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Despite their importance in constraining the dynamics of Gondwana’s final phase of assembly, Cambrian
paleomagnetic data from Gondwana are sparse. The Cambrian paleomagnetic dataset of Western Gondwana is
especially poor, being defined by only a handful of poles. Here we contribute new Furongian paleomagnetic data
from the ~500 Ma post-collisional, Santa Angelica and Venda Nova plutons from the southern portion of the
Aracuaf orogen in SE Brazil. The characteristic magnetization isolated from both plutons reveals two groups of
directions that are demonstrated to be antipodal. On the basis of a thermal diffusion model, we attribute these
antipodal directions to primary thermoremanent magnetizations acquired by cooling of the plutons in the
presence of a reversing field. Together, paleomagnetic results from 35 sites distributed between the two plutons
allows computation of a new ~500 Ma paleopole: 4.7° N, 332.2° E, Ags = 4.06 and K = 68.82. This pole does not
resemble any younger paleomagnetic poles either from Gondwana or the independent South American plate after
the demise of Pangea, but instead closely corresponds to the Miaolingian and Furongian sector of reference
apparent polar wander paths for Gondwana. It also agrees well with the limited existing individual early
Paleozoic poles from Western Gondwana. Our new result may thus be regarded as a reference pole for Western
Gondwana in Furongian time. Considerations of the Cambrian paleomagnetic data from Eastern and Western
Gondwana suggest that while the supercontinent was amalgamated by ~500 Ma, there was likely significant
motion between Eastern and Western Gondwana in eatlier Cambrian time.

Cambrian
Aracuai Orogen
Thermal diffusion model

1. Introduction been assembled by ca. 550 Ma (Meert and Van der Voo, 1997), some

important cratonic elements (e.g. Amazonia, West Africa) may not have

Gondwana was the largest continental crustal unit on Earth for over
200 million years (Meert and Van der Voo, 1997). This supercontinent
comprised the current African continent, Madagascar, India, Arabia, and
much of southwestern Europe, South America, Antarctica, Australia
(Torsvik and Cocks, 2011), as well as many smaller units such as Florida,
the Taurides of Turkey, and parts of central Asia and China (Torsvik and
Cocks, 2016). Following the breakup of preceding supercontinental as-
semblies (Meert and Van der Voo, 1997), Gondwana was generated
through a series of major orogenic events, including the East African and
Brasiliano-Pan-African events, which marked the closure of Neo-
proterozoic oceans (Kroner and Stern, 2005). The East African orogeny
started the process between 800 and 650 Ma (Wilson et al., 1997), but
the subsequent evolution of Gondwana remains somewhat unclear.
Although the bulk of the supercontinent is generally considered to have

fully amalgamated with central Gondwana until the Cambrian Epoch
2-Furongian (Trindade et al., 2006; Tohver et al., 2012), although an
early amalgamation, at 650-600 Ma, is also advocated (e.g., Granade de
Araujo et al., 2014). Some terranes (e.g. Avalonian and Armonian
Terrane Assemblage) along the eastern flank of the Appa-
lachian—Caledonian orogen, were separated from Gondwana in the Late
Cambrian (Furongian) and Lower Ordovician (Tremadocian) (Torsvik
and Cocks, 2016). To reach a full understanding of this key terminal
phase of Gondwana's assembly will require additional paleogeographic
constraints.

Continental paleogeography can be derived from paleomagnetic
studies that can determine the latitude and orientation of a given
continent with respect to the spin axis of the Earth (Torsvik et al., 2012).
However, there is a scarcity of high-quality paleomagnetic data of
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Cambrian age from Gondwana, resulting in persisting uncertainties
concerning global paleogeography at this time (Tohver et al., 2006; Li
et al., 2013). Here we work to rectify this deficiency through the pre-
sentation of a high-quality paleomagnetic pole obtained from Furongian
post-collisional plutons of the Aracuai orogen, SE Brazil. Together with
the existing data from Gondwana, we use this new result to constrain the
Furongian-Tremadocian drift of Gondwana.

2. Regional geology of the post-collisional pluton from the
Aracuai orogen

The Ribeira, Aracuai, and Western Congo belts form an orogenic
system —500 km wide and >1000 km long resulting from the Brasiliano-
Pan-African event, and represent the final amalgamation of the Gond-
wana supercontinent (Fig. 1A) (Pedrosa-Soares et al., 2001; Alkmim
et al., 2006; Tedeschi et al., 2016). This Neoproterozoic-Cambrian
Orogen is contained in a great recess delineated on three sides by
ancient, crystalline basement rocks of the Sao Francisco and Congo
cratons. The Aracuai orogen (AO) merges to the south with the coastal
Ribeira orogen, forming the Aracuai-Ribeira orogenic system (AROS)
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(Tedeschi et al., 2016) (Fig. 1A).

