra
z
il

11Boletín de la Sociedad Geológica Mexicana / 76 (3) / A160124/ 2024 / 11

http://dx.doi.org/10.18268/BSGM2024v76n3a160124

Boletín de la Sociedad Geológica Mexicana / 76 (3) / A160124/ 2024 /   

Acknowledgements

The authors are indebted to G. Silva and D. Para-
vani for their support during fieldwork.

Conflict of interest

The authors declare that there are no interest con-
flicts of  any kind

Handling editor

        Ana María Soler Arechalde. 

References

Almeida, V.V., Janasi, V.A., Heaman, L.M., 
Shaulis, B.J., Hollanda, M.H.B., Renne, 
P.R., 2018, Contemporaneous alkaline and
tholeiitic magmatism in the Ponta Grossa
Arch, Parana-Etendeka Magmatic Province:
Constraints from U-Pb zircon/baddeleyite
and 40Ar/39Ar phlogopite dating of  the Jose
Fernandes Gabbro and mafic dykes: Journal
of  Volcanology and Geothermal Research,
355, 55-65. https://doi.org/10.1016/j.
jvolgeores.2017.01.018

Batezelli, A., 2010, Arcabouço tectono-
estratigráfico e evolução das Bacias Caiuá 
e Bauru no Sudeste brasileiro: Revista 
Brasileira de Geociências, 40(2), 265-285.

Batezelli, A., 2017, Continental systems tracts 
of  the Brazilian Cretaceous Bauru Basin 
and their relationship with the tectonic 
and climatic evolution of  South America: 
Basin Research, 29(S1), 1-25. https://doi.
org/10.1111/bre.12128 

Bologna, M.S., Rocha Júnior, E.R.V., Ernesto, M., 
Marques, L.S., 2022, The Paraná Magmatic 
Province: State-of-the-art in the geophysical 
and geochemical investigations: Brazilian 
Journal of  Geophysics, 40, 43-66. http://
dx.doi.org/10.22564/brjg.v40i6.2196

Dias-Brito, D., Musacchio, E.A., Castro, J.C., 
Maranhão, M.S.A.S., Suárez, J.M. and 

Rodrigues, R., 2001, Grupo Bauru: 
uma unidade continental Cretácea no 
Brasil – concepções baseadas em dados 
micropaleontológicos, isotópicos e 
estratigráficos: Revue de Paléobiologie, 20, 
245-304.

Ernesto, M., Raposo, M.I.B., 2023, The Late 
Cretaceous alkaline magmatism in the 
SE Brazilian coast: new paleomagnetic 
data and age constraints: Brazilian 
Journal of  Geology, 53(2). https://doi.
org/10.1590/2317-4889202320220061 

Ernesto, M., Comin-Chiaramonti, P., Gomes, 
C.B., Castillo, A.M.C., Velázquez, J.C., 1996, 
Paleomagnetic data from the Central alkaline
Province, Eastern Paraguay, in Comin-
Chiaramonti, P., Gomes, C.B. (eds), Alkaline
Magmatism in Central-Eastern Paraguay-
Relationships with coeval magmatism in
Brazil. FAPESP, São Paulo, Brazil, 85-102.

Ernesto, M., Raposo, M.I.B., Marques, L.S., 
Renne, P.R., Diogo, L.A., de Min, A., 
1999, Paleomagnetism, geochemistry and 
40Ar/39Ar dating of  the North-eastern 
Parana Magmatic Province: tectonic 
implications: Journal of  Geodynamics, 
28(4-5), 321-340. https://doi.org/10.1016/
S0264-3707(99)00013-7 

Ernesto, M., Zaffani, L.A., Caminha-Maciel, 
G., 2021, New paleomagnetic data from 
the Parana Magmatic Province: Brief  
emplacement time and tectonism: Journal 
of  South American Earth Sciences, 106, 
102869. https://doi.org/10.1016/j.
jsames.2020.102869 

Fernandes, L.A., 1988, Estratigrafia e Evolução 
Geológica da Parte Oriental da Bacia Bauru 
(Ks, Brasil): Brasil, Universidade de São 
Paulo, tesis doctoral, 272 p.

Fernandes, L.A., Coimbra, A.M., 1994, O 
Grupo Caiuá (Ks): Revisão estratigráfica e 
contexto deposicional. Revista Brasileira de 
Geociências, 24(3), 164-176. https://doi.
org/10.25249/0375-7536.1994164176 

Fernandes, L.A., Coimbra, A.M., 2000, Revisão 

R
E
F
E
R

E
N

C
E
S



P
o

st
-m

a
g

m
a
ti

c 
se

d
im

e
n

ta
ti

o
n

 i
n

 t
h

e
 P

a
ra

n
á
 B

a
si

n
, B

ra
z
il

12 / Boletín de la Sociedad Geológica Mexicana / 76 (3) / A160124/ 202412

http://dx.doi.org/10.18268/BSGM2024v76n3a160124

/ Boletín de la Sociedad Geológica Mexicana / 76 (3) / A160124 / 2024

Estratigráfica da Parte Oriental da Bacia 
Bauru (Neocretáceo): Revista Brasileira de 
Geociências, 30, 717-728.

