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ABSTRACT

The Neoproterozoic-Paleozoic transition (~541 Ma) was a turning point in Earth’s history resulting in great
biological changes between the microbial Precambrian life and the Ediacaran biotic revolution with the occu-
pation of the sedimentary substrate, the dawn of biomineralization and the appearance of the earliest multi-
cellular organisms. In parallel, this period is marked by a large plate reorganization leading to the assembly of
Gondwana and by major climatic changes (extreme glacial events). Due in part to a poor paleomagnetic database
for the different cratons in the Ediacarian-Cambrian times, the global paleogeography at that time remains
controversial. In this study we present a new high-quality paleomagnetic pole (R = 7) for the Monteiro dyke
swarm in the Borborema Province (NE Brazil) located at 18.2°S and 344.9°E (A95 = 11.7° K = 9.3). They are
fine-grained hornblende dolerite dated by U-Pb on zircon at ~538 Ma. Rock magnetic data indicate that
magnetite and pyrrhotite are the main remanence carriers. Positive baked-contact tests support the primary
remanence obtained for these dykes (19 sites). A positive reversal test (classified C) was also obtained from the
14 sites with negative inclination and the 5 sites with positive inclination, indicating that the paleosecular
variation was eliminated. Our new key pole is not consistent with the classical apparent polar wander path of the
Gondwana which consists of a long track from a southern polar position at ~590 Ma to an equatorial position at
~520 Ma, and suggests instead rapid and small oscillations of the APW, after the end of the large IITPW at ca.
560 Ma. These TPWs are supposedly caused by changes in the inertia tensor of the Earth due to internal mass
redistribution, related to rapid changes in subduction velocity. Links of these rapid oscillations and the timing of
the Cambrian radiation could be crucial to understand the early history of animal life

1. Introduction

transition is poorly known with few well-determined paleomagnetic
constraints (Buchan et al., 2001; Meert and Powell, 2001; Tohver et al.,

The Neoproterozoic Era is marked by the first complex animals,
extreme ice ages (Snowball Earth events) and the rise of oxygen in the
atmosphere (Hoffman and Schrag, 2002; Kirschvink, 1992; Kirschvink
etal., 1997; Knoll, 1992). Major changes in Earth’s geodynamics appear
with emergence of modern-style plate tectonics marked by the appear-
ance of common ophiolites, blueschists and ultra-high-pressure meta-
morphic conditions (Stern, 2005). These major changes occurred
between the breakup of the Rodinia supercontinent (~850 Ma) and the
final assembly of the Gondwana landmass at ~520 Ma (Cawood and
Pisarevsky, 2017; Dalziel, 1997; Hoffman, 1991; Pisarevsky et al., 2008;
Stern, 2008). The assembly of West Gondwana is related to the devel-
opment of the Iapetus Ocean and the closure of Goias-Pharusian and
Clymene oceans but the paleogeography at the Ediacaran-Cambrian
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2006).

The paleomagnetic data necessary to resolve the paleogeography of
the Ediacaran-Cambrian transition is also of interest to understand the
unusual Ediacaran geomagnetic field behavior (Bazhenov et al., 2016;
Gallet and Pavlov, 2016; Bono et al., 2019). Indeed, the interval
~600-500 Ma shows a paleomagnetic scattering pattern with many
discordant poles for different continents, such as Laurentia, Baltica,
Australia and West Africa. To reconciliate these discordant paleomag-
netic data, the occurrence of rapid true polar wander (TPW) or inertial
interchange true polar wander (IITPW, or Type II-TPW according to
Raub et al. (2007)) episodes weres invoked. An IITPW event describes
the ~90° motion in amplitude of the entire solid earth (mantle and
crust) in respect to the spin axis of the Earth (Goldreich and Toomre,
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1969; Kirschvink et al., 1997; Rose and Buffett, 2017). These movements
of the Earth’s rotation pole (TPW) are the consequences of the internal
redistribution of mass changing the moment of inertia of the planet
(Raub et al., 2007). During the Ediacarian-Cambrian transition such
events were described with: (1) two inertial interchange TPW (IITPW)
between 615 and 571 Ma and between 571 and 565 Ma (Robert et al.,
2017), and (2) a TPW in the Lower Cambrian between 550 and 505 Ma
(Kirschvink et al., 1997; Meert, 1999; Mitchell et al., 2010). More
recently, this late Cambrian TPW (~505-495 Ma) was also invoked
when analyzing paleomagnetic poles from South China (Jiao et al.,
2018). TPW oscillations between 615 and 530 Ma were related to the
circum-Sutton plume activity located at the north-eastern border of the
Laurentia (Mitchell et al., 2011). In order to test the presence of these
TPW events, Torsvik et al. (1998) highlighted the importance of having
high-quality reference poles. Another point of view is explaining such
uncommon paleomagnetic results with a geomagnetic field incompat-
ible to the geocentric axial dipole model. The shifting between shallow
and steep paleomagnetic directions found for Ediacaran rocks of similar
ages from Baltica could be also explained by an alternation between a
co-axial and equatorial alignment the geomagnetic dipole (Abrajevitch
and Van der Voo, 2010). Magnetostratigraphic data reveal extreme re-
versals frequency (>20 R/Ma) during the Lower Cambrian (~550-500
Ma) for Baltica, China, and the Siberia (Bazhenov et al., 2016; Duan
et al., 2018; Gallet et al., 2003, 2019; Gallet and Pavlov, 2016). In
addition, high-quality paleointensity data indicate a time-averaged
dipole moment as low as ~0.7 x 10?2 A.m? for the ~565 Ma Sept-iles
intrusive (Bono et al., 2019) and confirms previous results for the same
unit (Bono and Tarduno, 2015). High-reversal frequency and ultra-low
intensity of the geomagnetic field can be associated with the late Neo-
proterozoic inner-core nucleation hypothesis (Bono et al., 2019; Driscoll
and Evans, 2016; Landeau et al., 2017; Lhuillier et al., 2019). A weak
magnetosphere during the Ediacaran could also enhance the planet’s
exposure to solar radiation and a possible link with the late Ediacaran to
Cambrian metazoan diversification (Meert et al., 2016).

In this work, we provide new paleomagnetic results for the
Ediacaran-Cambrian Monteiro dyke swarm of the Borborema Province
(NE Brazil) in South America. Our investigation was motivated to obtain
a first paleomagnetic pole that passes a positive baked contact to char-
acterize the Ediacaran-Cambrian transition (~542 Ma) for South
America. Combined with the ~520 Ma Itabaiana key pole (Trindade
et al., 2006) of the same tectonic province, our new result will help to
refine the Apparent Polar Wander Path of Gondwana and testing the
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possibility of TPW oscillations during the Early-Mid-Cambrian.
2. Geological setting

The Borborema Province (BP) is a complex orogenic system
comprised between the Sao Francisco craton in south and the Parnaiba
basin to the northwest (Almeida et al., 1981; Neves et al., 2000; Santos
et al., 2018). It represents an area of ~450,000 km? formed of discon-
tinuous remnants of Archean and Paleoproterozoic migmatitic gneiss
complexes, and Neoproterozoic supracrustal rocks (Neves et al., 2000;
Van Schmus et al., 2008, 2011). The main structural feature of the BP is
a network of strike-slip shear zones that rework a flat-lying gneissic
foliation (Vauchez et al., 1995). In the paleogeographical frame, the
Borborema Province represents the continuation in South-America of
the Pan-African mobile belts of Western Africa that sealed the northern
part of Gondwana during the Neoproterozoic Brasiliano/Pan-African
orogeny (Arthaud et al., 2008; Neves et al., 2000; Caby et al., 1990;
Cordani et al., 2013a; Davison and Dos Santos, 1989; Ganade et al.,
2016; Ganade de Araujo et al., 2014a, 2014b; Van Schmus et al., 2008).