Different magmatic supersuites following the typical geochemical
and structural evolution of collisional settings have been recognized in
the region (Pedrosa-Soares et al., 2011), comprising: (i) a pre-collisional
G1 supersuite, represented by the Rio Doce magmatic arc (630-585 Ma);
(ii) a syn-collisional G2 supersuite, represented by garnet-bearing leu-
cogranites (585-560 Ma); (iii) a late-collisional G3 supersuite
comprising mostly leucogranites (560-535 Ma); and (iv) post-collisional
supersuites G4 and G5 (530-480 Ma). This last phase is inferred to relate
to the gravitational collapse of the orogen, leading to an extensional
regime at the end of the Brasiliano Orogeny. In the north, Cambrian
post-collisional plutons form large, elongated N-striking bodies parallel
to the belt (Fig. 1A). In the south, the volume of post-collisional magma
was significantly lower and the intrusions are mostly circular in shape
(Fig. 1A). These plutons mostly include I-type and A-type granitic rocks,
and their Opx-bearing charnockitic equivalents (Pedrosa-Soares and
Wiedemann-Leonardos, 2000; De Campos et al.,, 2016). Usually they
form inversely-zoned, balloon-like plutons, composed of granitic-
charnockitic rocks and gabbronoritic cores, with striking magma mix-
ing and mingling features, and chemical-isotopic evidence of mantle
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Fig. 1. (A) Simplified geological map of the Aracuai orogenic system (the red inset shows the location of the Aracuai-Ribeira orogen in Western Gondwana)
(modified from Pedrosa-Soares and Wiedemann-Leonardos, 2000). (B) Geological map with facies distribution for Venda Nova (VN) pluton and country rocks
(Mendes and De Campos, 2012). (C) Geological map with facies distribution for Santa Angélica (SA) pluton and country rocks (modified from Schmidt-Thomé and
Weber-Diefenbach, 1987). Paleomagnetic sampling sites are denoted with black dots. Stars represent U-Pb analyses from SA (Temporim et al., 2020). AC: Amazonian
Craton; CC: Congo Craton; KC: Kalahari Craton; RP: Rio de la Plata Craton; SFC: Sao Francisco Craton; SMC: Sahara Meta-Craton; WAC: West African Craton.
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involvement (De Campos et al., 2016) (Fig. 1B,C). No tectonic move-
ment is recorded after this phase in the AO, therefore the post-collisional
plutons from the south do not show evidence of displacement (De
Campos et al., 2016, Temporim et al., 2020).

The Venda Nova (VN) pluton corresponds to an elliptical structure
with a ~75 km? area (Fig. 1B) and concentric structures arrayed about
the whole body (Mendes and De Campos, 2012). The country rocks are
biotite-garnet-sillimanite gneisses and orthogneisses. Gradual contacts
are subvertical and the foliation of the pluton is parallel to the contact
with the country rocks and it dips towards the interior of the intrusion
(Mendes and De Campos, 2012). The VN pluton is inversely zoned with a
felsic border and mafic core. It exhibits a gabbro-norite core, a cha-
nockitic ring at the western border, and a syeno-monzonite envelope
and monzodiorite in the interior of the pluton, as a result of commin-
gling between the syeno-monzonite and gabbro-norite units (Mendes
and De Campos, 2012).

The Santa Angelica (SA) pluton (Fig. 1C) covers about 200 km? and is
an elliptical-shaped intrusion elongated along a NE-SW axis and with
concentric structures arrayed about a twin, bulls eye pattern (De Cam-
pos et al., 2016; Temporim et al., 2020). The country rocks are biotite-
garnet-sillimanite gneisses and biotite-hornblende granodioritic to
tonalitic gneisses. Gradual contacts between the intrusion and the
country rock are subvertical and the foliation at the border of the pluton
is parallel to the contact with the country rocks (De Camipos et al., 2016),
dipping towards the interior of the intrusion. The SA pluton is also
inversely zoned with felsic rocks at the borders and more intermediate-
mafic rocks towards the cores of the twin intrusions (Schmidt-Thomé
and Weber-Diefenbach, 1987). The commingling and mixing zones are
defined through field and geochemical data by Bayer et al. (1987).
Hybrid rocks, resulting from commingling of basic and acidic magmas
are widespread in the intrusion. U-Pb zircon ages constrain the crys-
tallization age of different suites within the SA: 506 + 3 Ma for the felsic
border and 498 + 5 Ma for the mafic core (Temporim et al., 2020).

3. Paleomagnetism
3.1. Sampling and methods

Paleomagnetic samples were collected from multiple rock types from
both VN (22 sites) and SA (15 sites) (Fig. 1B,C). Between five and seven
cores of approximately 8 cm in length and 2.5 cm in diameter were
collected at each site using a portable gasoline-powered drill. The cores
were oriented in the field by sun and magnetic compasses. In the labo-
ratory, samples were cut into 22 x 25 mm cylindrical specimens and
submitted to thermal (TH) or alternating field (AF) demagnetization.
Paleomagnetic analyses were performed in the Laboratério de Paleo-
magnetismo of the Universidade de Sao Paulo (USPmag). Remanent
magnetizations were measured with a 2G-Enterprises SQUID magne-
tometer. AF demagnetizations were executed with an automated three-
axis AF-demagnetizer coupled with the magnetometer. TH de-
magnetizations were performed with an ASC TD48SC paleomagnetic
oven (peak temperatures within £5 °C). These instruments are housed in
a magnetically shielded room with ambient field <500 nT. Magnetic
components for each specimen were identified in orthogonal plots and
calculated through principal component analysis (PCA) (Kirschvink,
1980). Vector mean directions were computed using standard Fisher
statistics (Fisher, 1953).

A total of 127 specimens from the SA pluton and 198 specimens from
the VN pluton were analyzed. After measuring their natural remanent
magnetization (NRM), two specimens from each site were submitted to
AF demagnetization with steps of 1 mT (1-10 mT), 2 mT (10-20 mT), 5
mT (20-50 mT) and 10 mT (50-100 mT), and two other specimens were
submitted to TH with steps of 50 °C (100-500 °C), 20 °C (500-560 °C),
10 °C (560-580 °C) and 20 °C (580-680 °C). AF demagnetization was
then applied to all sites where AF demagnetization was effective. For all
remaining sites (for which AF demagnetization was not adequate alone),
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demagnetization followed a combination of two steps: AF demagneti-
zation at 5 and 10 mT to suppress the contribution of MD magnetite, and
then complete TH demagnetization with the steps described above.

