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U-Pb baddeleyite dating of the Pará de Minas dyke swarm in the 
São Francisco craton (Brazil) - three generations in a single swarm

JulIA CedeRbeRG 

Cederberg, J., 2013: U-Pb baddeleyite dating of the Pará de Minas dyke swarm in the São Francisco craton (Brazil) 
- three generations in a single swarm. Examensarbete i geologi vid Lunds Universitet, Nr. 364, 26 pp. 45 points. 

Abstract: The São Francisco craton in Brazil, South America, host a significant number of mafic intrusions and dyke 
swarms, but their ages and tectonic significance are poorly constrained. This study presents U-Pb baddeleyite (ID-
TIMS) data that demonstrate the occurrence of three dyke generations of the NW-trending Pará de Minas swarm, 
dated at 1790 Ma (1788 ± 3 Ma, 1792 ± 16 Ma, 1785 ± 5), 1690 Ma (1687 ± 8 Ma, 1691 ± 5 Ma) and 766 ± 36 Ma. 
All the sampled dolerites have undergone the imprint of low grade metamorphism, presumably related to Braziliano 
Pan-African compressional tectonics.
The São Francisco and Congo Craton were connected as a single crustal block that lasted from about 2.05 Ga until 
ca. 130 Ma, when Africa separated from South America. The new U-Pb ages have implications for positioning the 
São Francisco craton - Congo cratonic block in the configuration of Rodinia and Columbia supercontinents. Based 
on temporal constraints, the Uruguayan dykes (1790 ± 5 Ma) in the southern Rio de la Plata craton, the Ilhas sill 
(1793 ± 1 Ma) in the northern part and the Pedra Preta dolerite sill (1795 ± 2 Ma) near the Venezuelan border in the 
Amazonian craton, the Tomashgorod dykes (1789 ± 3) in Sarmatian, the Hart dolerites (1790 ± 4) in the Northern 
Australia craton and the Taihand-Lavliang dyke swarm (ca. 1.78Ga) in the North China craton allow all these cratons 
to have been potential “neighboring” blocks to the São Francisco craton- Congo craton at 1790 Ma. The 1690 Ma age 
is relatively rare for global record making this age relatively unique. The Byraiy swarm (1707 ± 32) in the Siberian 
craton and the Pelly Bay dyke swarm (1692 ± 2) in northern Laurentia are two possible candidates. The 766 Ma age 
may be connected to the Niquelândia complex (ca.790 Ma) in Goias state, the Mundine Well swarm (755 ± 3) in the 
Western Australia and the dykes in the Mt. Rogers (757 ± 5) in southeastern Laurentia. 
 

Keywords: Baddeleyite, U-Pb, São Francisco craton, Brazil, Pará de Minas swarm
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U-Pb baddeleyit datering av Pará de Minas diabassvärmen i São 
Francisco kratonen (Brasilien) - tre generationer i en diabassvärm

JulIA CedeRbeRG 

Cederberg, J., 2013: U-Pb baddeleyit datering av Pará de Minas diabassvärmen i São Francisco kratonen (Brasilien) 
- tre generationer i en diabassvärm. Examensarbete i geologi vid Lunds universitet, Nr.364, 26 sid. 45 högskolepoäng 
(hp)

Sammanfattning: São Francisco kratonen i Brasilien, Syd Amerika, innehåller ett antal signifikanta mafiska intru-
sioner och diabasgångar men deras ålder och tektoniska betydelse är oklar. Denna studie presenterar åldersdata (U-Pb 
metoden på mineralet baddeleyit) som visar att den NV-riktade Pará de Minas svärmen, består av tre generation av 
diabasgångar, åldersbestämda till 1790 Ma (1788 ± 3 Ma, 1792 ± 16 Ma, 1785 ± 5), 1690 Ma (1687 ± 8 Ma, 1691 ± 
5 Ma) och 766 ± 36Ma. Diabaserna visade påverkan av låggradig metamorfos.
De nya åldrarna har betydelse för hur São Francisco kratonen var beläget i förhållande till andra kratoner under su-
perkontinenthändelser då Rodinia och Columbia existerade. Potientiella matchningar med SFC vid 1790 Ma utgörs 
av de Uruguyanska diabasgångarna (1790 ± 5 Ma) i södra Rio de la Plata kratonen, Ilhas sill (1793 ± 1 Ma) i norra 
delen i Amasonas kratonen och Pedra Preat sill (1795 ± 2 Ma) nära den Venezulianska gränsen i Amasonas kratonen, 
Tomashgorod diabasgångarna (1789 ± 3) i Sarmatian, Hart diabasgångarna (1790 ± 4) i norra Australien och Taihand-
Lavliang svärmen (ca. 1.78Ga) i norra China. Åldern 1690 Ma är relativt ovanlig i ett globalt perspektiv. Möjliga kan-
didater är Byraiy svärmen (1707 ± 32) i Siberia kratonen och Pelly Bay diabassvärmen (1692 ± 2) i norra Laurentia. 
Åldern 766 Ma kan kopplas till Niqulandia komplexet (ca.790 Ma) i staten Goias, Mundine Well svärmen (755 ± 3) 
i västra Australien och diabasgångarna i Mt. Rogers (757 ± 5) i Laurentia.