The Borborema Province can be divided into three major domains
separated by continental-scale transcurrent shear zones (Fig. 1). The
Patos shear zone marks the separation between the Northern sub-
province and the Central subprovince, also called the Transversal
domain (Van Schmus et al., 2011). A main characteristic of the Central
domain is the recognition of the ~1000-920 Ma Cariris Velhos event
(Dantas et al., 2019; dos Santos et al., 2010). The Southern subprovince
is comprised between the Pernamabuco shear zone and the Sao Fran-
cisco craton and is composed of various blocks or domains ranging in
age from Archean to Neoproterozoic. The study area is located in the
Central domain near to Monteiro city (Paraiba State, Figs. 1 and 2-A).
The basement is made up of Paleoproterozoic metamorphic units
(~2200-2000 Ma) which were reworked during the Cariris Velhos event
(Fig. 2-A). The basement of the Central domain was deformed during the
Pan-African/Brasiliano orogeny with the reactivation of shear zones
associated to a voluminous granitic plutonism with ages ranging be-
tween 600 and 520 Ma, the Neoproterozoic Cariri magmatic complex
(Hollanda et al., 2010b). The mean deformation in the Monteiro area is
related with the activity of the dextral Coxixola shear zone which
flanked the northern limit of the Sumé syenogranite (Santos and Santos,
2019). This shear zone continues in the Cameroon Shield in Africa and
represents an important structural element of correlation across the
Atlantic Ocean (de Wit et al., 2008). Timing of metamorphic cooling

S
Parnaiba

Basin
— 8°S

|:| Granite plutons
TECTONIC DOMAINS

|:| Northern
[]central
l:] Southern

Fig. 1. Inset: Localization of the Borborema Province before the separation with West Africa. Tectonic framework of the Borborema Province with indication of main
shear zones (Patos S.Z., Coxixola S.Z., Congo S.Z. and Pernambuco S.Z.), modified from Archanjo et al. (2008). Location of the two mafic dyke swarm where a key
paleomagnetic pole was calculated for the Borborema Province: the ~538 Ma Monteiro dykes (Fig. 2, this study) and the ~525 Ma Itabaiana dykes (star) (Trindade

et al., 2006).
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Santos L.C.M.L

NEOPROTEROZOIC
Cariri Magmatic complex

\ Monteiro swarm: undeformed fine-grained basaltic dykes - 538 + 4 Ma U-Pb zircon

\ Sucuru swarm: porphyric dacitic dykes - 548 + 4 Ma U-Pb zircon
- Granite stocks (Prata suite) - 533 + 4 Ma U-Pb zircon

! Ultramafic and noritic rocks - 547 + 2 Ma Ar-Ar hornblende

MESOPROTEROZOIC
- Cariris Velhos event: orthogneiss of Camalau suite

ARCHEAN PALEOPROTEROZOIC BASEMENT
I:I Metamorphic rocks (Serra de Jabitaca, Sumé, and Sertania complexes)

Pe Geochronology (Hollanda et al., 2010)
Paleomagnetic site (This study)

Fig. 2. A: Geological map showing the location of the Monteiro (this study) and Sucuru dyke swarms, and geochronological sites (Hollanda et al., 2010a). The Cariri
Magmatic Complex is represented by the Santa Catarina, the Sumé plutons and the associated dykes. B: Field aspect for one undeformed fine-grained basaltic andesite
dyke (KL11) within the area of Sucuru, and therefore considered as coeval with the Monteiro dyke swarm. Courtesy of Santos L.C.M.L for sharing the photography.

following the deformation along the Coxixola shear zone is provided by
the “Ar/3°Ar ages for muscovite single crystals of mylonitic rocks of
upper greenschist to lower amphibolite facies. In this area, muscovite
ages of mylonites show two plateau-age at ~546 and 510 Ma (Hollanda
et al., 2010b) which constrain the tectonic exhumation.

In the Monteiro area, the Cariri Magmatic event includes the Prata
gabbro-norite stock (547 + 2 Ma Ar-Ar hornblende) coeval with the NW-
trending Sucuru dyke swarm, well-dated at 548 + 4 Ma by U-Pb SHRIMP
(Hollanda et al., 2010b). This ~550 Ma magmatic pulse was followed by
the emplacement of the Sumé and Santa Catarina syenogranites at 534
+ 3 Ma and 533 + 5 (U-Pb SHRIMP ages), respectively (Hollanda et al.,
2010b). The NW- trending Monteiro dykes yielded one age of 538 + 4
Ma by U-Pb SHRIMP and were considered coeval with the syenogranitic
stocks (Hollanda et al., 2010b). The Ar-Ar age on biotite of 530 + 2 Ma
for the Prata mafic stock can indicate a slow cooling, or a possible re-
heating at ~530 Ma (Hollanda et al., 2010b). Thus, in this area the
thermal influence of the Cariri Magmatic event spanned at least 20 Ma.

The NW- trending Sucuru (548 + 4 Ma) and Monteiro (538 + 4 Ma)
dyke swarms are intrusive into the Archean-Paleoproterozoic gneissic
basement near to the terminations of the Sumé and Santa Catarina
plutons (533 + 4 Ma), respectively (Fig. 2-A). They are vertical dykes,
~0.10 m to 20 m in width and typically between 100 and 500 m in
length (Fig. 2-B). These dykes are basaltic andesite (or dolerite), dacite,
or andesitic rocks. Fine-grained doleritic dykes are composed of Ca-
plagioclase, pyroxene, hornblende, rare olivine and Fe-Ti oxides. Por-
phyric andesitic dykes are composed of large plagioclase, augite, horn-
blende, rare quartz and Fe-Ti oxides. Deformation is a common feature
in the Sucuru dykes, in opposition to the Monteiro dykes sampled for this
paleomagnetic study.

3. Sampling and laboratory procedures

For this paleomagnetic study we collected samples on 19 sites of the
Monteiro dyke swarm, comprising 16 sites near Monteiro city and 3
undeformed dykes located within the Sucuru area (KL11, KL12 and
KL13) (Table 1; Fig. 2). Thickness of the NW- trending dykes vary be-
tween 0.15 m (KLO7) and 8 m (KL09). In addition, for 4 sites of Monteiro
dykes, we also sampled the host basement rocks for baked contact tests
(KLO3, KL04, KL05, KL06). Paleomagnetic samples were collected using
a gasoline-powered portable drill with a non-magnetic diamond drill bit.
These samples were then oriented using a solar and magnetic Pomeroy
compass.

They were processed in the Paleomagnetic Laboratory of the Insti-
tuto de Astronomia, Geofisica e Ciéncias Atmosféricas of the University
of Sao Paulo (USPmag, Brazil), where cylindrical cores were prepared in
2.2 cm high standard specimens. After measurement of the natural
remanent magnetization (NRM) with a JR-6A spinner magnetometer
(AGICO, Czech Republic), stepwise demagnetization was performed to
isolate the characteristic remanent magnetization of the specimens
(ChRM). We used alternating field (AF) demagnetization up to ~100
mT, using a tumbler Molspin AF demagnetizer, or thermal demagneti-
zation up to ~600 °C, using an ASC TD-48 furnace. For specimens with
initial magnetization below 1 A.m~! we used an automated three-axis
AF demagnetizer coupled to a horizontal 2G-Enterprises DC-SQUID
magnetometer. The ChRM for each specimen was determined using
the principal component analysis (PCA) in orthogonal vectors diagrams
(Kirschvink, 1980; Zijderveld, 1967), or the intersecting great circle
technique (Halls, 1978). Data processing, site mean directions, and
paleomagnetic poles were calculated by Fisher’s statistics (Fisher, 1953)
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n/N - number of specimens used in mean directions/number of analyzed specimens; Dec — Declination; Inc — Inclination; R - the resultant vector «95/A95 and k/K -
Fisher’s statistical parameters (Fisher, 1953) for mean directions and mean virtual geomagnetic poles (VGPs); P.Lat — pole latitude; P.Long — pole longitude. Values of
mean sites directions are indicated in bold for positive inclination, negative inclination, and combined polarities. *: underlined/bold sites were sampled to attempt
baked contact tests. For each site of host rock sampled to attempt a baked contact test, the total number of specimens corresponds to the addition of baked and unbaked