A series of rock magnetic experiments were executed to investigate
the magnetic mineralogy to better understand the paleomagnetic re-
sults. Thermomagnetic experiments were conducted under argon flux to
prevent excessive oxidation during heating using a CS-2 furnace
attached to an Agico Kappabridge KLY 4 CS. All thermomagnetic K-T
curves (susceptibility vs. temperature) were determined in the temper-
ature interval from —200 to 700 °C. Isothermal remanent magnetization
(IRM) curves and hysteresis curves were obtained with a vibrating
sanmple magnetometer (VSM) MicroMag 3900 (Princeton Measurements
Corp).

3.2. Paleomagnetic results

K-T curves, magnetic hysteresis and IRMs were measured on several
samples from each lithology of the SA and VN plutons to characterize the
magnetic mineralogy. All facies have almost the same behavior, as
showed by Temporim et al, (2020). Hence, the results from one sample
from each pluton are presented in Fig. 2.

The K-T curves of all samples exhibit major transitions (identified
from the derivative of the curves, i.e. dK/dT) at —169.3 °C and 578.6 °C
for SA, and at —168.9 °C and 566.3 °C for VN pluton, interpreted as the
Verwey Transition (VT) and the magnetite Curie Temperature (MCT),
respectively (Fig. 2A). Magnetic hysteresis (Fig. 2B) of the samples
reveal similar Mrs/Ms relations and a high Her/He, with thin hysteresis,
typical of an assemblage dominated by multidomain (MD) magnetite.
IRMs (Fig. 2C) show quick saturation around 0.1 T and an Her smaller
than 20 mT. These results suggest that magnetite is the main carrier of
the magnetic remanence in both the SA and VN plutons, and that some of
the magnetite occurs in the form of MD grains. The presence of such MD
magnetite is of concern since it can acquire a remanence at relatively
low temperatures, but may survive TH treatment up to 450 °C, and can
thus obscure the remanent magnetizations carried by pseudo-single and
single domain magnetite (Dunlop and Argyle, 1991). To address this
problem, all specimens subjected to TH demagnetization were first
subjected to AF of 5 and 10 mT to suppress any contributions from MD
magnetite. A typical example of the success of this approach can be seen
in sample SA43D2 (Fig. 3).

With demagnetization, individual samples exhibited a variety of
magnetization unblocking behaviors. Some samples exhibited unstable
behavior during demagnetization with no well-defined linear segments
or great-circle trajectories and so were excluded from further analysis.
All other paleomagnetic results from the VN and SA plutons are sum-
marized in Table 1. Characteristic AF and TH demagnetization results
are depicted in Fig. 3. AF demagnetization proved effective for almost all
sites (Fig. 3), and the complete demagnetization of most samples was
attained at relatively high peak fields between 40 and 100 mT (Fig. 3).
Some sites were not completely demagnetized by AF and TH demag-
netization was necessary (SA40 and VNO). In these cases, demagneti-
zation was generally characterized by ‘hard-shouldered’ behavior, with
unblocking mostly occurring within a narrow range of temperatures
between 540 and 580 °C (e.g. SA40A3, VN7D2, VN9G2 and VN25C1 in
Fig. 3). However, both methods of demagnetization resulted in similar
directional data (Fig. 3). The most common behavior observed during
demagnetization was dual-component decay, with a low coercivity/
temperature component being eliminated before reaching a stable high
temperature or high coercivity direction (e.g. SA43 in Fig. 3). In these
samples, the low-stability component was removed during the initial
steps of demagnetization (5-20 mT or 100-150 °C), and its remanence is
probably carried by coarse-grained MD grains. After removal of the low-
stability component, the magnetic vector proceeds univectorially to the
origin, allowing definition of the characteristic remanent magnetization
(ChRM).

The ChRMs of both the VN and SA plutons present two groups of
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Fig. 2. Investigations of the magnetic mineralogy of the Venda Nova (VN) and Santa Angélica (SA) plutons. A- thermomagnetic curves for gabbroic rocks of VN and
SA showing the Verwey transition (VT) and magnetite Curie temperature (MCT). B- Magnetic hysteresis and C- Isothermal remanence magnetization (IRM)
acquisition curves. Her: remanence coercivity, He: bulk coercivity, Mrs: saturation remanent magnetization, Ms: saturation magnetization.
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Table 1
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Paleomagnetic results for SA and VN plutons. The mean ChRM is given by its declination (Dec), inclination (Inc), radius of the 95% confidence cone (¢95), and
precision parameter (K). N/n indicates number of samples collected/used in calculation of the mean. VGP Plat/Plong indicates virtual geomagnetic pole coordinates.