Keywords: Baddeleyite, U-Pb, São Francisco craton, Brazil, Pará de Minas swarm

Julia Cederberg, Department of Earth and Ecosystem Sciences, Division of Geology, Lund University, 
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1 Introduction 
A key question in planet Earth’s geological history con-
cerns the position of continents through time and, in par-
ticular, at those times when all or most of the continental 
blocks were positioned in supercontinent arrangements. 
Earth is today made up of approximately 35 main piec-
es of Archaean crust that today are dispersed around 
the globe (Bleeker, 2003). There are reasons to believe 
that all these blocks were originally amalgamated into a 
single supercontinent, Superia (or Kenorland), or a few 
supercratons. Throughout Earth’s history it has been 
recurrent supercontinents existing in cycles of approxi-
mately 500 Ma, e.g Columbia (1.8-1.5 Ga), Rodinia 
(1.1-0.6 Ga) and Pangea (0.3-0.2 Ga) (e.g. Evans, 2009; 
Zhang et al., 2012). Mafic dyke swarms play an impor-
tant role since they may manifest the products of break 
up or attempted break up of supercontinents. They are 
emplaced typically either parallel to continental mar-
gins or radiate out from a magmatic center (i.e. focal 
point) into the interior parts of a craton (e.g. Ernst & 
Buchan, 1997). In the latter case, dykes are commonly 
considered linked to the arrival of a mantle plume into 
areas of thinned lithosphere, i.e. a voluminous amount 
of hot material rising through the mantle in plume-like 
bodies. Major mafic dykes, sill complexes and basal-
tic volcanic provinces of short duration pulses (termed 
Large Igneous Provinces (LIPs) are useful geological 
markers in the reconstructions of supercontinents (e.g. 
Wingate & Gidding, 2000) and their positions prior to 
breakup (e.g. Corrêa Gomes & Oliveira, 2000, Ernst et 
al., 2013). 

Precise radiometric ages of these rocks can be ar-
ranged in a “time column”, a so-called LIP barcode that 
characterizes each “puzzle piece”. Each bar in a col-
umn represents a single LIP event and the LIP barcode 
column of different blocks can be compared. Multiple 
age matches suggest the blocks were “next neighbors” 
during the period matches are identified whereas no 
matches indicate crustal bocks were far apart. It is well 
accepted that the São Francisco craton (SFC) and the 
Congo craton (CC) were connected from ca. ≥2.0 Ga 
until the opening of the South Atlantic at about 130 Ma 
(D’Agrella-Filho et al., 1996; Feybesse et al., 1998). As 
such, the combined SFC and CC represents together a 
relative large ‘puzzle piece’ in palaeocontinental recon-
structions. Yet its position in the supercontinents Co-
lumbia and Rodinia is poorly known (e.g., Meert, 2012; 
Zhang et al. 2012). Mafic dyke swarms of various age 
and trends are widespread in the SFC (Corrêa Gomes & 
Oliveira, 2000) but their ages and tectonic significance 
are poorly constrained. 

The Pará de Minas swarm has a SW-NE trend and 
extends throughout most of the SFC. Previous attempts 
to date dykes of this swarm are uncertain and have to 
some extent given conflicting results (Silva et al., 1995; 
Chaves, 2001). This study provides precise datings of 

a number of dykes of the Pará de Minas swarm using 
U-Pb geochronology on baddeleyite (ZrO2). The objec-
tive of this study is to extend the “LIP barcode” for the 
combined SFC-CC block during the Palaeoproterozoic. 
By comparing these barcodes with corresponding data 
from other blocks it will contribute to better constrain 
SFC-CC in supercontinent configurations. 

2. Geological setting

2.1 Regional geology
Large volumes of Archaean crust are preserved in South 
America (35%) in various crustal blocks together with 
juvenile rocks (54%) that accreted during the Palaeo-
proterozoic (mainly from 2.2 to 1.9 Ga). The craton has 
been completed through the addition of Meso- to Neo-
proterozoic material (10%), together with a small frac-
tion (1%) of Phanerozoic igneous rocks (Sato & Siga 
Jr., 2000).

The SFC is located in the northeastern portion of 
Brazil (Fig. 1) within the state of Minas Gerais and Ba-
hia. The craton is surrounded by Neoproterozoic mobil 
belts, i.e. the Araçuai, brasilia, Riacho do Portal, Rio 
Preto and the Sergipano belts. The Araçuai belt is locat-
ed along the east and southeast edges of the SFC (Alme-
ida, 1977, Fig. 1). The basement of the Araçuai orogen 
consists of Archaean to Mesoproterozoic units including 
the rift-sag espinhaço Supergroup and the related ano-
rogenic Borrachudos suits (Uhlein et al., 1998; Martins-
Neto, 2000; Noce et al., 2007). The Brasilia belt is lo-
cated in the western margin of the SFC, and comprises a 
thick Meso-Neoproterozoic sedimentary/metasedimen-
tary pile (e.g Arai Paranoá, Araxá, Canastra, Vazante 
and Bambuí group). The rocks are mostly unformed 
and unmetamorphosed throughout most of the craton 
but become increasingly deformed and metamorphosed 
westwards, reaching amphibolite to granulite facies con-
ditions in the central part of the belt (Dardenne, 2000; 
Pimentel et al., 2000; Piuzana et al., 2003).