samples.
Site (gcr) Sample Localization Thickness  Lithology Characteristic remanent magnetization (ChRM) VGP
n/N Dec Inc(°) R k ®95 (°) P. Lat P. Long
©) (°N) (°E)
Dykes showing negative inclination
2 KLO2 (A- 7.89°S/ 3-4m Basalt- 5/8 91 —-81.8 G.C G.C 10.6 6.4 126.8
G) 37.08°W andesite
4 KLO04 (A- 7.88°S/ 7.1m Basalt- 5/17  301.9 —58.7 G.C G.C 12.5 29.4 191.7
G) 37.07°W andesite
5 KLO5 (A- 7.88°S/ 2.2m Basalt- 5/14 2921 -70.2 G.C G.C 8.9 185 177.8
G) 37.07°W andesite
6 KLO6 (A- 7.88°S/ 1.86 m Basalt- 6/17  271.4 —62 G.C G.C 14.1 5.8 190.1
G) 37.07°W andesite
9 KL09 (A- 7.88°S/ 8m Basalt- 9/15  276.6 —64.4 8.87 61.8 7.1 10.3 187.2
G) 37.07°W andesite
11 KL11 (A- 7.68°S/ 2-3m Basalt- 7/12  319.4 —51.9 6.71 20.8 13.7 44.9 194
H) 36.78°W andesite
12 KL12 (A- 7.68°S/ 2-3m Basalt- 8/11 287.6 —65.4 7.88 57.9 7.8 17.5 185.7
G) 36.77°W andesite
13 KL13 (A- 7.68°S/ 3-4m Basalt- 6/13  259.6 —68.9 G.C G.C 10.5 -0.2 180.1
F) 36.77°W andesite
14 KL14 (A- 7.88°S/ 4m Basalt- 7/10 346.3 -76.1 6.9 60.6 9 32.5 150.2
F) 37.06°W andesite
15 KL15 (A- 7.88°S/ 3-4m Diorite 12/ 136.3 —82.3 11.61 28.4 8.4 -4 132.6
F) 37.06°W 14
16 KL16 (A- 7.88°S/ 1.5m Basalt- 5/11 264 —74.2 G.C G.C 6.8 3.2 172.4
F) 37.05°W andesite
17 KL17 (A- 7.91°S/ S5m Basalt- 10/ 106.3 —83.8 9.84 57.7 6.7 4.3 131.2
F) 37.03°W andesite 12
18 KL18 (A- 7.92°S/ 3m Basalt- 7/13  271.6 —60.5 G.C G.C 11 6.4 191.9
F) 37.04°W andesite
19 KL19 (A- 7.89°S/ 2m Basalt- 7/12 69.2 —86.9 6.81 32.4 10.9 9.2 137.1
F) 37.11°W andesite
Mean dykes (negative inclination) 14 288.8 -75.3 13.43 229 8.5
12.41 K=8.2 A95 = 14.3 167.5
14.8
1 KLO1 (A- 7.89°S/ 4 m Basalt- 5/9 146.8 76.1 4.78 18 19.8 —-27.9 339
G) 37.10°W andesite
3 KLO3 (A- 7.88°S/ 0.75 m Basalt- 10/ 146.7 78.7 G.C G.C 12 —24.9 336
G) 37.07°W andesite 18
7 KLO7 (A- 7.88°S/ 0.15m Basalt- 15/ 133.2 55.6 13.91 12.8 11.1 —-38.4 11.7
G) 37.07°W andesite 20
8 KLO8 (A- 7.88°S/ 5m Dolerite 16/ 150.9 84 15.75 58.7 4.9 -17.3 329
G) 37.07°W 17
10 KL10 (A) 7.88°S/ 4m Basalt- 5/5 193.6 79.7 4.99 507 3.4 —26.4 317.9
37.06°W andesite
Mean dykes (positive inclination) 5 147 75.7 4.91 43.1 11.8
4.79 K=19 A95 = —-28.2 337.5
18
MEAN DYKES 19 298.5 -76 18.29 254 6.8
COMBINED
17.06 K=93 A95= -18.2 344.9
11.7
Host rocks (baked) - Paleo-mesoproterozoic
3 KLO3 (H- 7.88°S/ Gneiss Gneiss 12/ 137.6 79 11.76 44.9 6.9 -22.3 338.3
M) 37.07°W 13
4 KLO04 (H- 7.88°S/ Gneiss Gneiss 12/ 264.9 —54.5 11.84 67.9 5.4 0.4 197.6
N) 37.07°W 17
5 KLO5 (H- 7.88°S/ Gneiss Gneiss 7/22  295.3 -72.3 6.77 25.2 14 19.3 174
N) 37.07°W
Mean baked 3 282.6 -69.9 293 K= A95 = 14.6 177.1
27.4 24
Host rocks (unbaked) - Paleo-mesoproterozoic
3 KLO3 (H- 7.88°S/ Gneiss Gneiss 1/13  165.1 15.2 12.8 -75.2 52.5
M) 37.07°W
4 KLO4 (H- 7.88°S/ Gneiss Gneiss 5/17 318.2 -0.1 4.71 14 21.2 47.7 240.7
N) 37.07°W
5 KLO5 (H- 7.88°S/ Gneiss Gneiss 15/ 307.1 —20.6 14.77 60.6 5 37.8 225.5
N) 37.07°W 22
6 Gneiss Gneiss 3/20 311.4 22.1 2.99 187.9 9 37.9 254.2

(continued on next page)
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Table 1 (continued)
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Site (gcr) Sample Localization Thickness Lithology Characteristic remanent magnetization (ChRM) VGP
n/N Dec Inc(°) R k ®95 (°) P. Lat P. Long
©) (°N) (°E)

KLO6 (H- 7.88°S/

M) 37.07°W
Mean unbaked 4 320.5 -3.7 3.71 10.3 30 -50.1 59.3

= A =228
17.3

using the PALEOMAC software (Cogné, 2003). GPlates package was
used for paleogeographic reconstructions (Boyden et al., 2011).

In addition, magnetic mineralogy of the Monteiro dykes was inves-
tigated at the Oceanographic Institute of University of Sao Paulo, Brazil
(I0-USP) to identify the stable remanence carriers. For selected samples
we performed hysteresis loops and isothermal remanent magnetization
(IRM) using a MicroMag-VSM, Model 3900 (Princeton Measurements
Corporation). Thermomagnetic curves (susceptibility versus tempera-
ture) were conducted using a CS-4 apparatus coupled to the KLY-4S

Kappabridge instrument (AGICO, Brno, Czech. Republic).

4. Paleomagnetic results

Values of natural remanent magnetization for most dykes are of
~0.5-7 A.m~!. with a maximum value of 28.7 A.m~' (KL06C2). A
characteristic remanent magnetization (ChRM) was revealed for the
Monteiro dykes of northwestern/north direction with a steep negative
inclination after removing a secondary component with AF fields above
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Fig. 3. Representative demagnetization plots of Monteiro dykes for different sites after AF and thermal demagnetizations. Equal-area stereonets (solid (open)
symbols represent positive (negative) inclinations) with normalized magnetization intensity curves (M/My.x versus AF amplitude or temperature demagnetization

setp), and Zijderveld diagrams (solid (open) symbols represent horizontal (vertical) projections) are presented for each sample.
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15 mT (Fig. 3-A-B) and temperatures of ~450-580 °C (Fig. 3-C). Steep
positive, southeastern direction were also disclosed for the Monteiro
dykes (Fig. 3-D-E-F). Unblocking temperatures (Ty,) between 500 and
580 °C indicate magnetite as main carrier of this magnetic component
but Ty, peak between 250 and 320 °C also suggest the presence of
pyrrhotite.

The Monteiro pole (19 sites) was calculated using a combination of
14 dykes with negative directions and 5 dykes with positive directions
(Fig. 4). Site KLO4 showing a negative direction is well-dated at 538 + 4
Ma by U-Pb zircon (Hollanda et al., 2010b). Using both negative (Dm =
288.8°, Im = —75.3°, n = 14, k = 22.7) and positive directions (Dm =
147°, Im = 75.7°, n = 5, k = 43.1), the site mean directions is: Dm =
298.5°, Im = —76° (¢95 = 6.8°, k = 25.4), and the respective Monteiro
paleomagnetic pole is located at 18.2°S and 344.9°E (A95 = 11.7° K =
9.3) (Table 1; Fig. 4-A,B). No VGPs were excluded after using a Van-
damme cutoff of 38.8° (Vandamme, 1994), and the VGP dispersion (S
value) for the 19 sites is equal to 27° (Fig. 4-B). This relatively high
scatter is expected for a high-latitude position considering the statistic
paleosecular models of latitudinal dependence of S (e.g. Model-G from
McFadden et al. (1988)). Moreover, the A95 (~11.7°) is comprised
within the A95 envelope (3.7°-12.8°) of Deenen et al. (2011) shown in
Fig. 4-B, which means that these results have well-sampled the paleo-
secular variation. The Monteiro pole passes a reversal test classified as C
(McFadden and McElhinny, 1990), with a critical gamma of 15.3° and
with an angle between the positive and negative axes of 9.4°.