Site# N/m Geographical coordinates Site mean direction VGP

Lat. (S) Long. (W) Dec () Inc (%) os K Plong.(°E) Plat.(°N)
Santa Angelica pluton
SA23 6/6 20° 41’ 57.902" 41° 26’ 54.866" 354.5 55.0 14.6 22,12 227.7 55.1
SA34 6/6 20° 43’ 39.204"” 41° 26’ 42.743"” 76.2 60.8 6.2 116.66 84.2 59.6
SA37 12/8 20° 42’ 39.409"” 41° 25’ 37.141" 46.2 75.1 3.0 352.45 30.4 83.2
SA38 8/8 20° 42' 17.245"” 41° 26’ 25.051"” 65.1 83.5 5.5 103.17 357.7 68.3
SA40 10/10 20° 42' 6.591" 41° 25’ 59.143"” 65.8 78.6 2.7 328.71 21.5 73.1
SA42 9/8 20° 41’ 40.204" 41° 26’ 32.991" 45.3 59.1 10.6 28.04 135.7 70.6
SA43 13/13 20° 40" 37.939"” 41° 25’ 47.953" 19 69.2 11.7 13.46 226.7 79.5
SA44 10/7 20° 40’ 22.646" 20° 40’ 22.646" 359.4 66.7 11.2 29.95 242.7 67.5
SA49 8/8 20° 39’ 55.802" 41° 21’ 52.343" 17.8 61.6 14.1 16.4 202.7 71.3
SAS50 8/8 20° 39’ 44.341"” 41° 22! 22.077" 182.8 —59.4 3.6 243.9 43.2 —62.9
SA53 7/7 20° 38’ 31.818"” 41° 21’ 29.632"” 191.3 —55.7 2.6 40.40 26.0 —63.2
SAS55 8/8 20° 38" 19.800" 41° 23’ 8,249 83 74.2 6.3 78.75 43.9 65.9
SA59 11/11 20° 38' 18.665" 41° 24’ 43.889" 247.4 ~76.5 7.3 44.63 214.4 ~73.4
SA61 8/8 20° 39’ 5.051" 41° 25’ 18.916" 29.0 78.0 7.0 64.38 325.6 80.7
SA66 11/11 20° 37’ 39.366" 41° 22’ 53.633"” 28.7 73.2 4.65 103.13 266.7 86.6
Mean 135/127 20° 40" 30.000" 41° 25" 15.600" 29.20 71.37 10.05 15.45 335.4 6.8
Venda Nova pluton
VN1 8/6 20° 19’ 4.079" 41° 9’ 27.377" 33 72.5 6 124.43 130.0 83.7
VN2 8/6 20° 19" 10.042" 41° 10’ 26.672" 24.9 70.6 5.8 132.77 169.1 81.6
VN3 10/10 20° 18’ 38.211" 41° 10’ 52.834" 21.1 73.7 3.1 247.07 202.7 85.7
VN4 13/13 20° 18’ 24.871" 41° 10’ 35.416" 21.2 69.4 2.5 277.97 181.4 79.5
VN5 9/9 20° 18’ 57.275" 41° 12" 17.472" 345.5 79.7 4.4 135.19 294.4 72.7
VN6 8/8 20° 17" 18.463" 41° 13/ 14.549"” 17.9 75.6 6.6 71.09 252.5 86.1
VN7 14/14 20° 17" 15.302"" 41° 13" 17.743" 356.6 76.7 2.1 345.05 273.5 76.9
VN8 8/7 20° 16’ 36.128" 41° 12 56.959" 27 77.3 8.6 50.60 347.8 87.4
VN9 12/12 20° 16’ 3.724" 41° 11" 4.764" 50.2 71.8 1.9 500.51 91.5 76.6
VN11 14/13 20° 18’ 22.548"” 41° 9’ 30.936" 18.5 73.4 3.1 180.19 211.5 84.5
VN15 6/6 20° 15’ 38.447" 41° 9’ 10.300" 30.6 74.8 5.3 158.55 113.2 87.5
VN18 5/5 20° 15" 23.171" 41° 8’ 43.354" 58.5 73.8 4.8 260.21 71.3 74.6
VN22 11/11 20° 18’ 54.745" 41° 12" 19.573" 0.8 81.2 4.3 111.66 310.0 76.6
VN23 11/11 20° 17" 41.426" 41° 12' 27.597 20.8 72.5 5.4 73.75 193.7 83.9
VN24 10/10 20° 17" 48.697" 41° 11’ 54.963" 27.4 80.8 4.6 109.02 345.2 81.1
VN25 11/11 20° 17" 14.265"” 41° 11’ 13.540"” 26.2 72.3 2.0 525.36 165.3 84.3
VN26 10/10 20° 17" 41.009"” 41° 11’ 40.622" 22,6 83.3 3.3 209.67 339.7 76.3
VN30 8/8 20° 16' 37.925"” 41° 9’ 33.174"” 29.7 73.6 5.6 97.97 139.4 86.1
VN31 9/9 20° 16 23.116" 41° 9’ 55.503" 30.8 71.2 3.4 236.65 145.3 82,3
VN33 9/9 20° 17’ 31.640" 41° 10’ 59.414"” 59.1 73.4 5.2 100.24 72.9 74
VN35 6/6 20° 19" 18.177" 41° 12/ 15.183" 21.1 77.8 7.6 78.46 312.3 85.8
VN36 4/4 20° 18’ 25.079" 41° 13’ 4.506" 26.7 77.0 7.4 155.96 345.5 87.9
Mean 204/198 20° 17’ 20.400” 41° 10" 40.800" 26.74 75.66 3.8 67.44 330.5 3.2
Combined poles
Mean 37/35 20° 17" 49,200 41° 29’ 6,000 27.84 74.23 4,27 33.15 332.2 4.7

directions: one directed steeply down to the NE (group 1), and a second
group directed steeply up to the SW (group 2). In the VN pluton, all sites
in the interior of the pluton exhibit group 1 directions, whereas seven
sites located at the margin of the pluton present mixed group 1 and 2
directions (Fig. 4A). In the SA pluton, most sites exhibit group 1 di-
rections, but 4 sites in the NE portion of the pluton present group 2 di-
rections or mixed group 1 and 2 directions (Fig. 4B). To consider if the
group 1 and group 2 directions could be antipodal (normal and reverse)
components of a common population, we executed a test for a common
true mean direction (CTMD; Koymans et al., 2016) after inverting the
polarity of one of the groups. To consider the uncertainties associated
with this test, a non-parametric bootstrap was performed following the
approach described by Tauxe et al. (2010). It was not possible to perform
this test on the data from the VN pluton because of the large dispersion
of the group 2 directions, but application of this test to the data from the
SA pluton reveals that the group 1 and group 2 directions are not
distinguishable at the 95% confidence level (Fig. 5A). Because these
groups are antipodal, this constitutes a positive reversal test. Given this
outcome, we interpret the group 1 and group 2 directions to be antipodal
directions of a common population, and so treat them together in the
following.