The SFC basement is dominated by Archaean to 
Palaeoproterozoic high-grade (magmatic, granulite) 
gneisses and granite-greenstone belts (Rio Capim, Rio 
Itapicuru, Mundo Novo, Contendas-Mirante,Umburanas 
and Rio das Velhas) with local spinifex-textured komati-
ites occurring in most of the southern part of Minas Ge-
rais state (Teixeira et al., 2000) and in the Umburanas 
region in the north (Cunha & Fróes, 1994). These rocks 
are covered by Meso- to Neoproterozoic sedimentary 
rocks of the Espinhaço Supergroup and the São Fran-
cisco Supergroup (Danderfer et al., 2009). The basal 
formation in the southern Espinhaço Supergroup is an 
extensive intracontinental rift sedimentary sequence 
which is located on both the west and eastern border of 
the SFC, some 600 km apart from each other. In Minas 
Gerias the oldest Espinhaço Basin is formed 1.68 Ga-
1.80 Ga (Chemale Jr. et al., 2012).
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2.2 Adjacent cratons to SFC during su-
percontinent events
All cratonic blocks of South America have been involved 
in the assembly and breakup of larger continental blocks 
(supercontinents), such as Columbia in the Palaeo- to 
Mesoproterozoic (e.g., Condie, 2002), Rodinia in the 
Mesoproterozoic (e.g., Cordiani et al., 2000) and West 
Gondwana, in the Neoproterozoic to Phanerozoic (e.g., 
Unrug, 1996). The South American platform is com-
posed of three major cratons, Amazonian, São Francisco 
and Rio de la Plata (e.g Hoffman, 1991; Unrug, 1996; 
Fuck et al., 2008) and some smaller cratons, e.g. the Rio 
Apa craton. The Amazonian is the largest block and is lo-
cated northwest of SFC (Fig. 1). The Amazonian craton 
and the eastern portion of the South American Platform 
are separated by the Transbrasiliano lineament (Fig. 1). It 
is a 3000 km long intra-continental deformational strike 
slip system, and it extends discontinuously from Para-
guay, across the Tocantins Province and the Phanerozoic 
Paraná and Parnaíba basins, into Ceará in Brazil (Feng 
et al., 2004). The Archaean–Palaeoproterozoic Rio de la 
Plata craton is located south of SFC and is exposed over 
a relatively large area in uruguay, eastern Argentina, and 
southernmost Brazil (Fig. 1). Its geological evolution is 
poorly known because of great geological complexity 
and paucity of data (e.g Gaucher et al., 2008). 

The CC is located in the central and southern Africa 
and extends from Congo into the Angola region. It is 
generally accepted that the SFC and the CC were joined 
at about 2.05 Ga and remained together until the ca. 130 
Ma breakup of Africa from South America (D´Agrella-
Filho et al., 1996; Freybesse et al., 1998). The combined 
SFC-CC positions in the supercontinents Columbia and 
Rodinia are poorly known but are represented as a large 
‘puzzle piece’ in palaeocontinental reconstruction (e.g. 
Li et al., 2008). 

2.3 Mafic dyke swarms in SFC 
SFC is intruded by a number of mafic dyke swarms 
with different trend directions and age (fig. 2). The dyke 
swarms are briefly described in this section whereas the 
studied swarm, the Pará de Minas swarm, is presented 
in more detail in section 2.4. 

The Lavras swarm in the southernmost region of 
SFC is the oldest swarm (2658 ± 44 Ma, Sm-Nd). It 
comprises NW-SE trending noritic dykes traceable for 
up to 30 km with the thickest dykes being up to ca. 100 
metre in width (Pinese, 1997).

The NNW- and NE- trending Paraopeba swarm is 
made up of metadiabase and amphibolite dykes. The 
dykes are associated with NNW- and NE- trending tran-
scurrent shear zones, hence implying a contemporaneous 
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and genetic relationship between dyking and shearing. 
The dykes are tholeiitic and located in the southern part 
of SFC. The dykes dimensions range from hundreds of 
meters in length to 5 km and 2 to 10 metres in width. 
Rb-Sr whole-rock isochron dating indicated an intrusive 
age of 2189 ± 45 Ma and are classified as tholeiitic basalt 
(Chaves, 2001). Due to the associated shear zones the 
dykes are illustrated as oval shaped circles (Fig. 2).

In the very northern part of Minas Gerais state, dykes 
of the NW- trending Januária swarm do not cut the Neo-
proterozoic cover, whereas further south the dykes cut 
through the Espinhaço supergroup. The Januária swarm 
has been dated with K-Ar to 1.1-1.4 Ga (Parenti Couto et 
al., 1983 discussed in Chaves & Correia Neves, 2005).

The Formiga swarm consists of NE-trending tho-
leiite dykes, located throughout the Minas Gerais state. 
The dykes have a length up to 400 km and individual 
dykes are up to 100 m in width. The dykes are postdat-
ed by Neoproterozoic cover (Chaves, 2001). Previous 
age determinations have given ages of 906 ± 2 Ma (U-
Pb, Machado et al., 1989) and 984 ± 100 Ma (Sm-Nd 
whole-rock isochron, Chaves, 2001). Some of the dykes 
are porphyritic with plagioclase phenocrysts. Close 
to the SFC border the dykes appear as metadolerites, 
metamorphosed under greenschists facies condition. 
The dykes were presumably metamorphosed during 
the Neoprotherozoic Brasiliano Pan-African thrusting 
event (Chaves, 2001).

The Transminas swarm has a predominantly NNW 
trend. The swarm is located along the eastern border of 
SFC and cuts the Neoproterozoic and older rocks of the 
Araçuaí belt. The largest dykes are traceable for 600 km 
and have a width of ca. 50 metre. K-Ar dating has given 
dates between 220 and 170 Ma (Dussin, 1994 discussed in 
Chaves & Correia Neves, 2005). The Transminas swarm 
was emplaced in response to the development of an ex-
tensive zone of mantle melting and led to the first stage of 
fragmentation of Gondwanaland (Carvalho, 1983)

The Santos-Rio de Janeiro (Serra do Mar) swarm 
is located in the southern part of, and along, the south-
ern border of SFC. Dykes of this NE- trending swarm 
reach up to 100 km in length and have a width up to ca 
100 meter. Ar-Ar and K-Ar dates fall in the 120-130 Ma 
age span (Turner et al., 1994; Silva et al., 1995; Pinese, 
1997). This swarm, together with the Florianópolis dyke 
swarm (NNE-trending) in southern Brazil, may be linked 
to a Cretaceous triple junction located near the Angolan 
and Namibian coastline (Carvalho, 1983) and are linked 
with the Paraná-Etendeka LIP (Ernst & Buchan 1997).

