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A B S T R A C T   

During the Stenian Period (1200–1000 Ma) Rodinia was being formed, and the Amazonian Craton, presently in 
northern South America, was an important piece in this scenario. Recently a megacontinent named Umkondia 
composed by Amazonia/West Africa, Congo/São Francisco, Kalahari and India was proposed to have existed at 
1100 Ma. We present a paleomagnetic study on the well-dated (U-Pb, baddeleyite) 1112 Ma mafic sills from the 
Huanchaca Intrusive Suite, western Mato Grosso State (Amazonian Craton) in order to test the proposed 
configuration of Umkondia. Alternating field (AF) and thermal stepwise demagnetization revealed northwestern 
characteristic remanent magnetization (ChRM) directions with low positive inclinations (mean: Dm = 303.2◦, 
Im = 12.2◦, N = 10, α95 = 14.5◦, K = 12.0). A paleomagnetic pole was calculated for the Huanchaca sills (HU −
225.7◦E, 30.1◦N, A95 = 9.9◦) which is classified with reliability index R = 5. Magnetic mineralogy experiments 
show that ChRM is carried by Pseudo single domain (PSD) magnetite. The Huanchaca paleopole favors the 
existence of the Umkondia megacontinent at 1100 Ma, which latter collided with Laurentia forming the Rodinia 
supercontinent around 1000–900 Ma.   

1. Introduction 

An important topic in ancient paleogeography is the Neoproterozoic 
Rodinia supercontinent (McMenamin and McMenamin, 1990). 
Although its existence is well-accepted, the cratonic blocks that 
composed it, their relative configurations and the time of final assembly 
are still intensively debated (Eyster et al., 2019; Jing et al., 2020, 2021; 
Sun et al., 2021, Evans, 2021). 

There is general consensus that the Amazonian Craton was part of 
the Rodinia supercontinent during the early Neoproterozoic (e.g., Li 
et al., 2008). Geological evidence suggests that the Amazonian Craton 
collided with Laurentia along the 1200–900 Ma Sunsas and Grenville 
orogenic belts, developed along the (present day) southwestern 
Amazonian Craton and south to southeastern Laurentia, respectively (e. 
g., Brito Neves and Cordani, 1991, Sadowski and Bettencourt, 1996, 
among others). Most models of Rodinia shows the Amazonian Craton 
(together with Baltica) alongside the Appalachian-Labrador region of 

Laurentia (e.g., Li et al., 2008, Johansson, 2014, Cawood et al., 2016). 
However, the geodynamic processes that were involved in this collision 
is still intensively debated, mainly due to the scarcity of paleomagnetic 
poles for the Stenian/Tonian Periods, and this principally for the 
Amazonian Craton. 

Based on the 1200 Ma Nova Floresta pole (Amazonian Craton), 
Tohver et al. (2002) suggested an oblique collision of Amazonia with 
Laurentia along the Grenvillian Llanos orogen, exposed today along the 
coast of Texas. Thereafter, Tohver et al. (2004a, 2004b, 2005a, 2005b, 
2006), based on geological, geochronological and geophysical evidence 
proposed that Amazonia executed a transcurrent movement relative to 
Laurentia up to its collision with Baltica at 1000 Ma. Later, the 1150 Ma 
Fortuna Formation paleomagnetic pole corroborated this model 
(D’Agrella-Filho et al., 2008). 

Alternatively, some authors proposed that the core of the Columbia 
supercontinent composed of Laurentia, Baltica, the Amazonian Craton 
and the West Africa Craton, maintained its integrity until 1270 Ma (e.g., 
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Johansson, 2009; Johansson et al., 2022). When Baltica and the 
Amazonian-West Africa block broke away from Columbia, they per-
formed a clockwise rotation to again dock with Laurentia during the 
formation of the Rodinia supercontinent at ca. 1000 Ma ago (e.g., 
Johansson, 2009; Evans, 2013; D’Agrella-Filho et al., 2016; Johansson 
et al., 2022). Cawood and Pisarevsky (2017) also proposed a clockwise 
rotation of Baltica relative to Laurentia. However, these authors 
consider that the Amazonian Craton has never belonged to Columbia 
(see also Pisarevsky et al., 2014), and suggest that it collided with 
Laurentia at ca. 1000–950 Ma, after the closure a large ocean (named the 
Mirovoi Ocean). 

Recently, Choudhary et al. (2019) proposed the existence of a 
supercraton at 1100 Ma formed by Amazonia, West-Africa, Kalahari, 
Congo-São Francisco and India, named by them as Umkondia. Wang 
et al. (2021) regarded Umkondia as a megacontinent that was essential 
for continental assembly. In their reconstruction, a center plume situ-
ated in the (present day) northwestern margin of the Kalahari Craton 
was a magmatic center from which the ca. 1100 Ma Umkondo (Kala-
hari), Huila-Hepembe (Congo), Mahoba (India), Huanchaca (Amazonia) 
and Rio Perdido (Rio Apa block) dyke swarms radiated. This mega-
continent is though to have collided with Laurentia to form Rodinia at 
ca. 1000–900 Ma (Choudhary et al., 2019; Wang et al., 2021). 

In view of these contrasting models proposed for the collision of the 
Amazonian Craton with Laurentia during the assembly of Rodinia, 
determination of new robust paleomagnetic poles for Mesoproterozoic 
Amazonian geological units becomes essential to test the various models 
of Rodinia assembly. This work presents a new paleomagnetic pole for 
the well-dated 1112 Ma mafic sills from the Huanchaca Intrusive Suite 
(Mato Grosso State, Brazil). 

2. Geologic setting 

The Amazonian Craton is exposed in two large areas encompassing 
about four million square kilometers, the Guiana Shield to the north and 
the Central-Brazil Shield to the south, interposed by the Amazon Basin 
(Fig. 1a) (Schobbenhaus et al., 1984; Santos et al., 2000; Lacerda-Filho 
et al., 2004). According to the syntheses of Tassinari et al. (2000), Santos 
et al. (2003) and Cordani and Teixeira (2007), its evolution is marked by 
a succession of Paleo- to Neoproterozoic accretionary events with 
greater or lesser involvement of juvenile crust. 

Based on the interpretation of geochronological data, Tassinari and 
Macambira (1999, 2004) proposed an evolutionary model for the 
Amazonian Craton, where Hadean-Archean microcontinents amalgam-
ated through collisional Paleoproterozoic orogenies developed between 
2250 Ma and 2050 Ma, followed by a succession of magmatic arcs and 
collisional processes that involved reactivation and reworking of pre- 
existing rocks. Basically, two models that subdivide the Amazonian 
Craton in geochronological provinces are presently available: Tassinari 
and Macambira (1999, 2004) and Santos et al. (2003). We adopt the 
Tassinari and Macambira (1999, 2004) model, which is followed by 
several other authors (e.g., Schobbenhaus et al., 2004; Cordani and 
Teixeira, 2007; Cordani et al., 2010; Bettencourt et al., 2010; Teixeira 
et al., 2019). 

The oldest (Hadean-Archaean) portion of the Amazonian Craton 
(Central Amazonia Province) consists of granite-greenstone terrains and 
high-grade metamorphic rocks exposed on the Brazil-Central and Guy-
ana shields (Tassinari and Macambira, 2004; Nadeau et al., 2013). These 
are bounded by the Maroni-Itacaiunas Province developed around 
2250–2050 Ma (Fig. 1a; Ledru et al., 1994). 