To consider whether the VN and SA directional populations may

average paleosecular variation (PSV), we employed the approach of
Deenen et al. (2011). In this approach, the Ags of virtual geomagnetic
poles (VGPs) derived from a directional population are evaluated
against theoretical bounding values (Agsmin and Agsmay) that are
dependent on the number of observations (N); Ags values that fall be-
tween the reference bounding values are considered consistent with a
population that has averaged PSV. Converting the site mean ChRM di-
rections from VN to VGPs, we compute a mean paleomagnetic pole of
330.5 °E and 3.2 °N, with an Ags of 3.80° (Fig. 4A’, Table 1). An
interactive cut-off for this VGPs distribution (Vandamme, 1994) of
17.27° did not result in the exclusion of any sites. For N = 22, Agspay is
11.70° and Agsmin is 3.49°, and so our Ags of 3.80° falls between these
values and is thus consistent with having averaged PSV. For the SA
pluton, the site-based VGPs yield a paleomagnetic pole at 335.4 °E and
6.8 °N with an Ags of 10.05° (Fig. 4B°, Table 1). The interactive cut-off
was 32.66°, which again did not result in the exclusion of any sites. For
N = 15 the Agspmax is 14.89° and Agspin 4.06°, so again our Ags falls
within this envelope and is consistent with having averaged PSV.

The CTMD test was used to evaluate whether the VGPs of the VN and
SA plutons could belong to the same population. Like the reversal test,
the result (Fig. 5B) shows bootstrapped (x,y,z) coordinates for both
directional populations as cumulative distribution functions. The
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Fig. 4. - Sample and site mean directions for the Santa Angélica (SA) and Venda Nova (VN) plutons and their coiresponding VGPs. (A) ChRM directions of the VN
samples and their site mean directions; (A’) Relative VGP positions with the mean VGP rotated to the north pole. (B) ChRM directions of the SA samples and their site
mean directions; (B’) Relative VGP positions with the mean VGP rotated to the north pole. (C) ChRM directions of the combined samples and their site mean di-
rections; (C") Relative VGP positions with the mean VGP rotated to the north pole. Filled (open) circles are projections on the lower (upper) hemisphere. Blue points
are accepted, and red ones are rejected after a Vandamme cut-off (Vandamme, 1994). The illustrated confidence envelopes show the a95/A95 associated with the
mean of the directions/VGPs. All quantitative values are reported in Table 1 of this work.

confidence intervals for each coordinate overlap, indicating that the
associated directions are statistically indistinguishable, and thus it can
be concluded their populations share a common true mean direction at
the 95% confidence level (Koymans et al., 2016). Since the VN and SA
plutons are located only tens of kilometers apart, they are part of the
same petrological suite, and their VGP populations are statistically

indistinguishable, we combine their paleomagnetic data into a single
pole. This combination improves the general statistical quality of the
pole with a greater N. The combined paleomagnetic pole falls at 332.2° E
and 4.7° N, with an Ags of 4.06° (Table 1). The interactive cut-off circle
for the combined pole was 25.94°, which excluded two sites (Fig. 4C,
C’). The observed Ags falls between the N = 35 Agspax of 8.73° and
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are indistinguishable at the 95% confidence level.

Agsmin of 2.89°, again indicating that the combined pole exhibits the
dispersion expected from a time-averaged pole.

4, Thermal diffusion model
4.1. Model setup

If the magnetization preserved by the SA and VN plutons is primary,
it would represent a thermoremanent magnetization (TRM) acquired
during cooling of the plutons below a magnetic blocking temperature. It
is therefore important to consider the thermal history of these bodies,
and we thus construct a simple thermal diffusion model. To simulate the
cooling process of the SA and VN plutons, a two-dimensional heat
conservation equation was applied, which takes the form:

(dT)i (aZT aZT) i D

Assuming the term k (thermal diffusivity) = (k p*lcg 1), where p is
the density of the material (kg m™>), Cp is the thermal capacity at a
constant pressure (J/kg/K), k is the thermal conductivity (W/m/K) and
H is the volumetric heat production (Wm™>). The terms accompanied by
k are the second derivative of the temperature of the medium, i.e., the
temperature variation in the x and y directions. For most mantle and
crustal rocks, radioactive heat only becomes relevant at temperatures
above 1200 °C (Clauser, 2009), and as such, we ignored the heat pro-
duction in Eq. (1). As Eq. (1) is a differential equation, it was solved
numerically using a finite-difference method in a python script envi-
ronnment. Further details of this thermal diffusion model can be found in

the supplementary material.

In the case of the VN pluton, we directly simulated the initial matrix
of Ty (the initial state, i.e., its emplacement) undergoing diffusion for 3
Ma. As proposed by Temporim et al. (2020), the SA pluton consists of
two plutonic features, a SW and a NE lobe, separated by an internal
magmatic shear zone. Therefore, two different scenarios were proposed
for SA: a) these two plutons intrude at the same time with the same Tg
and undergo heat diffusion for 3 Ma; b) the shallowest pluton (the NE
lobe) intrudes first, cools down and then the SW pluton intrudes the
nearby wall rocks. In scenario (b), the cooling process of the earlier NE
pluton and its host was alternatively simulated for 100 kyr and 1 Ma
prior to intrusion of the SW pluton, to investigate the differences asso-
ciated with an approximately coeval intrusion versus a late emplace-
ment. After the intrusion of the SW body, heat diffusion was simulated
for an addirional 3 Ma.