5. Baked contact tests

Four baked contact tests were attempted to attest the primary
magnetization for the Monteiro dykes. A first baked contact test is shown
in Fig. 5 for the undated KLO5 dyke. The ChRM for the dyke reveal a
western direction of high inclination (KLO5A3). The thermal demagne-
tization curve for the dyke’s sample shows a high unblocking tempera-
ture above 500 °C. A similar direction of high negative inclination is
revealed in the sample of host rock at contact (KLO5H3). Far away from
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the contact, a different northwestern direction of lower inclination is
observed (KLO5K3, KLO5L3 samples). All the samples show a high
unblocking temperature, but we can observe in this test a decrease in
NRM intensity from the contact (1.49 A.m’l) as it moves further away
(041-0.48 A.m™'). As shown by the high unblocking temperature at
contact and far away, this field test can be considered as positive. Fig. 6-
A shows a schematic representation of a second field test performed for
the dated KLO4 dyke (7.1 m in width, 538 + 4 Ma, (Hollanda et al.,
2010a)) cross-cutting the Paleoproterozoic basement. Seven cores were
sampled in the dyke (A-G) and seven cores in the Paleoproterozoic host
rock at the contact (<1 m) and ~14 m away from the contact (Fig. 6-A).
Close to the contact (~50 cm), the host rock KL0O4J3 shows the same
characteristic direction of the dyke (e.g. specimen KL04C2). The ChRM
in this specimen of the host rock was isolated at high temperatures be-
tween 500 and 600 °C. At ~9 m from the contact, the specimen KL0O4L2
also shows the same direction of the dyke. But for samples collected >10
m away from the contact (KL04M and KLO4N), the dyke’s direction is no
longer present in the host rock. At 14 m from the contact, the KLO4N3
specimen shows a north/northwestern direction with low inclination.
Ty intervals for the characteristic directions isolated from specimen
KLO4N3 show two peaks at ~300 °C and 530-600 °C with no changes in
the magnetic direction. This baked contact test can be considered as
positive and shows that the thermal influence of the dyke reached at
least ~9 m from the contact for this dyke. Such a distance implies that
this test is not purely thermal and suggests a chemical remanent
magnetization due to metasomatism in the host rock during the intru-
sion and cooling (Silva et al., 2006).

Fig. 6-B shows the compilation of site mean directions for each baked
contact test performed. For the above KL0O4 and KLO5 baked contact
tests, the site mean for baked specimen gives Dm = 264.9°/Im = —54.5°
and Dm = 295.3°/Im = —72.3° respectively, which is close to the site
mean directions of the corresponding dykes (Dm = 301.9°/Im = —58.7°
for KL0O4 and Dm = 292.1°/Im = —70.2° for KLO5) (Table 1; Fig. 6-B).
Three baked contact tests (KL03, KL04, KLO5) give consistent results in
which it was possible to calculate a site mean direction of the baked host

A95 envelope
(Deenen/et al., 2011)

(Vandamme,

P.lat=18.2°S
P.lon=344.9°E
K=9.3
A95=11.7°
N=19

Fig. 4. A: Site mean directions for the Monteiro dykes (in green). Confidence circle («95) for the calculation of direction of sites and the site mean directions is
indicated (Fisher, 1953). Sites with positive and negative directions are represented with full (empty) circles represent downward (upward) inclinations. PDF —
Present Dipolar Geomagnetic field; PGF — Present Geomagnetic Field. B: Dispersion of site mean virtual geomagnetic poles (VGPs) and paleomagnetic pole calculated
for the Monteiro dykes (see Table 1) represented in a Schmidt projection. Statistical parameters A95min (3.7°) and A95max (12.8°) using Deenen et al. (2011) (in
red), and the variable cutoff (38.8°) of Vandamme (1994) (in black) are indicated for excluding transitional polarities.
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Fig. 5. A: Positive baked contact test (BCT) for the KLO5 dyke (undated). AF (KLO5A2) and thermal (KLO5A3) demagnetization curves are shown for the mafic dyke.
The host rock at ~0.4 m (baked, KLO5H3) is carrying the same direction than the dyke whereas the host rock samples far away from the contact show a different

direction (unbaked, KLO3K3 and KLO5L3).

rocks showing the dyke’s direction (Table 1; Fig. 6-B). As the host rock is
a metamorphic rock, the unbaked direction cannot be considered pri-
mary. But as shown, the stability of this direction suggests that this
magnetization is not a viscous remanent, even if it cannot be definitively
discarded because the direction is close to the present field. A comple-
mentary study would be necessary to know the age and the origin of the
remanence of the host rock, a prerequisite for a high quality contact test
(Buchan, 2007a, 2007b). For site KLO6 the direction of the host rock
close to the contact was unstable therefore this test is considered as
negative (see supplementary material — S11). Overall, the baked contact
tests suggest that the direction obtained for the Monteiro dykes is pri-
mary and robust to represent the position of the Borborema Province at
~538 Ma.

6. Magnetic mineralogy

From the unblocking temperatures obtained in thermal de-
magnetizations and the Day’s diagram, the magnetic mineralogy for the
Monteiro dykes seems to be dominated by SD-PSD (vortex state)
magnetite (Fig. 7-A). We note that the samples from the host rock in the
baked zone at the KLO4 site have a PSD behavior whereas samples
collected far from the contact (e.g. KLO4M1) exhibit a MD behavior
which suggests that the contact region was re-heated during the dyke’s
intrusion and magnetochemical transformations took place in the baked
contact (see also D’Agrella-Filho et al. (2004) and Trindade et al. (2006)
for similar examples). Magnetic hysteresis for the KL17 sample shows a
narrow-waisted behavior typical of SD-PSD magnetite (Fig. 7-B). Its
associated IRM curve and Kruiver’s decomposition (Kruiver et al., 2001)
confirm one dominant phase reaching the saturation with a B, /5 value of
24 mT, and presence of a second component of lower contribution with
higher coercivity can be associated with a By, value of 316 mT (Fig. 7-
C). Fig. 7-D shows one example (KL0O6) for a representative thermo-
magnetic curve for the Monteiro dykes. The KLO6 sample shows a
reversible behavior during heating and cooling with a Curie temperature
at about 580 °C, which is characteristic of pure magnetite (Fig. 7-D).
Presence of pyrrhotite was observed, and hematite was also detected in

some altered samples using the thermomagnetic curves.
7. Discussion
7.1. Reliability of the Monteiro paleomagnetic pole (R-criteria)

The Monteiro paleomagnetic pole was calculated using 19 sites of
fresh and undeformed fine-grained doleritic to andesitic dykes. This pole
satisfies 7 (Q = 7) out the 7 quality criteria proposed by Van der Voo
(1990), and satisfies 7 (R = 7) of the recent R-criteria proposed by Meert
etal. (2020): (R1) The Monteiro dyke swarm is well-dated at 538 + 4 Ma
by SHRIMP U-Pb zircon (site KL04), coeval with the intrusions of Sumé
and Santa Catarina plutons (533 + 4 Ma) in the study area (Hollanda
et al.,, 2010a). These intrusions represent the last pulse of the post-
collisional Cariri Magmatic event (~550-530 Ma) during the stabiliza-
tion of the Borborema Province. (R2) Remanence vectors were well-
isolated using both stepwise AF treatments and thermal de-
magnetizations, and processed by the principal component and great
circle analyses (Halls, 1978; Kirschvink, 1980) using equal-area pro-
jections and Zijderveld diagrams (Zijderveld, 1967). 19 sites and 150
specimens were used to calculate this pole which presents adequate
Fisher’s statistical parameters (A95 = 11.7° and K = 9.3) (Table 1;
Fig. 4). The value of precision K lower than 10, as the limit proposed by
Meert et al. (2020), could indicate a weakness of Monteiro results in this
criteria, but as indicated this value is purely arbitrary. The statistical
method of Deenen et al. (2011), in which Meert et al. (2020) are also
based, indicates a superior A95 limit higher than the cone of 95% of
confidence A95 of the Monteiro paleomagnetic pole (A95nyi, = 3.7° <
A95p\onteiro = 11.7° < A95m.x = 12.83°), which shows that these results
average the paleosecular variation (Fig. 4). Therefore, we consider that
our dataset fulfills all the requirements proposed by Meert et al. (2020)
for the R2-criteria. (R3) Hysteresis, IRM and thermomagnetic curves
show the presence of SD-PSD magnetite as the main carrier of the ChRM
(Fig. 7), probably associated to magnetite and ilmenite intergrowths in
coarse-grained magnetite grains (Archanjo, 2020). (R4) In the shear
zone networks of the Borborema Province, strong evidence for a primary
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PDF - Present Dipolar Geomagnetic field; PGF — Present Geomagnetic Field.