The Hadean-Archean basement is covered by volcano-sedimentary 
successions with little or no deformation, ranging in age from 1980 to 
1400 Ma. The southwestern part of this Hadean-Archean/Early Paleo-
proterozoic nucleus was accreted by subduction-related juvenile 
magmatic arcs, which formed the Ventuari-Tapajós (1980–1810 Ma) 
and Rio Negro-Juruena (1780–1550 Ma) Provinces (Fig. 1a; Tassinari 
and Macambira, 1999; Tassinari et al., 2000; Schobbenhaus and Brito- 

Neves, 2003; Cordani and Teixeira, 2007). 
During the Mesoproterozoic, magmatic arcs related to subduction 

processes were developed between 1600 Ma and 1300 Ma (e.g., Jauru 
Terrain in Mato Grosso State), which form the Rondonian-San-Ignacio 
Province, until the final collision of the Paraguá Terrain, about 1320 
Ma ago (Fig. 1b; Bettencourt et al., 2010). This collisional model was 
recently extended to the northwest of the state of Rondônia, with the 
recognition of the Trincheira ophiolite by Rizzotto and Hartmann 
(2012), who interpret it as a fragment of oceanic crust raised during the 
Mesoproterozoic, due to the collision of the Paraguá Terrain with the 
proto-Amazonian Craton along the Alto Guaporé Belt (Fig. 1b). 

Finally, the Sunsás collisional orogeny (the Sunsás Province) formed 
after 1300 Ma in the southwestern portion of Amazonia - southwestern 
boundary of the Paraguá Terrain (Fig. 1b). Its evolution began with a 
period of sediment deposition over a passive margin followed by a 
deformational phase at 1100–1000 Ma (Litherland et al. 1989; Sadowski 
and Bettencourt, 1996; Cordani and Teixeira, 2007; Teixeira et al., 2010, 
2019). 

As part of this scenario, is the geological evolution of the E-W Nova 
Brasilândia Belt or NBB (age 1100–1000 Ma) in the northern Paraguá 
Terrain (Fig. 1b). Contrasting interpretations consider that the NBB to 
represents either: (i) a suture resulting from the collision between the 
Paraguá Terrain and proto-Amazonia together with the formation of 
oceanic crust and subduction processes (e.g., Tohver et al., 2005a, 
2005b; Quadros et al., 2020); or (ii) intracratonic reactivations that 
occurred during the development of the Sunsás Belt (Sunsás Province −
1250–1000 Ma) (Litherland et al., 1989; Boger et al., 2005; Santos et al., 

Fig. 1. (a) Amazonian Craton and its geologic/geochronological provinces 
(adapted from Cordani and Teixeira, 2007; Teixeira et al., 2019). Star indicates 
the study area. CA- Central Amazonian Province (>2.6 Ga); Archean partially 
affected in Rhyacian: IC – Imataca Complex, AB – Amapá Block, BJ – Bacajá 
Domain. Paleo – to Mesoproterozoic provoinces: MI – Maroni Itacaiunas 
(2.25–2.05 Ga); VT – Ventuari-Tapajós (1.98–1.81 Ga); RNJ – Rio Negro 
Juruena (1.78–1.55 Ga); RO- Rondonian-San Ignacio (1.55–1.30 Ga); SA- 
Sunsás-Aguapeí (1.25–1.00 Ga). Ra- Rio Apa Craton; np- Neoproterozoic 
Provinces: ab- Andean belt; Pc- Precambrian cover; pc- Phanerozoic covers. (b) 
Sketch of the southwestern part of the Amazonian Craton showing the Paraguá 
Terrain and the Alto Guaporé, Sunsás, Aguapeí, and Nova Brasilândia belts 
(modified after D’Agrella-Filho et al., 2012). 
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2008; Teixeira et al., 2010; Cordani et al., 2010; D’Agrella-Filho et al., 
2012). 

The Aguapeí Belt, located in the southwest of the Mato Grosso state, 
represents a northern arm of the Sunsás orogeny, which is separated 
from the main part of the orogenesis by the Paraguá Terrain (Fig. 1b). 
This belt has been interpreted as an aborted continental rift, developed 
by sedimentary deposition of the Aguapeí Group, followed by 
compression and eastward thrusting at around 1000 Ma (Litherland 
et al. 1989; Sadowski and Bettencourt, 1996). The Aguapeí Group is 
stratigraphically divided into three formations, named from bottom to 
top as the Fortuna, the Vale da Promissão and Morro Cristalino forma-
tions (Saes and Leite, 1993; Teixeira et al., 2010; de Melo et al., 2022). 
Sedimentary provenance studies provided detrital zircon ages in the 
range 1453 ± 10 Ma to 1165 ± 27 Ma (n = 89) (Santos et al., 2001; Leite 
and Saes, 2003) for the basal Fortuna Formation (Aguapeí Group). A 
more recent provenance study of the Aguapeí Group led Geraldes et al. 
(2014) to propose a maximum age for the sediment deposition at ca. 
1265 Ma. If we consider the age of 1149 ± 7 Ma as the diagenetic phase 
of these sedimentary rocks (D’Agrella-Filho et al., 2008), thus, the 
depositional age of Aguapeí Group can be between 1265 and 1150 Ma. 
This age is at least 40 Ma older than the Huanchaca sills (see below). 

2.1. Huanchaca mafic sills 

According to the evolutionary model established for the Amazonian 
Craton described above, the study area is located within the Paraguá 
Terrain (Fig. 1) (Tassinari and Macambira, 1999; Lima et al., 2012; 
Teixeira et al., 2015). This terrane is crosscut by the Rincón del Tigre 
mafic–ultramafic layered intrusion and the Huanchaca mafic sills 

(Fig. 2a), emplaced at ca. 1112 Ma, and named the Rincón del Tigre- 
Huanchaca LIP (Teixeira et al., 2015, 2019; Reis et al., 2022). A 
component of this LIP occurs in the distal Rio Apa Terrane, known as the 
Rio Perdido mafic dyke swarm, and is dated at 1110.7 ± 1.4 Ma 
(Teixeira et al., 2019). 

The mafic sills from the Huanchaca Intrusive Suite (Fig. 2) emerge 
along the Serra Ricardo Franco or Huanchaca Hills (as it is known in the 
Brazilian and Bolivian territories, respectively) (Sécolo et al., 2011). In 
contrast to the Rincón del Tigre intrusion that was deformed by the 
Sunsas orogen, the Huanchaca sills were not affected by this event, as 
they intrude the nearly horizontal sedimentary rocks from the Vale da 
Promissão Formation (Aguapeí Group). The sills consist of massif gab-
bros and diabases, ranging from melanocratic to ultramafic, fine to 
medium grained, showing subophitic to ophitic textures (Lima et al., 
2012, 2019). The rocks are essentially composed of plagioclase (ande-
sine), pyroxene (augite/pigeonite, and hypersthene), amphiboles 
(hornblende and actinolite), opaque minerals, and with some of them 
also containing alkali feldspar and quartz with graphic intergrowth 
(Lima et al., 2019). 

The Huanchaca Suite is represented by two sills that emerge in the 
form of the stock and slab rocks intruded in the Vale da Promissão 
Formation sedimentary rocks. The largest body is about 50 m thick. The 
second mafic body is less expressive and is located in the extreme south 
of the study area. The contacts with the hosted rocks are always abrupt, 
parallel to the bedding plane, with no features of thermal meta-
morphism being recognized (Lima et al., 2012). 

40Ar/39Ar isotopic data yielded ages (plateaus) of 1040 ± 40 Ma for 
amphibole and 948 ± 5 Ma for plagioclase (Lima et al., 2012). Lima 
et al. (2019) published new 40Ar/39Ar isotopic data revealing ages of 

Fig. 2. Geologic sketch of the southwestern part of the Amazonian Craton (adapted from Teixeira et al., 2015). Location of the Huanchaca FRT sites are shown on the 
amplified figure (limited by red lines). 
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1041 ± 6 Ma (plagioclase – integrated age) and 1113 ± 11 Ma 
(amphibole, plateau age). A U-Pb (on baddeleyite) age of 1112 ± 2 Ma 
represents the best estimate of the crystallization of Huanchaca sills 
(Teixeira et al., 2015). 