The NW and NE trending Arraial do Cabo swarm is 
represented by two groups of basalt and andesite bodies 
and intruded approximately 55 Ma ago (Bennio et al., 
2003). The Arraial do Cabo swarm may be connected to 
extension-related melting of incompatible element of a 
depleted mantle. This would indicate the beginning of the 
transition from subcontinental to suboceanic sources dur-
ing the Brazil-Africa separation (Bennio et al., 2003).

Figure 2. The mafic dyke swarms of southern Brazil. The map 
is modified after Chaves and Correia Neves (2005), incorpo-
rating previous dating of the Pará de Minas swarm by Silva et 
al. (1995) and Chaves (2001).

2.4 The Pará de Minas swarm 
The Pará de Minas swarm is a giant tholeiitic dyke 
swarm trending across the southern part of SFC with 
dominating basaltic to andesitic compositions. These 
NW-trending dykes are up to 100 metre in width and 
the swarm is traceable for at least 1400 km, extending 
from the Minas Gerais state in the south, through the 
southwestern part of the Bahia state and ending west of 
the Transbrasiliano lineament (Borges & Drews, 2001). 
The dykes are parallel throughout the SFC (Fig. 2) into 
the Neoproterozoic Braziliano Pan-African orogeny. In 
Minas Gerais state the dykes cut the 1.68-1.80 Ga ba-
sal sequence of the Espinhaço Supergroup (Chaves & 
Correia Neves, 2005). About 80-90% of the dykes are 
overlain by Neoproterozoic rocks, but some cut the Ne-
oproterozoic rocks indicating that more than one gen-
eration of dykes occur in the Pará de Minas swarm. In 
the southernmost SFC, the dykes are better exposed and 
typically display a subophitic texture. Some dykes are 
porphyritic, with plagioclase phenocrysts up to 10 cm 
across. Closer to the SFC margin the dykes are affected 
by metamorphism under greenschist facies condition 
presumably related to Brasiliano overthrusting during 
the Neoproterozoic (Chaves, 2001). 

Anisotropy of magnetic susceptibility (AMS) data 
recorded by Raposo et al. (2004) indicate that dykes of 
the Pará de Minas swarm have a NW to SE subhori-
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zontal magma flow. For normal and intermediate AMS 
fabric, 70 % of the the Kmax inclination is between 0 and 
25°. The dyke walls contain contact fractures, as indi-
cated by centimetric magma branches with horn shapes, 
point to magma flow from NW to SE. This implies that 
magmas were fed from a source further to the northwest 
(Chaves, 2001).

Six dykes of the Pará de Minas swarm have previ-
ously been dated with the Rb-Sr whole-rock isochron 
method, yielding an age of 1740 ± 54 Ma (discussed in 
Chaves & Correia Neves, 2005). One dyke (the Ibirité 
Gabbro) of the Pará de Minas swarm was dated with 
u-Pb on baddeleyite yielding an upper intercept age of 
1714 ± 5 Ma (Silva, 1995). 

3. Local geology and sample 
sites
Eight dykes were sampled in Minas Gerais state for 
u-Pb geochronology, petrographic studies and geo-
chemistry. Six samples (MG-3 - MG-8), relevant for the 
study, are shown on the maps at the sample sites. The 
mean trend of the dykes is 40° NW and the dykes are 
exposed at the surface mainly as weathered boulders, 
with the exception for one dyke (MG-5), which can be 
seen as an outcrop. No contact between dykes and host 
rocks could be seen at any of the sample sites. Samples 
were hence taken from boulders assumed to be derived 
from near the center of the dykes.

3.1 MG-3 (S 20° 51.882´/W 45° 12.650´) 
and MG-8 (S 20° 53.980´/W 45° 08.247´)
Both MG-3 and MG-8 are located in the Fernão Dias 
gneiss (Fig. 3), a gray medium-grained gneiss and char-
acterized by leucocratic bands (quartz and feldspar) 
and melanocratic bands (hypersthene, hornblende and 
biotite) (Carneiro et al., 2006). MG-3 is a fine to me-
dium-grained light grey dolerite. This sample is taken 
from a ca. 15 metre wide dyke that can be observed 
approximately 50 metres along strike. Sample MG-8 is 
gray, fine to medium grained dolerite. Only a couple of 
boulders were found at the sampling site and therefore 
the width of the dyke is uncertain.

In the north part of the map, the Fernão Dias gneiss 
is overlain by the slightly younger Candeias gneiss (a 
greenish, medium to coarse grained gneiss sequence). 
The Ribeirão dos Motas suite (a deformed and meta-
morphosed ultramafic-mafic body) and the Sillimanite 
Quartzite (foliated quartzitic rocks, classified as sil-
limanite schist or sillimanite-quartzite) overlay the 
gneisses (Carneiro et al., 2006). 

Faults with a dextral shear component can be identi-
fied throughout the map area as indicated in Figure 3. 
One of the faults is located only ca. 1 km north of the 
MG-8 sample site. All bedrock and faults were crosscut 
by the Pará de Minas NW-trending mafic dyke systems. 

Figure 3. Sample area for MG-3 and MG-8. Modified from 
Carneiro et al. (2006).