remanence is absolutely required. A positive baked contact test was
shown in this study for three sites (KL03, KL04, KL05) which suggest a
regional stability for the host rock direction away from dyke margins.
These baked contact tests prove that the isolated direction for the
Monteiro dykes was acquired during the intrusion and cooling of these
mafic intrusions at ~538 Ma. (R5) The study area is surrounded by shear
zones with the Coxixola SZ in the North and the Congo SZ in South
(Fig. 1). Ar-Ar muscovite cooling ages for mylonites of East Coxixola SZ
indicate plateau ages of ~548-546 Ma showing that the area was
already cold the dykes intruded (Hollanda et al., 2010a). Latter localized
reactivation of these shear zones was possible until ~513 Ma, but these
younger ages can also reflect the different cooling histories along the
shear zone (Hollanda et al., 2010a). Anisotropy of magnetic suscepti-
bility (AMS) data for the plutons in this area indicate an emplacement
within a slight clockwise rotation from Santa Catarina to Sumé in
agreement with the presence of the dextral Coxixola shear zone, but

these data discard any large displacement along the shear zones (Hol-
landa et al., 2010a). The angular distance of 57° between the ~540 Ma
Monteiro pole (SF1, Fig. 8B) and the ~520 Ma Itabaiana dykes (SF2,
Fig. 8B) (Trindade et al., 2006) is not compatible with any realistic large
tectonic displacement (>5000 km) within this same tectonic province
and should be addressed as a drift issue. Furthermore, a vertical-axis
tectonic rotation is also excluded between these two key poles because
it would involve extreme rotations (>140°). Despite a possible localized
reactivation of the shear zones, the study area has not undergone sig-
nificant deformation between 540 and 520 Ma and fulfills the R5-
criteria. (R6) The ~538 Ma Monteiro pole passes the reversal test (Rc)
with 14 negative and 5 positive polarities. (R7) The Monteiro pole is
different from the robust poles calculated for younger units in the Bor-
borema Province or the Sao Francisco craton (Tohver et al., 2006). We
can thus consider the ~538 Ma Monteiro paleomagnetic pole as a key
pole (R = 7) according to the definition of Buchan (2013).
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7.2. Classical apparent polar wander paths of Gondwana

The assembly of Gondwana during the Ediacaran-Cambrian times
was considered a long process involving many orogens (Meert and Lie-
berman, 2008; Schmitt et al., 2018). Paleomagnetism is the only method
to provide quantitative information on the latitude and paleo-
orientation of the continents and is essential to produce paleogeo-
graphical reconstruction considering all the geological information
available during the period of interest (Besse et al., 2011). Between
~620 and 500 Ma, the available paleomagnetic database for the
Gondwana is composed of various poles from Australia, East Antarctica,
Amazonia, Sao Francisco, Congo, Madagascar, and West Africa. Hence,
several apparent polar wander paths (APWPs) have been proposed for
Gondwana (McElhinny et al., 2003; Meert et al., 2001; Meert, 2003;
Merdith et al., 2017; Mitchell et al., 2010, 2011; Rapalini, 2018; Robert
et al., 2017; Tohver et al., 2006; Trindade et al., 2006).

In the “tight fit” Gondwana frame (Reeves et al., 2004; Trindade
et al., 2006), the apparent polar wander path (APWP) shows a long
curve from a south polar position at ~595 Ma to an equatorial cluster of
poles at ~525-510 Ma, named hereafter as the RTT curve proposed by
Rapalini (2018), Tohver et al. (2006), and Trindade et al. (2006)
(Table 2 for the database; Fig. 8-A-B). This APW path implies a lat-
itudinal drift (~24-31 cm/yr) of Gondwana from an equatorial position
to a polar position in this Ediacaran-Cambrian interval (~595-510 Ma)
(Trindade et al., 2006).

The poles located in the south polar position of the curve at
~595-575 Ma are essentially from the Rio de la Plata craton with Playa
Hermosa Formation (RP1) (Rapalini et al., 2015), Vila Ménica Forma-
tion (RP2) (Rapalini et al., 2013), Cerro Largo Formation. (RP3)
(Rapalini et al., 2013), Barrientos claystones (RP4) (Rapalini, 2006), and
the key Sierra de las Animas Complex (RP6) (Rapalini et al., 2015)
(Fig. 8-B). The last pole on the curve is from the Luis Alves block with the
volcanic Campo Alegre Formation (LA1l) (D’Agrella-Filho and Pacca,
1988). A pole from the Arabian Nubian Shield was also determined at

~593 Ma for the Dokhan volcanics (AR1) but its position is slightly
different of the curve with the possibility of an independent history
before joining the NE Gondwana (Nairn et al., 1987) (Fig. 8-C). We
added to the RTT curve, two robust poles of ~571 Ma (R ~ 6) recently
available for Africa, comprising the Nola metadolerite (P1) from Central
African Republic, and the C component of Adrar-n-takoucht volcanics
(AF2) from Morocco (Robert et al., 2017) (Fig. 8-C). It is worth noting
that in this ~595-570 Ma interval, only the Sierra de las Animas Com-
plex pole (Rapalini et al., 2015) fulfills the seven R-criteria of quality
(Meert et al., 2020). Four poles were available in the interval 560-535
Ma for the western Gondwana according to Rapalini (2018) - the Sinyai
metadolerite (P2) (Meert and Van Der Voo, 1996), the Mirbat sediments
(AR2) (Kempf et al., 2000), the Olavarria Formation (RP5) (Rapalini
et al., 2013), and the Cerro Negro Formation (RP7) (Rapalini et al.,
2013). Completing the updated RTT curve, two poles of the eastern
Gondwana were used in the 560-535 Ma interval, comprising the ~545
Ma Upper Arumbera (A8) (Kirschvink, 1978), and the ~535 Ma Hawker
group (A9) (Klootwijk, 1980) (Fig. 8-D).

The younger portion of the APW path of Gondwana between ~530
and 500 Ma contrasts with its longer older portion and is in mid-
equatorial latitudes between 0° and 40°N (Fig. 8). This time interval is
represented by all the continents and start with the ~525 Ma Itabaiana
key pole (R = 7) of the Borborema Province which defines the north-
western part of the curve (Trindade et al., 2006) (Fig. 8-B). For the
Amazonia craton, the ~525 Puga B carbonate pole (Trindade et al.,
2003) is close to the ~525 Ma Itabaiana pole but failed a fold test and is
considered a remagnetization at ~525 Ma according to its position on
the APW path (Tohver et al., 2010; Trindade and Amaral, 2017). The
poles of Sao Francisco Bambui B (SF3) and the Bambui-Salitre C (SF4)
are also regarded as a remagnetization at ~525-520 Ma (Trindade et al.,
2004). They are followed by two metamorphic poles, the Juiz de Fora
Complex (SF5) (D’Agrella-Filho et al., 2004) and the Piquete Formation
(SF6) (D’Agrella Filho et al., 1986), with the magnetization interval
estimated at ~510-500 Ma. For West Africa, it worth noting that the
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~507 Ma Sidi-Said Maachou volcanics (AF5) is anomalous even though
a baked contact test is available (EI Attari et al., 2019; Khattach et al.,
1995) (Fig. 8-C). Two metamorphic poles were determined in
Madagascar with the Madagascar virgation zone (MA1) (Meert et al.,
2003) and the Carion granite (MA2) (Meert et al., 2001) well-dated by
Ar-Ar to constrain the magnetization age at 521 + 12 Ma and 512.7 +
1.3 Ma, respectively. Two others metamorphic poles for the Pan-African
belts complete this dataset with the remagnetization of the Equeefa
dykes and Mzumbe gneiss (P3) at ~530 Ma (Gose et al., 2004), and the
Ntonya Ring pole (P4) estimated at ~522 Ma (Briden, 1968). The new
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~514 Ma Campanario Formation for the Pampia terrane (Pal) is also
consistent with this APW path (Franceschinis et al., 2020). For Australia
and East Antarctica, the paleomagnetic poles between ~520 and 500 Ma
are relatively well-clustered and consistent with the ~520-500 Ma
portion of the APW path of Gondwana (see Table 2 and Fig. 8-D).
Trindade et al. (2006) proposed a “Z-shape” APW path curve between
~525 Ma and 500 Ma using the tight-fit configuration for Gondwana
(Reeves et al., 2004) to explain this paleomagnetic poles distribution.
Among the major paleogeographical implications of the RTT curve,
the Rio de la Plata must already have joined the Congo-Sao Francisco at

APWP Amazonia-West Africa

« Neoproterozoic orogens
= (Gray et al. 2007)

«Tight-fit» Gondwana (fixed Africa)
(Reeves et al., 2004)

«RTFcurve»
Repalini, 2018)