3. Paleomagnetic sampling and methods 

The Huanchaca mafic sills were sampled for paleomagnetic study 
(Fig. 2) near the municipality of Vila Bela da Santíssima Trindade (Mato 
Grosso State), and Ricardo Franco or Huanchaca hills, in the Brazil- 
Bolivia border, southwestern Amazonian Craton. The good rock expo-
sures allowed to collect 134 oriented cylindrical cores using a portable 
gas-powered drill from a total of 20 sites (Table 1). 

One of the sites (FRT62) corresponds to nearly horizontal siltstones 
from the Vale da Promissão Formation (Aguapeí Group) sampled close 
to the mafic sill for a paleomagnetic baked contact test. 

The cylindrical cores were oriented by sun and magnetic compasses. 
The sampled sites are shown in Fig. 2 and the number of cores sampled 
from each site and their geographic coordinates are described in Table 1. 

Cylindrical cores were cut into 2.2 cm specimens. Step-wise alter-
nating magnetic field (AF) and thermal demagnetization techniques 
were employed to separate the characteristic remanent magnetization 
(ChRM) component. Steps of 2.5 mT (up to 15 mT) and 5 mT (15 mT-100 
mT) were adopted for AF demagnetization using an AF demagnetizer 
coupled to a cryogenic superconducting magnetometer (2G-Enter-
prises), model 755–4 K. Thermal demagnetization was performed using 
a TD-60 furnace of ASC Scientific in steps of 50 ◦C (from 100 ◦C up to 
500 ◦C) and 20 ◦C (from 500 ◦C up to 600 ◦C). For samples with natural 
remanent magnetization (NRM) intensity stronger than 22.0 A/m, a 2- 
axis tumbler AGICO AF demagnetizer was used for the AF treatment 
and the remanent magnetization measurements were carried out using a 
JR-6A spinner magnetometer (AGICO, Czech Republic). These in-
struments are housed in a magnetically-shielded room with ambient 
field < 500 nT at the USPmag - paleomagnetic laboratory of the Uni-
versity of São Paulo. 

Magnetic components for each specimen were identified in orthog-
onal plots (Zijderveld, 1967), and calculated using the principal 
component analysis (Kirschvink, 1980). At least four successive 
demagnetization steps were used to calculate vectors using least-squares 

fits, and an upper limit for maximum angular deviation (MAD) of 8◦ was 
applied. Fisher’s (1953) statistics was used to evaluate site mean di-
rections and the paleomagnetic pole. 

Magnetic mineralogy was investigated through the acquisition of 
remanent magnetization (IRM) using a pulse magnetizer MMPM10 
(Magnetic Measurements) and hysteresis curves using a MicroMag 3900 
VSM (Princeton Measurements Corporation). These curves give bulk 
coercive force (Hc), coercivity of remanence (Hcr), saturation magneti-
zation (Ms), and saturation remanent magnetization (Mrs), after sub-
traction of the paramagnetic contribution from the high field portion of 
the curve. FORC (First Order Reverse Curve) diagrams were also per-
formed for selected samples to establish domain structures. To charac-
terize the magnetic carriers in the samples, thermomagnetic curves 
(low-field magnetic susceptibility versus temperature) in Argon atmo-
sphere were performed for several samples, using a CS-4 apparatus 
coupled with the KLY-4S Kappabridge instrument (AGICO, Czech Re-
public) at the CORE laboratory in Oceanographic Institute of the Uni-
versity of São Paulo. 

4. Magnetic mineralogy results 

AF demagnetization showed mean destructive fields (MDF) between 
4 and 10 mT for most samples (e.g., samples FRT51-A1 (site 2), FRT53- 
F2 (site 4), FRT63-E2 (site 10) and FRT68-C1 (site 15) in Fig. 3a), 
although MDF as high as 40–45 mT was also found (sample FRT55-A5, 
site 6) in Fig. 3a). Also, it almost completely eliminated the natural 
remanent magnetization (NRM) of these samples in fields up to 100 mT 
showing that most of the investigated sills rocks carry magnetic grains 
with coercivities typical of magnetite/titanomagnetite. However, NRM 
intensity did not decay in fields up to 100 mT for sample FRT62-E2 (site 
9 - siltstones, Fig. 3a), suggesting the presence of other minerals such as 
hematite in this rock. 

Thermal treatment indicates distributed unblocking temperature 
(Tub) spectra in most samples, where ca. 65% to 90% of the remanent 
magnetization was deleted at ~ 560 ◦C (Fig. 3b). In the sill samples, a 
steep drop in magnetization intensity between ~ 560 ◦C and 600 ◦C 
suggest magnetite as the main magnetic carrier. An exception is siltstone 
sample FRT62-E1 (site 9) where ca. 90% of NRM remained at temper-
atures of 600 ◦C, followed by a steep drop between 640 ◦C and 700 ◦C, 

Table 1 
Huanchaca paleomagnetic data.  

Site Geographic Coordinates Samples Rock Site mean direction VGP    

n/N Dec (◦) Inc (◦) α95 (◦) K Plat(◦N) Plong(◦E) 

1* − 14◦26′22′’S / − 60◦20′22′′W FRT50A-F sill 16/16  230.2  67.2  2.1  312.3  − 36.1  261.9 
2* − 14◦26′22′’S / − 60◦20′10′′W FRT51A-D sill 13/10  246.6  − 15.1  5.1  92.1  − 20.4  195.6 
3 − 14◦26′22′’S / − 60◦20′13′′W FRT52A-I sill 13/7  302.9  23.6  10.9  31.6  27.6  232.2 
4 − 14◦13′17′’S / − 60◦26′39′′W FRT53A-I sill 12/9  288.3  6.0  9.7  29.3  17.0  217.6 
5 − 14◦13′19′’S / − 60◦26′36′′W FRT54A-H sill 19/11  121.3  15.6  13.4  12.51  32.2  209.0 
6 − 14◦26′21′’S / − 60◦20′14′′W FRT55A-F sill 19/17  296.2  21.6  2.5  199.2  21.9  228.4 
7 − 14◦26′22′’S / − 60◦20′17′′W FRT56A-H sill 19/19  298.2  19.2  2.8  146.3  24.2  227.8 
8* − 14◦13′33′’S / − 60◦26′58′′W FRT61A-G sill 6/6  335.2  70.5  5.1  173.6  18.2  285.2 
9 − 14◦13′34′’S / − 60◦27′0.7′′W FRT62A-I siltstone 18/11  301.9  31.9  6.7  46.8  24.7  236.9 
10 − 14◦13′19′’S / − 60◦26′44′′W FRT63A-G sill 11/5  334.9  10.5  20.0  15.6  58.4  245.9 
11* − 14◦13′37′’S / − 60◦26′31′′W FRT64A-G sill 7/0  –  –  –  –   
12* − 14◦13′13′’S / − 60◦26′40′′W FRT65A-F sill 5/0  –  –  –  –   
13* − 14◦13′15′’S / − 60◦26′43′′W FRT66A-F sill 6/4  163.2  62.0  19.3  23.5  57.6  142.7 
14* − 14◦13′15′’S / − 60◦26′45′′W FRT67A-F sill 6/3  294.4  75.0  17.1  52.7  − 1.4  274.5 
15 − 14◦13′14′’S / − 60◦26′38′′W FRT68A-F sill 15/12  300.9  24.3  4.2  110.1  25.6  231.8 
16 − 14◦13′47′’S / − 60◦26′17′′W FRT69A-F sill 15/12  299.7  25.2  2.9  220.6  24.4  231.8 
17* − 14◦13′46′’S / − 60◦26′19′′W FRT70A-F sill 8/3  249.3  − 36.8  15.0  68.8  − 13.6  183.9 
18* − 14◦13′45′’S / − 60◦26′22′′W FRT71A-F sill 8/4  32.8  − 25.1  10.9  71.4  58.1  31.7 
19* − 14◦13′20′’S / − 60◦26′42′′W FRT72A-F sill 8/7  181.1  − 30.1  11.2  30.1  59.6  301.6 
20 − 14◦13′20′’S / − 60◦26′36′′W FRT73A-F sill 8/6  128.5  32.2  13.6  25.4  40.5  198.5 
Mean    10  303.2  12.2  14.5  12.0   
HU pole        9.9  24.9  30.1  225.7 

n/N – number of analyzed samples/number of samples used in the mean; Dec. – declination; Inc. – inclination; α95, K – Fisher’s confidence cone and precision pa-
rameters (Fisher, 1953); VPG – Virtual Geomagnetic Pole; Plong – Paleolongitude; Plat – Paleolatitude. * Excluded sites from the mean. 
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suggesting the predominance of hematite together with the presence of 
magnetite with Tub between 540 ◦C and 600 ◦C (Fig. 3b). 