Fernandes, L.A., Ribeiro, C.M.M., 2015, Evolution 
and palaeoenvironment of  the Bauru Basin 
(Upper Cretaceous, Brazil): Journal of  South 
American Earth Sciences, 61: 71-90. https://
doi.org/10.1016/j.jsames.2014.11.007 

Fisher, R., 1953, Dispersion on a Sphere: 
Proceedings of  the Royal Society of  
London Series a-Mathematical and Physical 
Sciences, 217(1130), 295-305. https://doi.
org/10.1098/rspa.1953.0064 

Florisbal, L.M., Heaman, L.M., Janasi, V.D., 
Bitencourt, M.F., 2014, Tectonic significance 
of  the Florianopolis Dyke Swarm, Parana-
Etendeka Magmatic Province: A reappraisal 
based on precise U-Pb dating: Journal of  
Volcanology and Geothermal Research, 
289, 140-150. https://doi.org/10.1016/j.
jvolgeores.2014.11.007 

Font, E., Ernesto, M., Silva, P.F., Correia, 
P.B., Nascimento, M.A.L., 2009, 
Palaeomagnetism, rock magnetism 
and AMS of  the Cabo Magmatic 
Province, NE Brazil, and the opening 
of  South Atlantic: Geophysical Journal 
International, 179(2), 905-922. https://doi.
org/10.1111/j.1365-246X.2009.04333.x 

Fragoso, C.E., Weinschutz, L.C., Vega, C.S., 
Guimarães, G.B., Manzig, P.C., Kellner, 
A.W.A., 2013, Short note on the pterosaurs 
from the Caiuá Group (Upper Cretaceous, 
Bauru Basin), Paraná State, Brazil, en 
International Symposium on Pterosaurs, Rio 
de Janeiro, Brazil, 71-72.

Fulfaro, V.J., Barcelos, J.H., 1993, Fase rifte na 
Bacia Sedimentar do Paraná: a Formação 
Caiuá: Geociências, 12(1), 33-45.

Fulfaro, V.J., Etchbehere, M.L.C., Perinotto, 
J.A.J., Saad, A.R., 1999, Santo Anastácio: 
um geossolo cretácico na Bacia Caiuá, in V 
Simpósio sobre o Cretáceo do Brasil, Rio 
Claro, SP, Brazil, 125-130.

Gomes, C.D., Comin-Chiaramonti, P., 

Velázquez, V.F., 2013, A synthesis on 
the alkaline magmatism of  Eastern 
Paraguay: Brazilian Journal of  Geology, 
43(4): 745-761. https://doi.org/10.5327/
Z2317-488920130004000012 

Guimarães, G.B., Liccardo, A., Godoy, L.C., 
Weinshutz, L.C., Manzig, P.C., Vega, C.S., 
Pilatti, F., 2012, Ocorrência de Ptorossauros 
no Cretáceo da Bacia do Paraná/Bauru: 
Implicações para a Geoconservação, 
Paleontologia e Estratigrafia, in XLVI 
Congresso Brasileiro de Geologia, Santos, 
Brazil, Santos, Brazil, 48.

Jacques, P.D., Salvador, E.D., Machado, R., 
Grohmann, C.H., Nummer, A.R., 2014, 
Application of  morphometry in neotectonic 
studies at the eastern edge of  the Parana 
Basin, Santa Catarina State, Brazil: 
Geomorphology, 213, 13-23. https://doi.
org/10.1016/j.geomorph.2013.12.037 

Janasi, V.D., de Freitas, V.A., Heaman, L.H., 
2011, The onset of  flood basalt volcanism, 
Northern Parana Basin, Brazil: A precise 
U-Pb baddeleyite/zircon age for a Chapeco-
type dacite: Earth and Planetary Science
Letters, 302(1-2), 147-153. https://doi.
org/10.1016/j.epsl.2010.12.005

Kirschvink, J.L., 1980, The least-squares line and 
plane and the analysis of  palaeomagnetic 
data: Geophysical Journal International, 
62(3), 699-718. https://doi.org/10.1111/
j.1365-246X.1980.tb02601.x

Lurcock, P.C., Florindo, F., 2019, New 
Developments in the PuffinPlot Paleomagnetic 
Data Analysis Program: Geochemistry 
Geophysics Geosystems, 20(11), 5578-5587. 
https://doi.org/10.1029/2019GC008537 