3.2 MG-4 (S 19° 42.129´/W 44° 52.779´)
In Figure 4, MG-4 is located within metavolcanic rocks 
- and metasedimentary of the Rio das Velhas Supergroup 
(Romano, 2007). Sample MG-4 is a dark grey (slightly 
greenish), fine-grained, ca. 15 metre wide dolerite with 
light green plagioclase phenocrysts of varying sizes, of 
which some are up to 3 cm. The phenocrysts are mostly 
rounded though some elongated shapes occur.

The metavolcanic rocks- and metasedimentary 
overlay the Divinopolis complex (banded gneiss). In 
the northern part of the map the Sete Lagoas Forma-
tion (dolomite) and the Serra de Santa Helena Forma-
tion (pelite) overlay the Metavolcanic rocks- and meta-
sedimentary. The Metaultamafic-metamafic unit can be 
seen both diagonal and as a “wave” turning east. The 
Dentro unit (granitoid) is slightly elongated. There are 
a number of faults especially in the metaultramfic-met-
amafic unit (Romano, 2007).
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3.3 MG-5 (S 20° 22.367´/W 44° 22.118´)
Figure 5 shows the location for the MG-5 sample site. 
The basement to the dyke is composed of various types of 
high-grade metamorphic rocks, and comprises a number 
of metamorphic complexes (Teixeira., 1996, 2000). The 
bedrock in the area was formed during the Mesoarchaean 
and is related to several tectono-metamorphic events, in 
particular the Rio Velhas event (Carneiro, 1992 discussed 
in Carneiro, 1998). This event, besides reworking the 
sialic crust, generated the Rio das Velhas Supergroup ba-
sal unit (greenstone belt-type sequences).

The Itaguara Layered Sequence (SAI) forms a NE-
SW belt between Itaguara and Crucilandia. SAI encom-
passes a sequence of deformed and metamorphosed 
ultramafic-mafic rock intrusive into the Neoarchaean 
sialic crust. Its igneous layering is still preserved (Gou-
lart, 2006, discussed in Goulart, 2008).

Both dextral and sinistral transpressive faults are 
abundant in the northwest and western part of the map. 
All bedrock lithologies are intruded by both mafic and 
granitic dykes. The NE-trending granitic dykes seem 
to follow the general fault direction. The MG-5 dyke 
is a grey, medium grained dolerite. The sample is col-
lected from a ca. 100 metre wide dyke that cuts the 
NE- granitic dykes. The MG-5 dyke can be seen as both 
weathered boulders and in fresh outcrops. The outcrop 
exhibits abundant fractures with a 70° N direction, i.e. 
semi-parallel to the dyke.

3.3 MG- 6 (S 20° 39.048´/W 44° 44.136´) 
and MG-7 (S 20° 42.355´/W 44° 46.724´)
In Figure 6, MG- 6 and MG-7 are located in the Cláu-
dio Gneiss (grey, medium grained gneiss). The Claudio 
gneiss is overlain by the slightly younger Ribeirão dos 
Motas suite (a deformed and metamorphosed ultrama-
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Figure 5. The sample suite for MG-5. The map is modified 
from Goulart (2006).

Figure 4. The sample site for MG-4. Modified map from Ro-
mano (2007). 

Figure 6. The sample suite for MG-6 and MG-7. The map is 
modified from Carneiro et al. (2006).
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fic-mafic rock) and the Candeias gneiss (a greenish, 
medium to coarse grained gneiss sequence) (Carneiro 
et al., 2006). The Ribeirão dos Motas suite has been af-
fected by faults. All bedrocks and faults are crusscut by 
the Pará de Minas mafic dyke system. 

MG-6 is a grey, pale greenish medium-grained gran-
ular dolerite. The sample is taken from a ca. 15-20 metre 
wide dyke. The MG-7 sample is a dark grey, fine-grained 
dolerite with few plagioclase phenocrysts about 1-1.5 cm 
in size. The dyke is approximately 10 metres in width.

4. Petrography 
Thin sections have been made for all sample sites (MG-
3 to MG-8) with the exception of sample MG-6 and 
studied in the petrographic microscope (Fig. 7 to 11). 
Observed pyroxene is assumed to be clinopyroxene but 
has to be confirmed by mineral chemistry analysis.

4.1 MG-3
MG-3 is a medium grained dolerite. The main miner-
als consist of plagioclase, pyroxene and small amount 
of olivine where the two former minerals were formed 
coeval. Accessory minerals are quartz, apatite, amphib-
ole and opaque minerals. Small amounts of olivine and 
apatite can be seen as inclusions in pyroxene. Some of 
the pyroxene crystals display compositional zoning. 
Granophyric texture (intergrowths of quartz and alkali 

feldspar) is seen in contact to, or around, plagioclase. 
Myrmekite texture (intergrowth between quartz and 
plagioclase) occur occasionally. Many of the grains (es-
pecially plagioclase) are slightly altered. 

4.2 MG-4
MG-4 is a coarse grained dolerite with ophitic texture and 
a groundmass of pyroxene and plagioclase. Accessory 
minerals are actinolite, tremolite, zoisite, apatite, quartz, 
biotite, chlorite, epidote and opaque minerals. Both chlo-
ritization (replacement of mafic mineral to chlorite) and 
saussuritization (plagioclase replacement to epidote) can 
be seen. Some of the biotite grains are red. Many of the 
grains are extremely altered. Some of the plagioclase 
grains are pseudomorphed by the alteration.

Figure 8. An overview of mineral content in Mg-4.
.