(Trindade et al, 2006) A
AM1

E ~615Ma 3

APWP Gondwana
AT «RTT curve»
~595Ma  (Rapalini;2018)
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Fig. 8. Classical apparent polar wander path (APWP) for the Gondwana (RTT curve) (Rapalini, 2018; Tohver et al., 2006; Trindade et al., 2006). A: “Tigh-fit”
Gondwana reconstruction in the African frame (Reeves et al., 2004; Trindade et al., 2006). Abbreviations for cratonic units and associated paleomagnetic poles: AM —
Amazonia (blue), AF — West Africa (red), SF — Sao Francisco-Congo (brown), RP — Rio de la Plata (light green), AR — Arabian Nubian Shield (grey), MA — Madagascar
(yellow), AN - Antarctica (blue), A — Australia (purple), P — Pan-African Belts (black). Position of the Borborema Province is indicated. Neoproterozoic orogens are
indicated according to Gray et al. (2007). B: APW path for the South American cratons. C: APW path for African units, Arabian Nubian Shield, and Madagascar. D:
APW for Eastern Gondwana (Australia and East Antarctica) according to Schmidt and Williams (2010). Classical APW path for the Gondwana is indicated (Rapalini,

2018; Tohver et al., 2006; Trindade et al., 2006).
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Table 2

Paleomagnetic database for the Gondwana. S.lat - site latitude, S.lon - site longitude, Dec — declination, Inc - inclination, k, €95, A95, Fisher’s statistics of mean directions and paleomagnetic poles, Plat — pole latitude,
Plon - Pole longitude, Age — nominal age used in the paleogeographical reconstructions. Q-criteria (Van der Voo, 1990). References: Australia: (Embleton and Giddings, 1974; Kirschvink, 1978; Klootwijk, 1980; Mitchell
et al., 2010; Schmidt et al., 1993, 2009; Schmidt and Williams, 1996, 2010; Sohl et al., 1999; Williams, 2008). East Antarctica: (Encarnacion and Grunow, 1996; Funaki, 1984; Grunow and Encarnacion, 2000; Manzoni
and Nanni, 1977; Zijderveld, 1968). Rio de la Plata: (D’ Agrella-Filho and Pacca, 1988; Rapalini, 2006; Rapalini et al., 2013, 2015). Sao Francisco-Borborema: (D’ Agrella-Filho et al., 2004; D’ Agrella Filho et al., 1986;
Trindade et al., 2004, 2006). Amazonia craton: (D’ Agrella Filho et al., 2018; Garcia et al., 2013; Trindade et al., 2003; Trindade and Amaral, 2017). West Africa: (Khattach et al., 1995; Morel, 1981; Robert et al., 2017).
Pan-African Belts: (Briden, 1968; Gose et al., 2004; Meert and Van Der Voo, 1996; Moloto-A-Kenguemba et al., 2008). Arabian Nubian Shield: (Kempf et al., 2000; Kilner et al., 2005; Nairn et al., 1987). Madagascar:
(Meert et al., 2001, 2003).

Code Name Lithology  S.lat S.lon Dec Inc k ®95  Ags (dp/dm) Plat¢ny Plong¢p Agema 1 2 3 4 5 6 7 Q References
AUSTRALIA
A18 Black Hill Norite Intr —34.4 139 2311 19.7 67.5 3.8 3/6 -37.5 34.4 487 X X X 0 X 0 X 5 Schmidt et al. (1993)
Al17 Lower L. Frome Sedi -31 140 232.3 -0.5 16.6 10.1 5.1/10.1 -31.4 26.9 507 X X X 0 X X X 6 Klootwijk (1980)
Al6 Giles Creek Sedi —23.62 134.49 2275 -9 5 326 10 -38 25 507 X X X 0 X X X 6 Klootwijk (1980)
Al5 Hugh River shale, Sedi —23.8 133.2 234.8 2.2 6.1 26.6 10 —19.3 39.1 510 X X X 0 X X X 6 Mitchell et al. (2010)
Jay Creek limestone
Al4 Aroona Dam Sedi —-30.61 138.35 213 5 8.5 15.1 16.5 -26 33 515 X 0 0 O 0o X X 3 Embleton and Giddings
sediments (1974)
A13 Billy Creek Fm Sedi =31 140 224.1 -1.2 11 14.4 7.2/14.4 —37.4 20.1 517 X X X 0 X X X 6 Klootwijk (1980)
Al12 Kangaroo Is red Sedi -36 138 224.5 —4.4 9.4 12.3 6.2/12.3 -33.8 15.1 519 X X X 0 X X X 6 Klootwijk (1980)
All Pertaoorta Group Sedi -31 140 258 20.5 18 299 8 -33 12 520 X X X 0 X X X 6 Klootwijk (1980)
Al10 Todd River Dolomite  Sedi -23.6 134.5 19.3 35 14.7 6.7 4.5/7.7 —43.2 339.9 528 X X X X X 0 X 6 Kirschvink (1978)
A9 Hawker Group Sedi -32 138.5 233.4 —27.8 12.3 11 6.8/12.5 -21.3 149 535 X X X 0 X X X 6 Klootwijk (1980)
A8 Arumbera sandstone Sedi —23.6 134.5 16.2 31.2 22.6 4.1 3.5 —46.6 337.4 545 X X X X X X X 7 Kirschvink (1978)
(Upper)
A7 Wonoka Fm Sedi -32 138.5 255.9 —-23.7 8.1 6.4 3.6/6.8 —-5.2 30.5 560 0 X X X X X X 6 Schmidt and Williams
(2010)
A6 Arumbera (Lower), Sedi -23.6 134.5 20.2 32.4 14 12 10.2 —44.3 341.9 560 X X X X X X X 7 Kirschvink (1978)
Pertatataka Fm.
(Upper)
A5 Bunyeroo Fm Sedi -32 138.5 56.6 29.3 40.4 10.7  6.5/11.8 -18.1 16.3 593 0 X X X X X 0 5 Schmidt and Williams
(1996)
A4 Brachina Fm Sedi -32 138.5 178.2 —-22.6 12.4 4.4 2.4/4.6 —46.0 315.4 609 0 X X X X X X 6 Schmidt and Williams
(2010)
A3 Nuccaleena Fm Sedi -31.6 138.8 2083 —-349 131 3.4 2.2/3.9 -32.3 350.8 625 0 X X X X X X 6 Schmidt et al. (2009)
A2 Elatina Fm Sedi -32 138.5 208.3 -12.9 9.9 4.2 2.1/4.2 —43.7 359.3 635 0 X X X X X X 6 Schmidt et al. (2009),
Williams (2008)
Al Yaltipena Fm Sedi -32 138.5 204 -16.4  12.2 11 5.9/11.4 —44.2 352.7 640 0 X X X X X X 6 Sohl et al. (1999)
EAST ANTARCTICA
ANS5 Lamprophyre dykes, Intr —77.64 163.35 2226 0.6 106 7 -9.3 26.7 484 X X X 0 0O 0 X 4 Manzoni and Nanni
Taylor Valley (1977)
AN4 Granitic rocks, Intr —77.516 161.66 216.7 -9 8.1 8.1 —-5.4 18.5 500 0 X X X 0 0 X 4 Funaki (1984)
Wright Valley
AN3 Sor Rondane Intr -72 24 341.5 64 4.5 5 -29 10 510 X 0 X 0 o 0 X 3 Zijderveld (1968)
intrusions (Queen
Maud Mountains)
AN2 Zanuck granite Intr —86.2 -150 1838 7.2 23.7 10.8 8.6 -7.3 36.2 521 X X X 0 0 X 0 4 Grunow and Encarnacion
(2000)
AN1 Wyatt Ackerman Mt. Intr —86.2 —150 189.3 -9 34.7 7.9 6 1.3 39.8 526 X X X 0 0 X X 5 Grunow and Encarnacion
Paine tonalite (2000); Encarnacion and

Grunow (1996)

(continued on next page)
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Table 2 (continued)