Maxbauer, D.P., Feinberg, J.M., Fox, D.L., 2016, 
MAX UnMix: A web application for unmixing 
magnetic coercivity distributions. Computers 
& Geosciences, 95, 140-145. https://doi.
org/10.1016/j.cageo.2016.07.009 

McKenzie, D., 1978, Some remarks on 
the development of  sedimentary 
basins: Earth and Planetary Science 

R
E
F
E
R

E
N

C
E
S



P
o

st
-m

a
g

m
a
ti

c 
se

d
im

e
n

ta
ti

o
n

 i
n

 t
h

e
 P

a
ra

n
á
 B

a
si

n
, B

ra
z
il

13Boletín de la Sociedad Geológica Mexicana / 76 (3) / A160124/ 2024 / 13

http://dx.doi.org/10.18268/BSGM2024v76n3a160124

Boletín de la Sociedad Geológica Mexicana / 76 (3) / A160124/ 2024 /   

Letters, 40(1), 25-32. https://doi.
org/10.1016/0012-821X(78)90071-7 

Milani, E., Melo, J.H.G., Souza, P.A., Fernandes, 
L.A., França, A.B., 2007, Bacia do Paraná:
Boletim de Geociências da Petrobrás, 15(2),
265-287.

Montes-Lauar, C.R., Pacca, I.G., Melfi, A.J., 
Kawashita, K., 1995, Late Cretaceous 
Alkaline Complexes, Southeastern Brazil 
- Paleomagnetism and Geochronology:
Earth and Planetary Science Letters,
134(3-4), 425-440. https://doi.
org/10.1016/0012-821X(95)00135-Y 

Nascimento, M.A.L., Vasconcelos, P.M., Souza, 
Z.S., Jardim de Sá, E.F., Carmo, I.O., Thiede,
D., 2003, 40Ar/39Ar geochronology of
the Cabo Magmatic Province, Pernambuco
Basin, NE Brazil, in IV South American
Symposium on Isotope Geology, 624-627.

Nick, K., Xia, K.D., Elmore, R.D., 1991, 
Paleomagnetic and Petrographic Evidence 
for Early Magnetizations in Successive 
Terra Rosa Paleosols, Lower Pennsylvanian 
Black Prince Limestone, Arizona: Journal 
of  Geophysical Research-Solid Earth and 
Planets, 96(B6), 9873-9885. https://doi.
org/10.1029/91JB00338 

Ogg, J.G., 2020, Geomagnetic Polarity Time 
Scale, in Gradstein, F.M., Ogg, J.G., Schmitz, 
M.D. (eds.), Geologic Time Scale 2020:
Elsevier, 159–192. https://doi.org/10.1016/
B978-0-12-824360-2.00005-X

Raposo, M.I.B., Ernesto, M., Renne, P.R., 1998, 
Paleomagnetism and 40Ar/39Ar dating 

of  the early Cretaceous Florianopolis dike 
swarm (Santa Catarina Island), Southern 
Brazil: Physics of  the Earth and Planetary 
Interiors, 108(4), 275-290. https://doi.
org/10.1016/S0031-9201(98)00102-2 

Silva, F.D.E., Kiang, C.H., Caetano-Chang, M.R., 
2009, Sedimentation of  the Cretaceous Bauru 
Group in Sao Paulo, Parana Basin, Brazil: 
Journal of  South American Earth Sciences, 
28(1), 25-39. https://doi.org/10.1016/j.
jsames.2009.02.008 

Soares, P.C., Landim, P.M.B., Fúlfaro, V.J., 
Sobreiro-Neto, A.F., 1980. Ensaio de 
caracterização do Cretáceo no Estado de 
São Paulo: Grupo Bauru: Revista Brasileira 
de Geociências, 10, 177-185.

Thiede, D.S., Vasconcelos, P.M., 2010, Parana 
flood basalts: Rapid extrusion hypothesis 
confirmed by new 40Ar/39Ar results: 
Geology, 38(8), 747-750. https://doi.
org/10.1130/G30919.1 

Vandamme, D., 1994, A new method to 
determine paleosecular variation: 
Physics of  the Earth and Planetary 
Interiors, 85(1-2), 131-142. https://doi.
org/10.1016/0031-9201(94)90012-4 

Wang, X., Zhou, Z., 2003, A new pterosaur 
(Pterodactyloidea, Tapejaridae) from the 
Early Cretaceous Jiufotang Formation 
of  western Liaoning, China and its 
implications for biostratigraphy: Chinese 
Scientific Bulletin, 48, 16-23. https://doi.
org/10.1007/BF03183326

R
E
F
E
R

E
N

C
E
S