4.2. Model results

Given the presence of antipodal directions, one way to assess
whether the magnetizations could be primary is to consider if the
observed spatial distribution of the two polarities could be explained by
cooling of the plutons. Thus, our thermal diffusion model can here serve
as a kind of field stability test (Van der Voo, 1990; Meert et al., 2020). As
discussed below, the results of our model indeed demonstrate that the
spatial distribution of magnetic polarity can be related to cooling of the
plutons, and thus the magnetization may be primary. The full details of
the diffusion model used to draw this conclusion can be seen in the
supplementary material. In the following, we focus on the heat transfer
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Fig. 6. Thermal diffusion model for the SA (A) and VN (B) plutons and the distribution of observed paleomagnetic polarities. (C) VN thermal diffusion model frame.
(D) and (E) SA thermal diffusion model frame for 100 k years and 1 Ma, respectively.

pattern for each scenario and its relationship with the antipodal di-
rections from each pluton (Fig. 6A, B).

In the VN pluton, heat diffusion occurs quickly through the first 100
kyr, in accordance with Fick’s first law of diffusion. The gabbroic core
transfers energy to the lower temperature syenite-monzonite envelope,
and the highest temperature isotherms migrate from the gabbroic core
to the center of the unit within 150 kyr. Before migration and re-setting
of the hottest region of the pluton, the 600 °C and 500 °C isotherms are
close together. Once the diffusion takes an equal spreading regime from
150 °C forward, these isotherms depart from each other. The polarities
of the VN sites also exhibit a concentric distribution, with group 2 di-
rections and mixed polarities located at the border of the pluton, and
group 1 directions located at the core. Considering a range of magnetite
Curie temperature (Tc) coherent with the 600 °C isotherm and 500 °C as
a blocking temperature (Tb), and comparing it with the spatial distri-
bution of the paleo-polarity at each site, it is possible to observe a
coherent correlation, represented by the 375 kyr interpolation frame
(Fig. 6C).

For the SA pluton, the same perspective between mafic core vs felsic
envelope in the VN is observed. There is a difference in the thermal
interaction between the NE and SW pluton. Both plutons are approxi-
mately coeval (Temporim et al., 2020), and our alternative thermal
history scenarios (100 kyr vs. 1 Ma differences in emplacement timing)
are simply formulated for the sake of comparison. The matter of which
lobe would have intruded first is not relevant, because the goal is to
determine whether the polarity could be related to the cooling process,
and thus whether the magnetization could be primary. In the NE lobe,
following 100 kyr of cooling, the 500 °C and 600 “C isotherms are close
together and there is a hot core with temperatures near 900 °C. In the
SW intrusion, the heat causes a funneling effect of the isotherms towards
the NE lobe and, once the heat distribution is equilibrated, isotherms
depart again with a much lower cooling rate. In the 1 Ma cooling sce-
nario, the NE lobe fully passes through Tb before the intrusion of the SW
lobe. The funneling effect is also present and 500 °C isotherms expands
itself through a NE trend until nearly half of the NE body. Although with
small differences between each other, in both scenarios the 500 °C and

600 °C isotherms are coherent with the paleo-polarity distribution in the
SA - all sites that exhibit group 2 or mixed group 1 and 2 directions are
located in the NE lobule and the SW lobule exhibits only group 1 di-
rections (Fig. 6D,E).

5. Discussion
5.1. Paleomagnetic pole of the Cambrian plutons

Our paleomagnetic analysis revealed antipodal remanent magneti-
zations from both the SA and VN plutons, which pass a reversal test and
represent indistinguishable directional populations, as attested by a
CTDM test. In conjunction with our thermal diffusion models, the
observed distribution of magnetic polarities is consistent with the
ChRMs of the SA and VN plutons being thermoremanent magnetizations
(TRMs) acquired during cooling of those plutons following their
emplacement. That the Ags of the SA pluton is larger than that of the VN
pluton is mostly likely due to their different cooling histories. According
the thermal diffusion model, the amount of time to cool the SA pluton
required —600 kyr more than the VN pluton. Due the longer cooling
time, SA pluton would record greater dispersion of directional data.
Nevertheless, the directional dispersion of the VN data is still within the
expected range for a time-averaged pole, and the presence of dual po-
larities strongly suggests that the dataset has averaged PSV.

Combination of the results from both plutons yields a paleomagnetic
pole (hereafter ‘SAVN’ pole) at 332.2 °E and 4.7 °S (Table 1) for which
an age of ~500 Ma is assigned based on the U-Pb analysis (Temporim
et al., 2020). This pole completely satisfies all seven quality criteria
proposed by Van der Voo (1990), as follows: (1) U-Pb zircon ages con-
straining the crystallization age of different facies within SA pluton are
concordant and likely closely approximate the age of magnetization
acquisition; (2) the pole was derived from a set of 309 samples (35 sites)
and has adequate statistical precision (Ags = 4.06 and K = 68.82); (3)
remanence vectors were isolated after stepwise AF and TH demagneti-
zation, both treatments giving similar results; (4) a thermal diffusion
model was used to attest that the magnetization in both plutons is most
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likely a primary TRM; (5) the plutons intrude Neoproterozoic gneisses of
the AO after the peak of deformation and metamorphism, as indicated
by regional geochronological data and structural relations (details can
be found in Temporim et al., 2020); (6) the Santa Angelica pluton pre-
sents reversals corroborated by a positive reversal test; (7) the pole does
not resemble any younger paleomagnetic poles either from Gondwana
or the independent South American plate after the demise of Pangea.
The location of the SAVN pole is moreover similar to other ~500 Ma
poles from Gondwana (see below). Meert et al. (2020) introduce a
stricter (updated) R-criteria, but our new pole also completely satisfies
their seven criteria. In sum, our new paleomagnetic pole may be
regarded as a reference pole for the supercontinent Gondwana in
Furongian time (—~500 Ma).

The paleomagnetic data from this work also suggest that the Earth’s
magnetic field underwent at least one period of reversal during the
acquisition of the remanence in these rocks. Moreover, because Gond-
wana was in the southern hemisphere during the early Paleozoic (see
below), we may recognize the group 1 directions (directed downward)
as being of reverse polarity and the group 2 directions as being of normal
polarity.