Code Name Lithology  S.lat S.lon Dec Inc k ®95  Ags (dp/dm) Platny Plong(¢p Agema 1 4 6 7 References
SOUTH AMERICA
Rio de la Plata craton - Luis Alves block
RP7 Cerro Negro Sedi -37.3 —-59.2 28.7 56.1 15 9.5 11.5 11.8 323 550 X X X 0 Rapalini et al. (2013)
Formation (CN)
RP6 Sierra de las Animas Intr -34.6 —55.3 108 -60.6 20 10.4 149 -12.2 258.9 578 X X X X Rapalini et al. (2015)
Complex (SA)
RP5 Olavarria Fm (OL) Sedi -37.3 —59.2 349.3 499 37 7 7.5 21.7 289.9 580 0 0 0o o Rapalini et al. (2013)
RP4 Los Barrientos Sedi —37.8 -59 1045 60.8 23 9.3 12.9 —16.2 253.9 585 0 X X X Rapalini (2006)
claystones (LB)
RP3 Cerro Largo Fm (CL) Sedi -37.3 —-59.2 73.7 —36.6 15 12.1 11 —24.8 217.4 585 0 0 0 X Rapalini et al. (2013)
RP2 Villa Ménica Fm Sedi -37.3 —59.2 43.4 -36.3 45 9.1 8.5 —48.8 198.1 590 0 0 0 X Rapalini et al. (2013)
(VM)
RP1 Playa Hermosa Sedi -34 —55.5 207.6 27.3 12.4 12.1 —58.8 183.1 593 X 0 0 X Rapalini et al. (2015)
Formation (PH)
LAl Campo Alegre Intr —-26.5 —49.3 36 —40 56 10 9 —-57 223 595 X 0 X X D’Agrella-Filho and
Formation (Luis Pacca (1988)
Alves block)
Sao Francisco craton - Borborema Province
SF6 Piquete Formation Metam -21.5 —42.5 60 68 10 10 -1 347 500 0 0 0 0 D’Agrella Filho et al.
(Ribeira Belt) (1986)
SF5 Juiz de fora complex =~ Metam -21.5 —42.5 2.9 75.4 17.9 6.4 10.3 4.2 320.1 510 0 0 0o o0 D’Agrella-Filho et al.
(Ribeira Belt) (2004)
SF4 Bambui + Salitre C Sedi -12.5 -41 5.8 63.2 105.1 2.9 3 32 322 525 1 1 0o o Trindade et al. (2004)
(remag)
SF3 Bambui B Sedi —12.5 -41 25.6 68.3 2475 1.6 3 15 331 520 2 2 0o o0 Trindade et al. (2004)
SF2 Itabaiana dykes Intr -7.2 -35.5 168 —64 46 5.7 7.3 34.9 314.6 525 X X X X Trindade et al. (2006)
SF1 Monteiro dykes Intr -7.8 -37.06 2985 -76 25.4 6.8 11.7 —18.2 344.9 538 X X X X This study
Amazonia craton
AM3 Puga B (Araras Sedi -16 —-58 25.7 55.4 28.9 7 10 34 327 525 0 -1 X X Trindade et al. (2003)
Group) (remag)
AM2 Puga A (Araras Sedi 9 83 113 630 0 -1 X X Trindade et al. (2003),
Group) (remag) Trindade and Amaral
(2017)
AM1 Planalto da Serra Intr —14.5 —54.5 7.2 46.1 2435 10 10.8 49.7 313.4 615 X 0 0 X Garcia et al. (2013),
D’Agrella Filho et al.
(2018)
AFRICA
West Africa
AF6 Sidi-Said-Maachou Extr 33.1 -8.1 300 -31 70 6 4.5 —14 51 507 X X 0 X Khattach et al. (1995)
Volc.
AF5 Djebel Boho Volc. Extr 30.3 -7.5 87.7 71.9 14.9 9.9 149 27.3 27.1 535 X X X X Robert et al. (2017)
(B2)
AF4 Ouarzazate Volc.(A) Extr 4.1 —-29.3 56.6 0 0 0 0 0 Robert et al. (2017)
AF3 Fajjoud and Extr 30.3 -7.5 93.7 67 10.7 10.5 15.6 21.9 31 560 X X 0 X Robert et al. (2017)
Tagougast Volc. (B1)
AF2 Adrar-n-takoucht Extr 30.3 -7.5 26.6 18.2 7.4 20.4 15.7 —57.6 295.6 571 X 0 X X Robert et al. (2017)
Volc. (C-comp)
AF1 Adma diorite Intr 18.3 1.2 317.3 786 22 9 15.9 325 344.7 615 X 0 0 X Morel (1981)

(continued on next page)
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Table 2 (continued)

References

Q

7

2

1

Ags (dp/dm)  Plat ¢y Plong ¢gy  Age (ma)

a95

S.lat S.lon Dec Inc

Lithology

Name

Code

Pan-African Belts

Briden (1968)

522
530

345

1054 1.9 1.8 28
9.8 10.6

35.2 311.3 428
51.4 32.7

—15.2
-30.5

Metam
Metam

Ntonya Ring

P4
P3

Gose et al. (2004)

17.4

24.7

346.5

30.5

Equeefa dykes and
Mzumbe gneiss

Meert and Van der Voo
(1996)

5

550

319

3/5 -29

Metam 37.05 241 20 20

Sinyai Metadolerite

P2

)-A-Kenguemba

et al. (2008)

—
[N
n

304.8

—61.8

16 26.7 -11.2  24.01 10.5 5/10

3.5

Metam

Nola Metadolerite

P1

Arabian Nubian Shield

Kempf et al. (2000)
Kilner et al. (2005)
Nairn et al. (1987)

3
6
3

0

~550

600
593

321.8
74.4

—23.3
—52.3
—42.7

3.9/7.5
7.3
10

69.5 185 46.4 7.2

54.46

54.46
33.6

17.05
17.05

26.6

Sedi

Mirbat sediments
Mirbat + Huqf

AR3
AR2
AR1

Sedi

36.2

33.3 9.64

36.8

178.1

Intr

Dokhan volcanics
(Egypt)

Madagascar

MA2

Meert et al. (2001)
Meert et al. (2003)

6
6

512
521

62 27 11 13/17 —6.8
54 14.2

278
271

47.5

—18.7
-18.5

Metam
Metam

Carion granite
Madagascar

352.6

—6.7

10.1

14.4

47.3

MA1

virgation zone
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~580 Ma and the APW path implies a fast drift during the last phases of
Gondwana assembly (Rapalini, 2018). The Arabian Nubian Shield was
near or associated to the northeastern part of Gondwana at ~550 Ma
and the amalgamation of the Eastern Gondwana (Australia and the East
Antarctica) occurred later in Cambrian times (Rapalini, 2018; Schmidt,
2014). The APW path of Amazonia-West Africa since ~620 Ma is distinct
from the Gondwana APW with the ~615 Ma Planalto da Serra pole
(AM1) (D’Agrella Filho et al., 2018; Garcia et al., 2013) for Amazonia
close to the ~610 Ma Adma diorite pole (AF1) (Morel, 1981) for West
Africa which support a connection with Laurentia at ~615 Ma (Trindade
et al., 2006). Their later subsequent separation from Laurentia and
amalgamation into Gondwana is poorly constrained by the current
paleomagnetic database (Tohver et al., 2006; Trindade et al., 2006). A
singularity of this paleomagnetic model is the possibility of a large
Ediacaran Clymene Ocean between Amazonia and Sao Francisco-Congo
plus Rio de la Plata cratons (Cordani et al., 2013b; Tohver et al., 2010,
2012; Tohver and Trindade, 2014; Trindade et al., 2006).

Our new high-quality ~538 Ma Monteiro paleomagnetic pole (SF1)
does not fit the ~540-530 Ma APW path of the classical RTT curve
(Fig. 8-B). This interval is poorly constrained in the RTT curve by only
one low-quality paleomagnetic pole, the Olavarria Formation (RP5)
(Rapalini et al., 2013). RP5 pole is not well-defined (R = 1) and its age
was estimated according its position on the RTT curve by interpolation.
Thus, RP5 cannot be considered as robust to define the APW path.
Moreover, a robust estimation of ~600-590 Ma was recently proposed
for the Olavarria Formation - RP5 pole (Gomez-Peral et al., 2019).
Therefore, no more pole constrains the RTT curve for the Western
Gondwana in the 570-525 Ma interval. Recently, two robust paleo-
magnetic poles were obtained for West Africa with the Fajjoud and
Tagougast volcanics B1 (AF3), and the ~535 Ma Djebel Boho volcanics
B2 (AF5) (Robert et al., 2017). These poles do not fit the RTT curve
either, but oddly, our new ~538 Ma Monteiro pole is consistent with the
~535 Ma AF5 pole (Fig. 8-C) suggesting a different APW for the
Gondwana.