The hysteresis curves obtained for the sills samples show thin waist 
behavior (Fig. 4a-e) indicating low coercivity minerals and saturation 
fields around 300 mT, typical of titanomagnetite or magnetite. Again, 
the exception is sample FRT62 (site 9 - siltstones) whose hysteresis curve 
indicates wide waist behavior with coercivity Hc = 145.1 mT, suggest-
ing predominance of hematite (Fig. 4f). 

Most of these samples plots in the pseudo-domain structure (PSD) 
field in the Day diagram (Fig. 4g - Mrs/Ms versus Hcr/Hc, Day et al., 
1977) modified by Dunlop (2002), which is consistent with the good 
magnetic stability seen in the samples after AF treatment. First order 
reverse curves (FORC) were obtained for selected samples to establish 
their domain states where magnetite/titanomagnetite predominates 
(Fig. 5). FORC diagrams for an ensemble of SD-particles have the shape 
of a symmetrical distribution of the contour along the Bc axis, without a 
vertical scatter along the Bu axis, and for an ensemble of PSD particles 
they have an asymmetric distribution with a contour moderately 
diverging along the vertical axis (Roberts et al., 2014). According to the 
FORC diagrams in Fig. 5, the magnetic minerals in the analyzed samples 
are in the PSD “vortex” state. 

Isothermal remanent magnetization (IRM) acquisition experiments 
carried out for most of the Huanchaca rock samples resulted in similar 
behaviors with practically identical and homogeneous curves, reaching 
saturation magnetization in fields below 300–400 mT, indicating low 
coercivity grain distribution (samples FRT50 (site 1), FRT52 (site 3), 
FRT53 (site 4), FRT56 (site 7), FRT67 (site 14), FRT68 (site 15) and 
FRT69 (site 16), in Fig. 6). This behavior is typical of magnetite and 
titanomagnetite, corroborating the presence of these minerals as already 
evidenced in the previous magnetic experiments. The siltstone (FRT62, 
site 9) does not saturate at fields as high as 1 Tesla, indicating the 
presence of minerals with high coercivities, likely hematite (sample 
FRT62, site 9 in Fig. 6). 

Reversible to moderately irreversible high-temperature thermo-
magnetic curves were observed for all Huanchaca sills samples, some of 
them indicating that probably magnetite is being formed during heating 
(Fig. 7). A well-characterized Hopkinson peak at around 580 ◦C is 
observed for most samples. These characteristic features are typical of 
thermally stable, SD/PSD Ti-poor titanomagnetite grains (Dunlop and 
Özdemir, 1997). 

5. Paleomagnetic results 

The NRM intensity of the Huanchaca sills samples ranges from 291 
mA/m to values as high as 22.9 A/m. These intensities are typical of 
basaltic rocks with a high contribution of ferromagnetic minerals. On 
the other hand, the sedimentary rocks present NRM intensities between 
850 mA/m and 1.57 A/m. 

AF and thermal treatments were efficient to isolate a stable remanent 
magnetization for samples from most sites after eliminating random 

secondary magnetic components associated with coercivities up to 
15–30 mT or unblocking temperatures below 400 ◦C. Exceptions are the 
samples from sites 11 (FRT64) and 12 (FRT65), which presented 
magnetically unstable behavior and/or within-site inconsistent di-
rections. Site mean directions are summarized in Table 1 and plotted in 
Fig. 8a. 

The most representative component in the sills is characterized by 
northwestern positive inclination directions obtained for 9 analyzed 
sites. Examples of AF and thermal demagnetization are presented in 
Fig. 9. After demagnetization, the siltstone samples (site 9, FRT62) also 
revealed similar directions (Fig. 10). The site mean directions from the 
remaining sites are distributed in the other three quadrants in the ste-
reogram (Fig. 8a). Trying to calculate a representative paleomagnetic 
pole for the analyzed sites, we considered an angle of 40◦ as the 
maximum paleosecular variation around the mean of the virtual 
geomagnetic poles calculated for the 18 sites in Table 1 (Fig. 8b). 
Although samples from sites 5 (FRT54) and 20 (FRT73) yielded south-
eastern directions with low positive inclinations, in our analysis we 
consider they registered an Earth’s magnetic field reversal. We justify 
this since the low magnetic inclinations imply that the Amazonian 
Craton was very close to Earth’s Equator and the inclination of 
geomagnetic field could be positive or negative during magnetic register 
in the rock. 

Using the cutoff angle of 40◦, eight sites can be excluded from the 
mean, resulting in a mean direction Dm = 303.2◦; Im = 12.2◦ (N = 10; 
α95 = 14.5◦; K = 12.0) (Fig. 8c) and the corresponding paleomagnetic 
pole (HU pole) at 30.1◦N; 225.7◦E (A95 = 9.9◦; K = 24.9) (Fig. 8d). 
Excluding site 9 represented by the sediment (siltstone), a mean direc-
tion using the 9 sills’s sites was also calculated (Dm = 303.3◦; Im = 9.8; 
α95 = 15.7◦; K = 11.7), which yielded the corresponding paleomagnetic 
pole at 30.7◦N; 224.4◦E (A95 = 10.8◦, K = 23.5) (see Table 1). Since the 
difference of the two calculated poles is small (0.6◦ in latitude and 1.3◦

in longitude), we will consider that calculated with 10 sites as repre-
senting the Huanchaca pole (HU pole). 

6. Discussion 

6.1. Paleomagnetic pole reliability 

The Huanchaca pole (30.1◦N, 225.7◦E, A95 = 9.9◦, K = 24.9) sat-
isfies 5 out of the 7 quality criteria proposed by Van der Voo (1990) and 
recently revised by Meert et al. (2020) as the R-score:  

(1) The age of the Huanchaca sills rocks can be considered well- 
determined by U-Pb and Ar/Ar methods. A U-Pb (baddeleyite) 
dating provided an age of 1112 ± 2 Ma (Teixeira et al., 2015), 
which represents the best estimate of the sills crystalization age 
and probably the time their remanent magnetization was ac-
quired. In addition, the 1113 ± 11 Ma Ar-Ar plateau age obtained 

Fig. 3. Normalized magnetization intensities (M/Mo) versus (a) alternating magnetic field (H) and (b) temperature (T) for samples from different sites of Huanchaca 
sills and for a siltstone (site 9). 
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Fig. 4. (a, b, c, d, e): Typical narrow waist hysteresis curves (magnetic moment (Am2) versus magnetic field (T)) obtained for the Huanchaca samples, which are 
characteristic of titanomagnetite/magnetite minerals. (f) Wide waist hysteresis curve obtained for the siltstone sample (Vale da Promissão Formation) characteristic 
of hematite mineral. (g) Day’s diagram suggesting the presence of PSD grains in the sill samples. 
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for amphiboles from the Huanchaca rocks (Lima et al., 2019) 
suggests that they experienced rapid initial cooling.  