5.2. Comparisons with existing constraints

Several apparent polar wander paths (APWP) have been proposed for
Gondwana in latest Neoproterozoic-early Paleozoic time (e.g. Meert
et al., 2003, Trindade et al., 2006, Torsvik et al., 2012, Rapalini, 2018).
These paths are based on different data selection and rejection criteria,
resulting in a large variety of shapes. For reference, in Fig. 7 we show the
Paleozoic segment of the Gondwana APWP of Torsvik et al., 2012 (one of
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the larger and more recent compilations), rotated into South American
(Amazonian) coordinates. More specifically, this is the 10-Myr running
mean (RM) path of Torsvik et al. (2012); a variation of this path that
applies a blanket inclination shallowing correction (f = 0.6) to all un-
corrected clastic sedimentary rocks is also depicted (dashed line). Note
that although this Paleozoic APWP is built from a relatively large
number of poles (N = 74), they are not uniformly distributed in time.
Mean poles with a white Ags are based on only a single entry (whereas
all means with a blue Ags have N > 1), and the poles at 340, 420 and 430
Ma (marked by grey squares) are interpolated (i.e. N = 0).

Our new 500 Ma SAVN pole (Table 1) closely corresponds to the
Furongian sector of this Gondwana APWP, and notably falls within the
Ags of both the 500 and 510 Ma mean poles (Fig. 7). Aside from the
Furongian segment, the only other part of the APWP of Gondwana that is
somewhat close to the SAVN pole is the 390 Ma mean pole (10 °N, 15
°E). However, this 390 Ma mean is poorly defined, being based on only a
single pole derived from sedimentary rocks that have not been corrected
for inclination shallowing. Torsvik et al. (2012) discarded this pole in
favor of an interpolated result (grey 390 Ma pole in Fig. 7), and, notably,
application of an assumed inclination shallowing correction of f = 0.6
results in a shift of the original mean toward this interpolated position.

Although the comparison of the SAVN pole against the reference
Gondwana APWP of Torsvik et al. (2012) is instructive, it is also
important to directly compare it against similarly aged individual poles.
This is especially important given the fact that the Cambrian Epoch 2-
Tremadocian segment of the Gondwana APWP of Torsvik et al. (2012)
is near-entirely dominated by results from Eastern Gondwana. Of the 19
late Cambrian Epoch 2-Tremadocian (530-480 Ma) poles from Gond-
wana in that compilation, ten are from Australia, four are from

Fig. 7. Apparent Polar Wander Path (APWP) of
Gondwana (Torsvik et al., 2012) in Amazonian
coordinates. The solid line represents the 10-Ma
running mean path (using a 20-Ma window)
without correction for potential inclination shal-
lowing; the dashed line is the same path after
inclination shallowing correction with a blanket
value of f = 0.6. Mean poles with a white A95 are
based on only a single entry (whereas all blue

A95s have N > 1). Mean poles denoted by grey
squares (430, 420, 390 and 340 Ma) were
determined by interpolation from the neigh-
boring mean poles. The SAVN pole is shown in
red.
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Antarctica and two are from Madagascar. The remaining three poles are
from southeastern Africa and the Rio de la Plata Craton, and there are no
Cambrian Epoch 2-Tremadocian (poles from Congo-Sao Francisco. We
therefore compiled Cambrian Epoch 2-Tremadocian (525-480 Ma)
poles from Western Gondwana (Table 2) to evaluate the position of
SAVN with respect to coeval poles from more closely neighboring re-
gions. In addition to the aforementioned poles from Torsvik et al.
(2012), our compilation includes three poles from Congo-Sao Francisco
and two poles from the Pampean Orogen. We sought poles with Q > 4,
but retained the singular pole from Rio de la Plata with Q = 3.

In Fig. 8 we plot the SAVN pole against these other poles after
rotating them to South American (Amazonian) coordinates, following
the reconstruction parameters of Torsvik et al. (2012) (see Table 2).
Among these poles, the results from the Piquete Formation (PI,
ca.500-490 Ma, D’Agrella Filho and Pacca, 1986) and Juiz de Fora (JF,
ca.510-500 Ma, D’Agrella-Filho et al., 2004) are the most directly
comparable to SAVN, in being the only other poles from the Aracuaf
orogen. JF lies only —6° from SAVN and its Ags overlaps the SAVN mean,
whereas the PI pole falls ~15° from SAVN and is statistically distinct
from it. Although the first-order similarity among these pole positions is
noteworthy, an interpretation of their differences is inhibited by the fact
that the PI and JF poles are derived from metamorphic rocks whose ages
are not precisely determined. Aside from the PI and JF poles, the only
other similarly aged pole from Congo-Sao Francisco is the Itabaiana pole
(IT, ca. 525 Ma; Trindade et al. 2006), which falls ~34° from SAVN.
However, given that the best-estimated ages of these poles differ by —25
Ma, their separation could be simply explained by plate motion at a rate
on the order of 15 em yr 1.

Looking beyond Congo-Sao Francisco, the Cambrian Epoch 2 pole
from Rio de la Plata (SI) falls close to (—6° from) the SAVN mean, but is
associated with large spatial and temporal uncertainties. A Tremadocian
pole from South Africa (Graafwater, GF pole) also falls ~10° from the
SAVN mean, whereas the Cambrian Epoch 2 Ntonya Ring pole (NR) from
southeastern Africa lies ~24° away. Observing that the latter falls close
to the IT pole (Trindade et al. 2006), its position is again possibly
reflective of the Cambrian Epoch 2 drift of Western Gondwana. These
results are thus consistent with a general coherence between Congo-Sao
Francisco, Rio de la Plata and southern Africa by Cambrian Epoch 2
time. In contrast, two Furongian-Tremadocian poles from the Pampean
orogen fall more than 25° from SAVN and the other Furongian-
Tremadocian poles from Western Gondwana (Franceschinis et al.
2020). Their pole positions are also significantly offset from the coeval
mean poles of the APWP of Torsvik et al. (2012). Their anomalous po-
sitions could be interpreted as evidence of a significant younger
displacement of the Pampean orogen with respect to greater Gondwana
(e.g. Spagnuolo, et al., 2012), although the available geological evi-
dence strongly opposes such a scenario (Rapela et al., 2007; Ramos
et al., 2010). This remains an outstanding problem.