4.3 MG-5
MG-5 is coarse-grained dolerite and has an ophitic tex-
ture. The groundmass consists of plagioclase and pyrox-
ene. Accessory minerals are biotite, actinolite, tremolite, 
zoisite, apatite and opaque grains. Some of the pyroxenes 
show inclusions of opaque minerals whereas others have 
recrystallized into actinolite, tremolite and occur as co-
rona around the opaque minerals. Some of the biotite 
grains are red. Relic oxidized olivine are observed and 
have formed magnetite and a greenish unknown min-
eral. Many of the grains are very to extremely altered.
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Figure 7a. An overview of mineral content in Mg-3.

Figure 7b. Granophric texture in contact to plagioclase. Figure 9a. An overview of mineral content in Mg-5.
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4.4 MG-7
MG-7 is a medium grained dolerite with ophitic tex-
ture. The groundmass consists of pyroxene, mica and 
chlorite. Accessory minerals are apatite, quartz, biotite, 
actinolite, tremolite, and opaque minerals. The plagi-
oclase is extremely altered and most of the crystals 
can only be seen as pseudomorphs consisting of mica. 
Chloritization, replacement of mafic mineral to chlorite 
is observed. Some of the biotite grains are red. 

Figure 10. An overview of mineral content in Mg-7. Most 
plagioclase crystals can be seen as pseudomorphs consisting 
of mica.

4.5 MG-8
MG-8 is a medium grained dolorite with subophitc tex-
ture. The main minerals are plagioclase and pyroxene. 
Accessory minerals are quartz, apatite, feldspar, actino-
lite, tremolite, and opaque minerals. Some of the py-
roxene grains show inclusions of opaque minerals and 
some of the grains have altered into actinolite and trem-
olite which occurs as corona around the opaque min-
erals. Pyroxene and feldspar are slightly too severely 
altered.

Figure 11. An overview of mineral content in Mg-8. 

5. Analytical protocols for dating 
with the U-Pb baddeleyite method
Samples for geochronology and thin sections were col-
lected in the southern area of Minas Gerais state during 
2012 and prepared for analysis at the Department of Ge-
ology at Lund University. Mass spectrometric analyses 
were performed at the Laboratory of Isotope Geology 
(LIG) at the Natural History Museum of Stockholm.

5.1 TIMS Geochronology
Approximately 200 to 350 g material of each sample 
was crushed by hand using a sledgehammer to smaller, 
cm-sized, pieces and subsequently milled in ca. 50 g 
portions to finer material using a mill tray. Baddeleyite 
crystals were then separated on a Wilfley table follow-
ing the technique of Söderlund and Johansson (2002). 
The magnetic minerals were removed using a magnetic 
pen wrapped into plastic to prevent sample contamina-
tion. The best baddeleyite crystals were hand-picked 
under a microscope, and transferred to a Petri dish us-
ing a hand-made pipett. Baddeleyite was identified in 
sample MG-3, MG-4, MG-5, MG-6, MG-7 and MG-
8, whereas no baddeleyite grains were found in sample 
MG-1 and MG-2. 

The baddeleyite grains have similar morphologies, 
dominated by pale- to medium dark brown thin blades 
or needles typically 40-60 µm in longest dimension. In 
most samples a portion of the crystals display a frosty 
appearance that presumably indicates alteration from 
baddeleyite to zircon in the presence of silica. The bad-
deleyite yield after separation varied strongly between 
samples. MG-3 and MG-6 gave the largest and also 
the most abundant grains whereas lesser and smaller 
grains were recovered from MG-8 and MG-4, espe-
cially MG-8 was problematic for extracting a sufficient 
amount of grains. 

The baddeleyite grains of highest quality were 
transferred with a pipette to Teflon capsules, each com-
prising 8 to 15 grains except one fraction of MG-8 
(comprising a single large grain). The crystals were 
then repeatedly washed with ultra-clean 7N HNO3 and 
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Figure 9b. Inclutions of opaque minerals in a pyroxene that 
have altered into actinolite and tremolite and occur as a co-
rona around the opaque minerals.
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H2O. 8-10 drops of HNO3 and 8-10 drops of H2O were 
added and the Teflon capsules were put on hot plate (to 
ca. 100º C) for ca. 20 min. The reason for the repeated 
washing procedure is to successively dilute the amount 
of blank Pb in the liquid and from loosely bound Pb on 
crystal surfaces. The crystals were then finally washed 
3-4 times with nitric acid and H2O. After the final wash-
ing, each fraction was spiked using a 236-233u- 205Pb trac-
er solution. Ten drops of conc. HF and one drop of nitric 
acid were added. The capsules were placed in an oven 
for two days (200º C) in order to dissolve the sample 
and obtain complete homogenization of U and Pb from 
both the sample and tracer solution.

The dissolved samples were then taken to the Mu-
seum of Natural History in Stockholm where the cap-
sules were placed on a hot plate for 45 min (95° C) to 
evaporate to complete dryness. Ten drops of 6N HCl 
were then added into each capsule, which was then 
placed on a hot plate (95° C) for ca. 15 minutes. A drop 
of 0.25 N H3PO4 was added and the samples were evap-
orated again on a hot plate (95° C) for ca 45 min. The 
evaporated sample was re-dissolved in 2 µl Si-gel and 
immediately loaded onto out-gased Rhenium filaments 
in 2-3 small portions using a micro pipette. The sample 
drop was evaporated at low current (1A), before gradu-
ally increasing the current through the filament in small 
step up to ca 2.4 A or until a string of white smoke from 
phosphorus was visible and sample crust become whit-
ish. After a small increase of the current the filament 
started to glow and the filaments were ready to assem-
blage in the mass spectrometer ion source.