(2) The Huanchaca pole was determined for an adequate set of 
samples and appropriate Fisher statistical parameters (A95 = 9.9◦, 
K = 24.9, N = 96, B = 10 sites), according to criterion R2 of Meert 
et al. (2020). Also, the calculated semi-angle of the Fisher’s 
confidence cone for the HU pole (A95 = 9.9◦) is in the expected 
interval (4.9◦ ≤ A95 ≤ 20.5◦) of secular variation models (Dee-
nen et al., 2011), although the minimum number of sites used to 
calculate a paleomagnetic pole would need to be 15 according to 
these authors. In contrast, a paleolatitude of 6.2◦ was calculated 
for the Huanchaca magnetic inclination (Im = 12.2◦), which 
would imply a value of angular dispersion (s) of ca. 12◦-13◦, ac-
cording to Proterozoic models of secular variation (Veikkolainen 
and Pesonen, 2014). This is 3.6◦ lower than the s = 16.6◦

calculated for the HU pole by equation, s =
(∑N

i=1
θ2

i
(N− 1)

)1/2
. A 

possible reason for this discrepancy could be associated to the 
small number of sites carrying the HU component. Another 
possible reason could be related to the low Earth’s magnetic field 
intensity in the Mesoproterozoic (Smirnov, 2017), which could 
enhance the Earth’s non-dipole field contribution, increasing 
dispersion of directions.  

(3) Rock magnetic analysis, including thermomagnetic curves, IRM 
curves, hysteresis curves, and FORC, clearly identified PSD 
magnetite as the main magnetic carrier of Huanchaca compo-
nent. Moreover, after AF and thermal demagnetization, magne-
tization components were isolated by least squares fit to the 
linear points observed on orthogonal diagrams, through the 
principal component analysis (Kirschvink, 1980);  

(4) Unfortunately, the baked contact test was incomplete, since no 
different magnetization direction was found for the sedimentary 
rocks of the Vale da Promissão Formation (Aguapeí Group). 

Fig. 5. FORC diagrams (Bu and BC fields in Tesla) for selected FRT Huanchaca samples.  
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Fig. 6. Examples of IRM acquisition curves (normalized intensities versus magnetic field). Sample FRT62 represents the siltstone while other samples are from the 
Huanchaca sills. 

Fig. 7. Typical thermomagnetic curves showing variation in magnetic susceptibility K(SI) versus temperature. Curves were corrected for furnace effects. Heating in 
red and cooling in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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However, the fact that the investigated sedimentary rocks present 
directions similar to the Huanchaca sills component implies that 
both rock units acquired their magnetizations at the same time. 
The doubt is if the HU component represents a primary magne-
tization or a later overprint. Evidence in favor of the first hy-
pothesis is that paleomagnetic analysis of the stratigraphically 
lower Fortuna Formation (Aguapeí Group), collected some 
80–100 Km away from Huanchaca sills yielded very different 
directions (Dm = 339.0◦, Im = -56.7◦, N = 18, α95 = 7.3, k =
24.0) (D’Agrella-Filho et al., 2008). This implies that no regional 
remagnetization event affected all these rocks, and that probably 
the Huanchaca ChRM direction was acquired during sills 
intrusion.  

(5) The Huanchaca Suite is located on the Paraguá Terrain, between 
the Aguapeí and Sunsás mobile belts. The sills cut nearly hori-
zontal sedimentary rocks from the Vale da Promissão Formation 
with no evidence that they were affected by later tectonic or 
metamorphic events (Teixeira et al., 2015, 2019; Lima et al., 
2019);  

(6) Both polarities were registered, if magnetic directions from sites 5 
(FRT54) and 20 (FRT73) were acquired during a reversal of the 
geomagnetic field, as we interpret. However, visually the normal 
and reversed directions are not anti-parallel, which does not pass 
this criterion according to Meert et al. (2020).  

(7) The Huanchaca pole is not similar to any younger pole from the 
Amazonian Craton. 

In summary, the sills, magnetization was most probably acquired 

during their intrusions and the Huanchaca pole can be considered as a 
robust paleomagnetic pole, classified with R = 5, according to the R- 
score of Meert et al. (2020). 

6.2. Testing the Umkondia megacontinent 

The Stenian (1200–1000 Ma) is the geological period where the 
Rodinia supercontinent was being formed (Li et al., 2008). According to 
these authors, Baltica, Amazonia/West Africa, Congo/São Francisco and 
Kalahari were drifting towards Laurentia, and collided along the Gren-
ville orogenesis at ca. 1000 Ma. At ca. 1100 Ma, large igneous provinces 
(LIP) are described for most of these continental blocks: the 1109–1084 
Ma large tectonomagmatic event known as the Keweenawan Mid-
continental rift in Laurentia (Green et al., 1987; Swanson-Hysell et al., 
2019); the 1110 Ma Rincón del Tigre-Huanchaca LIP in the Amazonian 
Craton (Teixeira et al., 2015; Reis et al., 2022); the 1110 Ma Huila- 
Epembe dykes and related mafic rocks in the Congo Craton (Salminen 
et al., 2018); and the 1110 Ma Umkondo LIP in the Kalahari Craton 
(Swanson-Hysell et al., 2015). Also, the Bundelkhand Craton (northwest 
India) was intruded by the 1113 ± 3 Ma ENE-WSW Mahoba dykes 
(Pradhan et al., 2012). 

In the last decade, paleomagnetic studies for most of these 1110 Ma 
rocks have allowed paleomagnetic reconstructions to constrain the 
relative position of these cratonic blocks at this time (e.g., Swanson- 
Hysell et al., 2015; Salminen et al., 2018; Choudhary et al., 2019). 
Salminen et al. (2018) proposed a reconstruction at 1100 Ma where 
Kalahari was rotated clockwise relative to Congo-São Francisco (CSF). In 
their reconstruction, it is proposed that a common magmatic source 
originated the Huila-Epembe dykes in CSF and the Umkondo dykes in 
Kalahari, which was situated in the (present) northwestern Kalahari 
Craton. Salminen et al. (2018) also proposed that Kalahari (attached to 
CSF) collided later with Laurentia to form Rodinia as already previously 
suggested (e.g., Li et al., 2008; Loewy et al., 2011; de Kock et al., 2014; 
Swanson-Hysell et al., 2015). 

Choudhary et al. (2019) included in the configuration of Salminen 
et al. (2018) the Amazonia/West Africa and India cratonic blocks 
arguing that the ca. 1110 Ma Rincón del Tigre-Huanchaca intrusions and 
Mahoba dykes originated from the same Umkondo plume center situ-
ated at northwestern Kalahari Craton. Their hypothetical supercraton, 
named by them as Umkondia (formed by Amazonia/West Africa, CSF, 
Kalahari and India), is considered as a megacontinent that later collided 
with Laurentia (linked to other cratonic blocks) forming Rodinia at ca. 
1000–900 Ma (Wang et al., 2021). Lacking evidence of a collision, 
Choudhary et al. (2019) suggested that the Amazonia-West Africa block 
amalgamated to the Congo-CSF through a transcurrent fault-slip 
developed between 1380 and 1110 Ma. 

The 1110 Ma Huanchaca pole from this study represents a great 
opportunity to test the reconstruction of the Umkondia megacontinent, 
which is shown in Fig. 11. Euler rotation poles used for each cratonic 
block in this reconstruction are presented in Table 2. Also shown are 
selected ~ 1100 Ma paleomagnetic poles for each block. Unfortunately, 
no 1100 Ma pole is presently available for West Africa. So, we consid-
ered the position of Amazonia and West Africa as in the West Gondwana 
configuration, although other different links have also been proposed for 
the Paleoproterozoic at ca. 1900–2000 Ma (e.g., Johansson, 2009; 
Bispo-Santos et al., 2014a,b; Antonio et al., 2021, and references 
therein). Congo is represented by the Huila-Epembe pole (Salminen 
et al., 2018), Kalahari by the Post-Gupera dykes (Evans, 2021) and 
Umkondo grand mean (Swanson-Hysell et al., 2015) poles and India by 
the Mahoba dykes pole (Pradhan et al., 2012). Finally, Amazonia is 
represented by the Huanchaca pole from this study. These poles cluster 
around the North Pole after they were rotated using the respective Euler 
poles calculated for each cratonic block used in the reconstruction of 
Fig. 11, supporting the Umkondia megacontinent, if we consider the 
uncertainties associated to the paleomagnetic poles and their ages. 