7.3. IITPW and rapid oscillations of the APWP of Gondwana during the
Ediacarian-Cambrian.

Based on three new paleomagnetic poles obtained for West Africa
(AF2, AF3, AF5) (Robert et al., 2017) and the position of the ~615 Ma
Adma diorite (AF1) (Morel, 1981), Robert et al. (2017) suggested a
different APW path for West Africa (Fig. 9-A), which is generally asso-
ciated to Amazonia (D’Agrella-Filho et al., 2016). Their hypothesis is
consistent with the position of the ~615 Ma Planalto da Serra pole
(AM1) (D’Agrella Filho et al., 2018; Garcia et al., 2013) for Amazonia,
not considered by Robert et al. (2017) (Fig. 9-A). This new APW path is
composed of two large paleomagnetic shifts of ~90° with the first be-
tween ~615-571 Ma and the second between ~571-565 Ma (Robert
et al., 2017) (Fig. 9-A). Moreover, a large oscillation was also proposed
by Mitchell et al. (2010) for Gondwana on the basis of poles from
Australia and East Antarctica and also based on discordant poles of
Laurentia and Baltica (Robert et al., 2017). This worldwide oscillation
(Creveling et al., 2012) with ~90° amplitude is consistent with an in-
ertial interchange true polar wander (IITPW) (Goldreich and Toomre,
1969; Kirschvink et al., 1997; Rose and Buffett, 2017).

The position of the key ~538 Ma Monteiro pole for the Borborema
Province (SF1) is consistent with the end of the oscillation proposed by
Robert et al. (2017) and the position of the coeval ~535 Ma Djebel Boho
B2 pole (Robert et al., 2017) which gives a strong support for this APW
path (Fig. 9-A). This large IITPW is also supported by the position of the
RP5 pole using the new estimation of ~600-590 Ma for the Olavarria
Fm. (RP5 pole) (Gomez-Peral et al., 2019). Following this large IITPW,
the Cambrian APW path of Gondwana produce equatorial rapid and
small oscillations between ~538 Ma and 500 Ma, with a first shift be-
tween ~540 and 525 Ma not compatible with the normal, Phanerozoic-
like lithospheric plates velocity (Fig. 9-B). Therefore, it seems that these
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Fig. 9. A: Inertial interchange true polar wander (IITPW) between ~615 and 560 Ma for the Gondwanan poles according to the curve from Robert et al. (2017).
Position of the key ~538 Ma Monteiro paleomagnetic pole (SF1) is indicated. B: Cambrian TPW oscillations of the between ~540 and 500 Ma as suggested in this
study. C: Paleomagnetic poles of Australia showing a large dispersion between ~609 and 560 Ma (Robert et al., 2017) and an counterclockwise motion after 560 Ma
until ~500 Ma. D: Comparison of magnitude velocity (cm/yr) for the Gondwana between the RTT curve (in black) and the Ediacaran IITPW - CambrianTPW os-

cillations curve (in red). Velocity data were obtained using a time interval of 5 Ma (available in supplementary material —

$2). Plate tectonics limit of ~30 cm/yr is

indicated (Meert et al., 1993). Ediacaran C-isotope compilation (8'Ce,p) with indication for the Carbon isotope excursions (yellow-negative and green-positive)
modified from Wood et al. (2019). Abbreviations: ZHUCE, Zhujiaqing; CARE, Cambrian arthropod radiation; SHICE, Shiyantou; MICE, Mingxinsi; AECE, Archae-
ocyath Extinction; ROECE, Redlichiid-Olenellid Extinction; DICE, Drumian. Position of the ~580 Ma Gaskiers glaciation is indicated. Estimation for episodic oceanic

oxygenation events (OOE) from Sahoo et al. (2016).

oscillations do not end at ~560 Ma as proposed by Robert et al. (2017),
but the proposed APW path in this study reflects a more complex pattern
of TPW rapid oscillations spanning the Cambrian period (Fig. 9-B),
which reconciles some previous observations (Jiao et al., 2018; Kirsch-
vink et al., 1997; Mitchell et al., 2010, 2011). Comparison with the
paleomagnetic data of Eastern Gondwana is more delicate because no
high-quality poles are available for Eastern Antarctica (the paleohor-
izontal is not constrained) and the poles for Australia between 640 and
500 Ma are only obtained from sedimentary units. We followed the APW
path of Robert et al. (2017) corrected of the Ediacarian-Cambrian ~40°
counterclockwise rotation between North and South Australia cratons
along the Patterson-Petermann orogens (570-530 Ma) (Li and Evans,

2011). After the ~610-560 Ma IITPW, no oscillations are observed for
the poorly-defined ~540-500 Ma interval of Australia, maybe because
of superimposed plate motion or lack of high-quality data (Fig. 9-C).

The updated RTT curve of the Gondwana APW path suggests a high
velocity above ~50 cm/yr at ~590 Ma and a rapid shift after 550 Ma
(Fig. 9-D). In our refined APW path, the two shifts of the IITPW are
visible with velocities above ~100 cm/yr, and the position of the ~538
Ma Monteiro pole (this study) implies also high velocities at ~540 Ma
not compatible with the ~30 cm/yr plate tectonics speed limit (Meert
et al., 1993).

We can speculate about the origin of these small oscillations: (1)
these rapid oscillations after a large IITPW may be a coincidence, but

14
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they are perpendicular to the latter and related to the assembly of the
large continental landmass of Gondwana between ~550 and 500 Ma
(Robert et al., 2018; Schmitt et al., 2018). These events can also be
correlated with the development of the ~615-540 Ma Central Iapetus
Magmatic Province (CIMP) (Youbi et al., 2020). The CIMP is related to
the emplacement of a mantle plume in polar position preceding the
opening of the Iapetus Ocean between Laurentia, Baltica, and Amazonia
(Robert et al., 2020). Cambrian oscillations were also recently proposed
by Jiao et al. (2018) for South China between the Lower-Middle and
Upper Cambrian sequences (~505-500 Ma) but the lower sequence is
lacking evidence for primary magnetization. These poles from South
China are not considered in this work due to the still poor constraints on
the precise configuration of South China in Gondwana. In order to
support these TPW oscillations, new high-quality paleomagnetic poles
are needed in this interval for major cratons like Laurentia, Baltica, and
Siberia; (2) they can also represent small and rapid motions of the
Gondwana landmass after complete assembly; (3) alternatively, we
cannot exclude the possibility of the existence of a weakened dipole with
frequent reversals through the Cambrian to explain this anomalous
paleomagnetic behavior (Bazhenov et al., 2016; Gallet et al., 2019;
Meert et al., 2016).

Any attempt at correlation between the Ediacaran-Cambrian major
events, as the rise of oxygen and the Cambrian radiation (~540-520
Ma), with the existence of true polar wander events may seem fortuitous
due the quality of data and the lack of geochronological on these events.
A link with global geodynamics that affects environmental conditions
cannot be completely ruled out. Mitchell et al. (2015) suggested that
TPW can increase the net diversity according to the latitudinal diversity
gradient during the latitudinal variations (LDG-TPW model) and that
these TPW are associated to the Cambrian radiation. Interesting, this
carbon excursion behavior corresponds to our TPW oscillations period
between ~540 and 510 Ma (Fig. 9-D) where we observed curious ex-
cursions in the APW path of the Gondwana. Changes in latitudes during
TPW events can result in dramatic changes in ocean continental patterns
and sea level influencing the geochemical cycles (Kirschvink and Raub,
2003; Mound and Mitrovica, 1998; Mound et al., 1999; Raub et al.,
2007).

8. Conclusions

To refine the APW path for the Gondwana in the Ediacaran-Cambrian
interval, we carried out a detailed paleomagnetic study from the ~538
Ma Monteiro dyke swarm. 19 sites give a new high-quality paleomag-
netic pole (R = 7) located at 18.2°S and 344.9°E (A95 = 11.7° K = 9.3).
The magnetic mineralogy indicates that PSD magnetite is the main
carrier of the remanence and its primary origin is supported by three
baked contact tests. This key pole passes a reversal test using 14 sites
with negative inclinations and 5 sites with positive inclinations. More-
over, the VGP’s dispersion suggests that the paleosecular variation was
removed. This new pole of reference for the Ediacaran-Cambrian tran-
sition indicates a directional shift in the APW path of the Gondwana
after the end of an inertial interchange true polar wander (IITPW) at
~560 Ma. Using the compilation of paleomagnetic poles available for
the Gondwana, this study suggests rapid and small oscillations of the
APW path during the Cambrian (~540-510 Ma). These rapid oscilla-
tions are strangely concomitant with short-lived carbon excursions and
episodic oceanic oxygenation events during the Cambrian. A fortuitous
link between these TPWs and global changes in biochemical cycles
cannot be dismissed.
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