Table 2
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Antarctic
Shicld

Fig. 8. Cambrian Epoch 2 to Tremadocian paleomagnetic poles of Gondwana.
A) Poles rotated to the Amazon coordinates following the reconstruction pa-
rameters of Torsvik et al. (2012). The collection includes poles from Congo-Sao
Francisco craton (red), Pampean Orogen (yellow), Rio de la Plata (blue), and
Southeastern Africa (purple). All information and references of the poles can be
seen in the Table 2 of this work. APWP for Gondwana between 540 and 430 is
represented in dashed gray lines (Torsvik et al., 2012). B) Gondwana map (Gray
et al., 2007) with localities from Western Gondwana in coloiful stars and lo-
calities from Eastern Gondwana in black stars.

A key observation from these comparisons is that our ~500 Ma SAVN
pole agrees well with the Gondwana APWP of Torsvik et al. (2012),
which is dominated by Eastern Gondwana data, and with individual
Terreneuvian-Tremadocian poles from Western Gondwana. This implies
that Eastern and Western Gondwana must have been approximately
coherent at least by this time. In contrast, the slightly older Cambrian
poles (Cambrian Epoch 2) from Western Gondwana (IT and NR) appear
to diverge from the Terreneuvian and Cambrian Epoch 2 trend of the

Selected paleomagnetic poles for Gondwana between 525 and 480 Ma. Q = Quality Factor (Van der Voo, 1990); A95 = 95% confidence ellipse; Lat/Lon = Pole

Latitude/Longitude; Age in Ma.

Code Formation Q Plat Plon Ags Age EP Reference

Congo-Sao Francisco

SAVN Santa Angelica/Venda Nova plutons, Aracuai Orogen 7 4.7 332.2 4.1 500 - This work

PI Piquete Formation, Aracuai Orogen 4 -0.8 346.5 10.2 500 - D’Agrella Filho and Pacca (1986)
JF Juiz de Fora Complex 4 -0.6 335.2 10 510 - D’Agrella-Filho et al. (2004)
IT Itabaiana Dikes, Borborema Province 6 -34.9 134.6 7.3 525 - Trindade et al. (2006)

Rio de la Plata

SI Sierra de las Animas voleanic Complex 3 5.9 338.1 18.1 510 [8.4,111.2, —2.6] Sanchez-Bettucci et al. (2002)
Pampean Orogen

LP La Pedrera Formation 5 38.3 340.4 8.8 485-477 [7.7, 298.5, 3.3] Rodriguez Piceda et al. (2018)
CF Campanario Formation 7 23.6 346.5 7 514-485 [7.7, 298.5, 3.3] Franceschinis et al. (2020)
Southeastern Africa

GF Graafwater Formation, Cape Province 6 28 14 482.5 [50.0, —32.5, —55.1] Bachtadse et al. (1987)

NR Ntonya Ring Structure, Malawi 5 27.5 344.8 1.9 522 [50.2, 327.7, —55.0] Briden (1968)
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Gondwana APWP of Torsvik et al. (2012) (Fig. 8), implying that Western
and Eastern Gondwana may have still been moving relative to one
another immediately prior to mid-Cambrian time (Robert et al. 2018).

6. Conclusions

Paleomagnetic analysis was conducted on the post-collisional Santa
Angélica and Venda Nova plutons (—~500 Ma) from the southern portion
of the Aracuai orogen (AO) in SE Brazil. The results of this analysis
isolated a characteristic magnetization likely carried by PSD/SD
magnetite grains, as determined from a series of rock magnetic experi-
ments. The population of magnetic directions from both plutons are
associated with two groups which, for the Santa Angelica pluton, are
demonstrated to be antipodal. A thermal diffusion model was used to
demonstrate that the magnetization in both plutons is consistent with a
primary thermoremanent magnetization, acquired in the midst of a field
reversal. The SAVN pole computed from the pooled magnetic results
(4.7° N, 332.2° E, N = 35, Ags = 4.06 and K = 68.82) does not resemble
any younger paleomagnetic poles either from Gondwana or the inde-
pendent South American plate after the demise of Pangea. In sum, this
pole completely satisfies all seven quality criteria proposed by Van der
Voo (1990), as well as the stricter (updated) R-criteria proposed by
Meert et al. (2020).

The SAVN pole closely corresponds to the Miaolingian-Furongian
sector of the Gondwana APWP (Torsvik et al., 2012), and notably falls
within the Ags of both the 500 and 510 Ma mean poles of that path. The
Terreneuvian-Tremadocian segment of the Gondwana APWP of Torsvik
et al. (2012) is near-entirely dominated by results from Eastern Gond-
wana. The few poles from Western Gondwana are from southeastern
Africa and the Rio de la Plata Craton, and there are no Terreneuvian-
Tremadocian poles from Congo-Sao Francisco; our new pole therefore
provides a critical new constraint from this block in the core of Western
Gondwana. In comparing our SAVN pole with individual Cambrian
Epoch 2-Tremadocian poles from Western and Eastern Gondwana, we
may conclude that Eastern and Western Gondwana appear to share a
common population of paleomagnetic poles by Furongian time (—500
Ma), but that there are paleomagnetic indications of strong motions
between those blocks in earlier Terreneuvian-Cambrian Epoch 2 time.
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