Fig. 8. (a) Site mean directions for the Huanchaca sills and the siltstone. (b) 
40◦ cutoff application on the respective VGP. (c) Site mean directions after 40◦

cutoff with its mean direction and respective confidence circle in red (α95 =

14.5◦). (d) VGPs after 40◦ cutoff with the HU pole and its respective confidence 
circle in red (α95 = 9.9◦). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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Fig. 9. Examples of AF and thermal demagnetization for samples from four sills sites. The figure shows stereographic projections (solid (open) symbols represent 
positive (negative) inclinations), normalized magnetization intensity curves (M/Mo versus alternating field (H) or temperature (T)) and orthogonal projections (solid 
(open) symbols represent horizontal (vertical) projections) for each sample. 

F. Bispo-Santos et al.                                                                                                                                                                                                                           



Precambrian Research 388 (2023) 107013

11

6.3. The role of Laurentia, Baltica and Umkondia in Rodinia 
agglutination 

Very similar to Gondwana amalgamation, the Rodinia supercontin-
ent was formed by different geodynamic events, occurred in a series of 
asymmetric subduction and collisional processes during the Stenian 
Period (Martin et al., 2020). Most probably, the Kalahari, Amazonian, 
Baltic and Laurentian cratons participated of its great mass, whose col-
lisions generated mobile belts that record well the tectonic events of that 
period (Martin et al., 2020; Quadros et al., 2021). Orogens like the 
Sunsás, Grenville and Sveconorwegian are reflections of the collisional 
process involving Amazonia, Laurentia and Baltica at around 1000 Ma 
which are considered as being within the central portion of Rodinia 
(Slagstad et al., 2019). 

There is consensus in the literature that Amazonia collided with 
Laurentia to form Rodinia, and that they were linked along the Sunsás- 
Grenville orogenesis at ca. 1000–950 Ma ago (e.g., Li et al., 2008, 
Johansson, 2009, Martin et al., 2020; Johansson et al., 2022, and ref-
erences therein). However, the dynamics involved during this collision 
have been intensively debated. An oblique collision of Amazonia along 
the Llanos orogeny in Texas at 1200 Ma, followed by transcurrent 
movement relative to Laurentia up to 1000 Ma when it collided with 
Baltica, received geological, geochronological and paleomagnetic sup-
port (e.g., Tohver et al, 2002, 2004a, 2004b, D’Agrella-Filho et al., 2008, 
Ibañez-Mejia et al., 2011; Ibañez-Mejia, 2020). However, the 1100 Ma 
Huanchaca pole determined here doesn’t support this interpretation (see 
below). 

An alternative model proposed a collision of Amazonia with Lau-
rentia along the area formed by Labrador, western Scotland, Greenland, 
northwestern Ireland and the Rockall Plateau (the Labrador-Scotland- 
Greenland promontory (LSGP) of Dalziel, 1992, 1994). However, 
distinct Pb isotopic data from LSGP and the southwestern Amazonian 
Craton led Loewy et al. (2003) to reject a collision of Amazonia along 
this Grenvillian area. Alternatively, Loewy et al. (2003) suggest a 
collision of the southwestern Amazonia along the central and southern 
Appalachian Grenvillian area, based on similarities in both ages and 
isotopic signatures between these two areas. 

Based on the arguments presented above and in the available ca. 
1100 Ma paleomagnetic poles, Laurentia and Baltica were included in 
our reconstruction of Umkondia (Fig. 11), now redrawn in Fig. 12. In 
this figure, the position of Laurentia is the same as proposed by Salminen 
et al. (2018) in their reconstruction of this landmass relative to Kalahari 
and CSF. Northern Baltica is linked to northeastern Laurentia and 
northwestern Amazonia is linked to western Baltica in a position that is 
reminiscent of the SAMBA reconstruction of Johansson (2009). Euler 
rotation poles calculated for Laurentia and Baltica are presented in 
Table 2. Selected ca. 1110 Ma paleomagnetic poles for Baltica and 
Laurentia are also shown in Table 2. Baltica is represented by the SD pole 
obtained for the well-dated 1122 ± 7 Ma Salla Diabase Dyke (Salminen 
et al., 2009). Six poles are from Laurentia, extracted from Evans (2021): 
the 1105 ± 2 Ma Lower Mamaince Point volcanic–R2 pole (L1); the 
1105 ± 2 Ma Upper Osler volcanic-R pole (L2); the 1107 ± 3 Ma Middle 
Osler volcanic-R pole (L3); the 1108 ± 3 Ma Lowermost Mamaince Point 
volcanics-R1 pole (L4); the 1108 ± 3 Ma Lower Osler volcanic-R pole 

Fig. 10. Examples of AF and thermal demagnetization for two samples from siltstones (Vale do Promissão Formation). The figure shows stereographic projections 
and normalized magnetization intensity curves (M/Mo versus alternating field (H) or temperature (T)) for each sample. 
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(L5) and the 1111 ± 4 Ma Mean Nipigon sills and dykes pole (L6) 
(Table 2). 

In the reconstruction, it is suggested that Laurentia and Baltica were 
also linked to Umkondia at 1100 Ma. After 1100 Ma, Baltica broke-up 
from Laurentia and, together with the rest of the Umkondia 

megacontinent, it rotated clockwise colliding again with Laurentia, 
Amazonia at the Apallachian area and Kalahari at the Texas region, as 
already suggested by other authors (e.g., Loewy et al., 2003, Li et al., 
2008). 

Johansson (2009) and Johansson et al. (2022) also proposed a 
similar model for the break-up of their SAMBA reconstruction in the 
Columbia supercontinent, although for them rupture of Baltica/Ama-
zonia occurred at ca. 1260 Ma ago, associated to the magmatic activities 
represented by the Mackenzie dyke swarm in Laurentia and the Central 
Scandinavian Dolerite Group in Fennoscandia. In fact, the timing of 
Baltica break-away from Laurentia is still disputed (e.g., Cawood and 
Pisarevsky, 2017). These authors argue that rupture occurred after 1260 
Ma, but not necessarily at this time. For example, Yakubchuk (2019) 
believes that the Columbia supercontinent was reorganized into Rodinia 
without significant continental breakup. For Yakubchuk (2019), 
Columbia broke-up due to several rifting episodes near 1180 Ma and 
Rodinia reassembled around 1100–1040 Ma. On the other hand, 
Cawood and Pisarevsky (2017) admit the break-up initiation occurred 
after 1100 Ma (with the formation of the Asgard sea), as also suggested 
here, based on the reconstruction of Fig. 12. 