Mass spectrometry analysis takes place under ex-
ceptionally high vacuum in order to avoid collisions be-
tween air molecules and sample elements. At the instant 
baddeleyite is formed, the amount of initial Pb is very 
low and sometimes almost negligible compared to the 
amount of radiogenic Pb produced by decay of U and 
Th over time. Pb was analyzed at a filament temperature 
of ca. 1160-1210° C and U subsequently over the tem-
perature range 1260-1310° C. 

The intensities of U and Pb isotopes were meas-
ured on a TIMS Finnigan Triton mass spectrometer. 
208Pb, 207Pb, 206Pb and 205Pb were recorded using 
Faraday collectors in static mode or in dynamic (peak-
switching) mode using a Secondary Electron Multip-
iler (SEM), the latter for small samples. For the large 
samples, the 206Pb/204Pb ratio was used for common lead 
correction with 207Pb and 204Pb measured in dynamic 
collector mode using the SEM by switching between 
these masses. A “in-house” program, based on the al-
gorithms of Ludwig (2003), were used for data reduc-
tion written in an Office Excel spreadsheet (by Per-Olof 
Persson, Stockholm). 

The total procedural blank for the chemical separa-
tion was estimated as 1 pg for Pb and 0.1 pg for U. Mass 
fractionation is 0.1% per mass unit for Pb, determined 

by replicate analyses of NbS standards SRM 981 and 
SRM 983. The global Pb evolution model of Stacey and 
Kramers (1975) were taken for initial Pb. The Pb blank 
isotopic composition is 206Pb/204Pb = 18.5, 207Pb/204Pb 
= 15.6 and 208Pb/204Pb = 38.5. The decay constants are 
those recommended by Steiger and Jäger (1977); 238u 
(1.55125×10−11 a-1), 235U (9.8485×10−10 a-1) and the 
isotopic composition of U 238U/235U= 137.88. Uncer-
tainties in U-Pb dates are reported at the 2 sigma level.

6. Results
U–Pb TIMS data are listed in Table 1 and plotted in 
Concordia diagrams in Figure 12. Baddeleyite grains 
in the dolerite samples are dominated by pale- to me-
dium dark brown thin blades and blade fragments. In all 
samples, except MG-8, the baddeleyite grains exhibit 
a frosty appearance that presumably indicates rim al-
teration from baddeleyite to zircon in the presence of 
silica. 

Data from MG-3 plot slightly discordant (0-3 %) 
though the most imprecise analysis is concordant with-
in error. Regression yields an upper intercept at 1788 
± 3 Ma when using a forced lower intercept at 0 ± 100 
Ma. This regression yields an acceptable mean square 
weighted deviation (MSWD) of 0.6. 

The two fractions analyzed of MG-4 are less than 
2-4% discordant and yield upper and lower intercepts of 
1687 ± 8 Ma and 203 ± 130 Ma, respectively, with an 
MSWD value of 1.4.

The three baddeleyite fractions of sample MG-5 
are as much as 5 to 9% discordant. The discordance is 
presumably a result from complex Pb-loss and reaction 
from baddeleyite into a polycrystalline zircon rim after 
magmatic crystallization. Unforced regression yields an 
upper intercept of 1792 ± 16 Ma and a lower intercept 
age of 559 ± 260 Ma (MSWD = 1.0).

Four fractions analyzed of MG-6 are also moder-
ately discordant (2-6 %) but show scatter beyond ana-
lytical uncertainties as indicated by a MSWD value of 
7.1. This scatter provides an imprecise upper intercept 
of 1785 ± 67 Ma and a lower intercept at 405 ± 67 Ma.

The three fractions for MG-7 basically overlap. us-
ing a forced lower intercept of 0 ± 100 Ma yields an 
upper intercept age of 1690 ± 6 Ma with a slightly el-
evated MSWD value of 2.1.

Due to the low abundance of baddeleyite in sam-
ple MG-8, only three fractions were analyzed in which 
fraction A comprises a single large crystal. Fraction B 
and C was loaded with 15 crystals each. The three anal-
yses plot concordant within error and yield a concordia 
age of 765 ± 37 Ma and gives a MSWD value of 1.05. 
The weighted mean in 207Pb/206Pb ages at 766 ± 36 Ma 
is preferred (MSWD value of 1.05) as the best age esti-
mate for this sample.
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Figure 12. U-Pb Concordia diagrams for dykes of the Pará de Minas swarm
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7. Discussion 

7.1 U-Pb data of investigated dykes 
Baddeleyite in mafic intrusions can confidently be 
linked to crystallization of mafic magmas since badde-
leyite readily reacts with free silica to form polycrystal-
line zircon during melting processes or metamorphism 
(Heaman and LeCheminant, 1993; Söderlund et al., 
2013). In fresh dolerite, baddeleyite generally yields 
concordant to nearly concordant U-Pb dates whereas al-
tered or weakly metamorphosed samples typically give 
discordant data sets, caused by mixing of baddeleyite 
and secondary zircon (rather than Pb-loss). According-
ly, fresh samples are preferentially dated by ID-TIMS 
to obtain precise emplacement ages, typically yielding 
age uncertainties of ±0.1-0.5 % (2s). 

both MG-3 and MG-4 plot only slightly discordant 
yielding U-Pb ages of 1788 ± 3 Ma and 1687 ± 8 Ma. 
The lower intercept for MG-5 (559 ± 260 Ma) might 
be linked to the Brasiliano Pan-African Orogeny that 

resulted in the amalgamation of Gondwana at approxi-
mately 600 Ma ago.