Although paleomagnetic data corroborate the reconstruction in 
Fig. 12, the Meso- to Neoproterozoic evolution of the northwestern 
Amazonian Craton with the development of the ca. 1000 Ma Putumayo 
orogeny (Ibañez-Mejia et al., 2011; Ibañez-Mejia, 2020) seems to pre-
vent a direct connection of northwestern Amazonia with Baltica at 1100 
Ma, as suggested in Fig. 12 (see also Cawood and Pisarevsky, 2017). 
Trying to circumvent this problem an alternative reconstruction for 
Umkondia relative to Baltica and Laurentia is presented in Fig. 13. As the 
longitude paleomagnetic ambiguity permit, the Umkondia mega-
continent was rotated 30◦ clockwise around the north pole (Euler pole at 
90◦N) in this reconstruction. As in the reconstruction of Fig. 12, here we 
can also envisage a clockwise rotation of Umkondia after 1100 Ma until 
it collided with Laurentia along the Apallachians’ Grenville front. This 
new model permits that the Colombian–Oaxaquian fringing-arc system 
as idealized by Ibañez-Mejia et al. (2011) and Ibañez-Mejia (2020) be 
formed in the northwestern Amazonian Craton. Meanwhile, Baltica 
rotated clockwise colliding with the northern Amazonian Craton at ca. 
1000 Ma forming the Svecovergian belt during the 1050–980 Ma Agder 
phase (Cawood and Pisarevsky, 2017). If we consider the SAMBA link in 

Fig. 11. Paleogeographic reconstruction of Umkondia (Amazonian Craton, 
West Africa, Congo, Kalahari and India) at 1100 Ma according to Choudhary 
et al. (2019). Euler rotation poles used for each craton in the reconstruction are 
presented in Table 2. The 1100 Ma paleomagnetic poles for each craton (after 
rotating them using the Euler pole of the corresponding craton) are also shown 
(Table 2). Paleomagnetic pole and respective craton are shown in the same 
color. AM - Amazonian Craton; WA - West Africa; K - Kalahari; SF - São Fran-
cisco Craton; IN - India. Paleomagnetic pole codes (HE, UK, MH, HU) are 
described in Table 2). Arrow in each craton represents the present north 
geographic direction. Red star represents the magmatic plume center that gave 
origin to the Huila-Epembe dyke swarm in Congo Craton, the Umkondo LIP in 
Kalahari, the Huanchaca LIP in Amazonia and the Mahoba dykes in India. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Table 2 
Selected ca. 1100 Ma paleomagnetic poles for Baltica, Laurentia, Amazonia, West Africa, Kalahari, Congo-São Francisco and India and respective Euler rotation poles.  

CRATON / Geological unit Code Age 
Ma 

PLat. (◦N) PLon. (◦E) A95 
(◦) 

Rlat. (◦N) Rlong. (◦E) R Ref. 

BALTICA – Rotation pole: 39.53◦N, 77.01◦E (45.6◦)          
Salla Diabase Dyke SD 1122 ± 7  71.0  113.0  8.1  71.8  280.1 5 1 
LAURENTIA – Rotation pole: 3.80◦N, 143.6◦E (41.46◦)          
Lower Mamainse Point volcanic – R2 L1 1105 ± 2  37.5  205.2  4.5  67.6  164.7 7 2 
Upper Osler volcanic-R L2 1105 ± 2  42.5  201.6  3.7  67.9  149.6 7 2 
Middle Osler volcanic-R L3 1107 ± 3  42.7  211.3  8.2  74.3  159.5 6 2 
Lowermost Mamainse Point volcanic s-R1 L4 1108 ± 3  49.5  227.0  5.3  86.5  128.8 7 2 
Lower Osler volcanic-R L5 1108 ± 3  40.9  218.6  4.8  77.7  178.9 6 2 
Mean Nipigon sills and dykes L6 1111 ± 4  47.2  217.8  4.0  80.3  148.1 5 2 
AMAZONIA - Rotation pole: 48.49◦N, 176.73◦E (95.7◦)          
Huanchaca sills HU 1112 ± 2  21.7  240.5  15.3  74.8  1.2 5 3 
WEST AFRICA – Rotation pole: 12.43◦N, 194.21◦E (101.74◦)          
CONGO - Rotation pole: 13.81◦N, 195.64◦E (126.43◦)          
Huila Epembe HE 1110 ± 3; 1109 ± 10  − 34.7  256.5  8.7  84.5  276.3 6 4 
SÃO FRANCISCO - Rotation pole: 41.04◦N, 174.22◦E (117.58◦)         
INDIA - Rotation pole: 52.56◦N, 281.14◦E − 100.26◦)          
Mahoba dykes MH 1113 ± 7  +38.7  229.5  12.4  84.0  10.0 4 5 
KALAHARI - Rotation pole: 14.73◦N, 196.54◦E 169.56◦)          
Post-Gupera dykes PG 1105 ± 1  62.3  31.9  6.9  85.9  327.1 6 2   

Umkondo mean UK 1109 ± 1; 1112 ± 1  − 64.0  222.1  2.6  84.1  22.3 5 6 

Plat. – Pole latitude; Plong. – Pole longitude; A95 – radious of 95% confidence cone; Rlat – rotated pole latitude; Rlong – rotated pole longitude; Reference: 1- Salminen 
et al. (2009); 2 - Evans (2021); 3 - This work; 4- Salminen et al. (2018); 5 - Pradhan et al. (2012); 6 - Swanson-Hysell et al. (2015). For reconstruction of Fig. 13, 
Umkondia and respective poles (Rlat., Rlong.) were rotated 30◦ clockwise around the Euler pole at (90◦N, 0◦E). 
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the Columbia supercontinent as correct (Johansson, 2009), the time at 

which the Amazonian Craton separated from Baltica is yet undefined, 
although a possibility is that this occurred at ca. 1400 Ma as suggested 
by the 1440–1420 Ma Amazonian paleomagnetic data (e.g., D’Agrella- 
Filho et al., 2016, 2021). Another possibility is that Amazonia/West 
Africa drifted as an independent continental block in the Paleoproter-
ozoic and was never part of Columbia (Pisarevsky et al., 2014, Cawood 
and Pisarevsky, 2017). 

Another point that merits discussion is the time of collision between 
the Arequipa/Antofala Block (AAB) located in the proto-Andean margin 
of Amazonia (Ramos, 1988) with the Amazonian Craton. The geological 
evolution of AAB began in the Paleoproterozoic (2000–1900 Ma) in its 
northern part, and it was affected by magmatism and/or deformation at 
three periods: ca. 1500–1400 Ma, ca. 1200–1000 Ma and ca. 500–440 
Ma (e.g., Loewy et al., 2004). The similar 1200–1000 Ma Sunsás meta-
morphic episode led some authors to suggest an accretion of the AAB to 
the Amazonian Craton during the Sunsás orogeny (e.g., Dalziel, 1994, 
Boger et al., 2005 and references therein), while others suggest a later 
collision, during Cambrian to Ordovician times (Ramos, 1988, Ramos 
et al., 1993, Coira et al., 1982). A late Mesoproterozoic collision would 
imply that the AAB had to be included between Amazonia and Laurentia 
at ca. 1000 Ma ago. However, comparing Pb isotopic data from AAB 
with those from the Amazonian, Laurentian and Kalahari cratons, Loewy 
et al. (2003) proposed a model where AAB was part of the Kalahari 
craton due to their greater isotopic affinities. Then, both, Amazonia and 
Kalahari/AAB, collided with Laurentia along the Appalachians and 
Texas areas, respectively. When Kalahari broke-up from Laurentia it left 
AAB behind, which rotated and amalgamated with Amazonia at ca. 500 
Ma (Loewy et al., 2003). 

7. Final remarks 

Paleomagnetic analysis was performed on rocks from the 1112 Ma 
(U–Pb, baddeleyite) mafic sills from the Huanchaca Intrusive Suite, SW 
Amazonian Craton (western Mato Grosso State, Brazil). AF and thermal 
treatments revealed northwestern characteristic remanent magnetiza-
tion (ChRM) directions with low positive/negative inclinations, carried 
by stable PSD magnetite. A mean direction was calculated (Dm =
303.2◦, Im = 12.2◦, N = 10, α95 = 14.5◦, k = 12.0), which yielded the 
paleomagnetic pole (HU) located at 30.1◦N; 225.7◦E, (A95 = 9.9◦), 
classified with a reliability factor R = 5. The Huanchaca paleopole favors 
the existence of the Umkondia (Kalahari/CSF/Amazonia/West Africa/ 
India) megacontinent at 1100 Ma, which latter collided with Laurentia 
forming the Rodinia supercontinent around 1000–900 Ma. Compared to 
Laurantia and Baltica, two paleogeographies at 1100 Ma are possible: 
(1) Northeastern Laurentia was linked to northern Baltica and north-
western Amazonia was linked to southwestern Baltica as in the SAMBA 
configuration of Columbia. Baltica (linked to Umkondia) broke-up from 
Laurentia and rotated clockwise up to its collision with Laurentia to form 
Rodinia; (2) Laurentia was linked to Baltica, but Amazonia (in the 
Umkondia configuration) was separated from Baltica. After 1100 Ma, 
Umkondia executed a clockwise rotation colliding with Laurentia. At the 
same time, Baltica broke-up from Laurentia and also rotated clockwise 
coliding with Amazonia. The second model is preferred since it can 
explain the development of the 1150–1000 Ma Colombian-Oaxaquian 
fringing-arc system (Ibañez-Mejia et al., 2011; Ibañez-Mejia, 2020) 
and the Svecovergian 1050–980 Ma belt after the Agder ocean opening 
(Cawood and Pisarevsky, 2017). 
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Fig. 12. Paleogeographic reconstruction of Umkondia, Baltica and Laurentia at 
1100 Ma in the Rodinia supercontinent. Euler rotation poles used for each 
craton in the reconstruction are presented in Table 2. The 1100 Ma paleo-
magnetic poles for each craton (after rotating them using the Euler pole of the 
corresponding craton) are also shown (Table 2). Paleomagnetic pole and 
respective craton are shown in the same color. LA - Laurentia; BA - Baltica; AM - 
Amazonian Craton; WA - West Africa; K - Kalahari; SF - São Francisco Craton; IN 
- India. Paleomagnetic pole codes (L1, L2, L3, L4, L5, L6, SD, HE, UK, MH, HU, 
PG) are described in Table 2). Arrow in each craton represents the present north 
geographic direction. Red star represents the magmatic plume center that gave 
origin to the Huila-Epembe dyke swarm in Congo Craton, the Umkondo LIP in 
Kalahari, the Huanchaca LIP in Amazonia and the Mahoba dykes in India. See 
text for details. Greater arrow indicates the Umkondia movement after 1100 
Ma. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 13. The same as in Fig. 12 with Umkondia and their respective paleo-
magnetic poles rotated 30◦ clockwise around North geographic Pole (Euler pole 
at 90◦N, 0◦E). Details are described in the legend of Fig. 12. See text for details. 
Greater arrows indicate the Umkondia and Baltica movements after 1100 Ma. 
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Antonio, P.Y.J., D’Agrella-Filho, M.S., Nédélec, A., Poujol, M., Sanchez, C., Dantas, E.L., 
Dall’Agnol, R., Teixeira, M.F.B., Proietti, A., Martínez Dopico, C.I., Oliveira, D.C., 
Silva, F.F., Marangoanha, B.,Trindade, R.I.F., 2021. New constraints for 
paleogeographic reconstructions at ca. 1.88 Ga from geochronology and 
paleomagnetism of the Carajás dyke swarm (eastern Amazonia). Precambrian Res. 
353, 106039. 

Bettencourt, J.S., Leite Jr., W., Payolla, B., Ruiz, A.S., Matos, R.S., Tosdal, R.M., 2010. 
The Rondonian-San Ignacio Province in the SW Amazonian Craton: an overview. 
J. S. Am. Earth Sci. 29, 28–46. 

Bispo-Santos, F., D’Agrella-Filho, M.S., Janikian, L., Reis, N.J., Reis, M.A.A.A., 
Trindade, R.I.F., 2014a. Towards Columbia: Paleomagnetism of 1980–1960 Ma 
Surumu volcanic rocks, Northern Amazonian Craton. Precambr. Res. 244, 123–138. 

Bispo-Santos, F., D’Agrella-Filho, M.S., Trindade, R.I.F., Janikian, L., Reis, N.J., 2014b. 
Was there SAMBA in Columbia? Paleomagnetic evidence from 1790 Ma Avanavero 
mafic sills (Northern Amazonian craton). Precambr. Res. 244, 139–155. 

Boger, S.D., Raetz, M., Giles, D., Etchart, E., Fanning, C.M., 2005. U-Pb age data from 
Sunsas region of Eastern Bolivia, evidence for the allochthonous origin of the 
Paragua Block. Precambr. Res. 139, 121–146. 

Brito Neves, B.B., Cordani, U.G., 1991. Tectonic Evolution of South America during the 
Late Proterozoic. Precambr. Res. 53, 23–40. https://doi.org/10.1016/0301-9268 
(91)90004-T. 

Cawood, P.A., Pisarevsky, S.A., 2017. Laurentia-Baltica-Amazonia relations during 
Rodinia assembly. Precambr. Res. 292, 386–397. 

Cawood, A., Strachan, R.A., Pisarevsky, S.A., Gladkochub, D.P., Murphy, J.B., 2016. 
Linking collisional and accretionary orogens during Rodinia assembly and breakup: 
Implication for models of supercontinent cycles. Earth Planet. Sci. Lett. 449, 
118–126. 

Choudhary, B.R., Ernest, R.E., Xu., Y-G., Evans, D.A.D., de Kock, M.O., Meert, J.G., Ruiz, 
A.S., Lima, G.A., 2019. Geochemical characterization of a reconstructed 1110 Ma 
Large Igneous Province. Precambrian Res. 332, 1-22, 10.1016/j. 
precamres.2019.105382. 

Coira, B., Davidson, J., Mpodozis, C., Ramos, V.A., 1982. Tectonic and magmatic 
evolution of the Andes of northern Argentina and Chile. Earth Sci. Rev. 18 (3), 
303–332. https://doi.org/10.1016/0012-8252(82)90042-3. 

Cordani, U. G., Fraga, L, M., Reis, N., Tassinari, C. C. G., Brito-Neves, B. B., 2010. On the 
origin and tectonic significance of the intra-plate events of Grenvillian-type age in 
South America: A discussion. J. South American Earth Sci. 29, 143–159. 

Cordani, U.G., Teixeira, W., 2007. Proterozoic accretionary belts in the Amazonian 
Craton. Geol. Soc. Am. Mem. 200, 297–320. 

D’Agrella-Filho, M.S., Antonio, P.Y.J., Trindade, R.I.F.,Teixeira, W., Bispo-Santos, F., 
2021. The Precambrian drift history and paleogeography of Amazonia. In: Pesonen, 
L., Elming, S.-Å., Evans, D.A.D., Veikkolainen, T. (Org.). Ancient Supercontinents 
and the Paleogeography of Earth. Elsevier, book, Chapter 6, 207-241. 

D’Agrella-Filho, M.S., Tohver, E., Santos, J.O.S., Elming, S.-Ǻ., Trindade, R.I.F., Pacca, I. 
G., Geraldes, M.C., 2008. Paleomagnetism of the 1.15 Ga Aguapeí Group (SW 

Amazon Craton): Evidence for the tectonic evolution of Rodinia. Earth Planetary Sci. 
Lett. 267, 188–199. https://doi.org/10.1016/j.epsl.2007.11.030. 

D’Agrella-Filho, M.S., Trindade, R.I.F., Elming, S.A., Teixeira, W., Yokoyama, E., 
Tohver, E., Geraldes, M.C., Pacca, I.I.G., Barros, M.A.S., Ruiz, A.S., 2012. The 1420 
Ma Indiavaí Mafic Intrusion (SW Amazonian Craton): Paleomagnetic results and 
implications for the Columbia supercontinent. Gondw. Res. 22, 956–973. 

D’Agrella-Filho, M.S., Trindade, R.I.F., Queiroz, M.V.B., Meira, V.T., Janikian, L., 
Ruiz, A.S., Bispo-Santos, F., 2016. Reassessment of Aguapeí (Salto do Céu) 
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