Both the MG-4 and MG-7 dykes (1690 Ma gen-
eration) are porphyritic with phenocrysts made up of 
greenish plagioclase. This may be a characteristic fea-
ture for this generation since all other samples that were 
sampled for geochronology lack feldspar phenocrysts. 
It was also noted by Chaves (2001) and discussed in 
Chaves & Correia Neves (2005) that some Pará de Mi-
nas dykes are porphyritic with plagioclase phenocrysts 
up to 10 cm across. 

All the sampled dolerites have undergone low grade 
metamorphism. From thin section studies, all samples, 
except MG-3, have mineralogies indicating they were 
in transition to or in the lower greenschist facies. This 
can be seen by the minerals detected in the thin sec-
tions of the samples consisting of typical greenschist 
minerals e.g actinolite, tremolite, zoisite, apatite, bi-
otite, chlorite and epidote. According to Chaves (2001), 
and as discussed in Chaves and Correia Neves (2005), 
the dykes close to the borders of the SFC in the Pará 

Table 1. U-Pb TIMS data

Analysis no. U/ Pbc/ 206Pb/ 207Pb/ ± 2s 206Pb/ ± 2s 207Pb/ 206Pb/ 207Pb/ ± 2s Concord-

(number of grains) Th Pbtot1)     204Pb     235U % err     238U % err     235U     238U     206Pb ance

raw2) [corr]3) [age, Ma]

MG-3
Bd-1 (9 grains) 12,0 0,046 1421,1 4,6521 0,66 0,30889 0,65 1758,7 1735,2 1786,6 3,7 0,971
Bd-2 (7 grains) 15,4 0,279 198,1 4,7560 1,89 0,31590 1,81 1777,2 1769,7 1786,0 12,7 0,991
Bd-3 (8 grains) 9,1 0,032 2045,1 4,7038 0,53 0,31189 0,51 1767,9 1750,0 1789,2 3,0 0,978
MG-5
Bd-1 (8 grains) 20,4 0,044 1444,1 4,4771 0,58 0,30032 0,53 1726,7 1692,9 1768,0 4,6 0,958
Bd-2 (6 grains) 20,0 0,224 263,4 4,1364 1,85 0,28072 1,75 1661,5 1595,0 1746,7 13,2 0,913
Bd-3 (7 grains) 14,8 0,055 1198,4 4,5438 0,86 0,30355 0,84 1739,0 1708,9 1775,4 4,8 0,963
MG-6
Bd-1 (7 grains) 26,6 0,074 860,0 4,3924 0,95 0,29568 0,88 1710,9 1669,9 1761,5 7,2 0,948
Bd-2 (4 grains) 58,4 0,085 792,2 4,6566 1,29 0,31183 1,24 1759,5 1749,7 1771,1 8,3 0,988
Bd-3 (8 grains) 37,7 0,078 853,8 4,5391 1,10 0,30332 1,08 1738,2 1707,8 1775,0 6,2 0,962
Bd-4 (8 grains) 28,1 0,046 1437,0 4,5962 0,83 0,30550 0,80 1748,6 1718,5 1784,7 4,8 0,963
MG-7
Bd-1 (9 grains) 0,5 0,046 972,8 4,0397 1,04 0,28321 1,02 1642,2 1607,5 1687,0 6,0 0,953
Bd-2 (6 grains) 10,9 0,220 262,4 4,0629 1,56 0,28310 1,51 1646,9 1607,0 1698,2 9,9 0,946
Bd-3 (5 grains) 15,7 0,174 364,2 4,0471 1,81 0,28264 1,77 1643,7 1604,6 1694,0 10,8 0,947
MG-4
Bd-1 (7 grains) 7,6 0,170 349,9 4,0920 1,37 0,28729 1,32 1652,7 1628,0 1684,3 8,9 0,967
Bd-2 (6 grains) 4,5 0,611 58,4 4,1804 2,44 0,31722 1,21 1670,2 1776,1 1539,5 38,8 1,154
Bd-3 (4 grains) 0,6 0,212 213,6 4,2425 3,23 0,29540 3,21 1682,3 1668,5 1699,6 18,1 0,982
MG-8
Bd-1 (1 grains) 2,1 0,899 80,6 1,2915 14,35 0,14263 13,65 841,9 859,5 795,9 125,2 1,080
Bd-2 (15 grains) 10,8 0,463 137,7 1,1587 5,19 0,13152 4,73 781,4 796,5 738,2 52,9 1,079
Bd-3 (15 grains) 0,6 0,438 80,6 1,3783 3,47 0,15266 2,07 879,7 915,8 789,9 54,6 1,159

3) isotopic ratios corrected for fractionation (0.1% per amu for Pb), spike contribution, blank (1 pg Pb and <1 pg U), and  initial 
common Pb. Initial common Pb corrected with isotopic compositions from the model of Stacey and Kramers (1975) at the age of the 
sample.

1) Pbc = common Pb; Pbtot = total Pb (radiogenic + blank + initial).
2) measured ratio, corrected for fractionation and spike.

Table 1 u-Pb data
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de Minas swarm are affected by metamorphism under 
greenschist facies condition presumably related to the 
brasiliano Pan-African overthrusting during the Neo-
proterozoic (ca.630-570 Ma). 

An alternative explanation is that their secondary 
minerals were formed during slow cooling of the dol-
erites in the presence of a relatively Si-rich fluid. In 
this study the imprint of metamorphism in the studied 
dykes seems equally strong throughout the sampling 
area indicating that a metamorphic event also affected 
the interior of the SFC. Surprisingly the 1690 Ma gen-
eration (MG-4 and MG-7) is the most metamorphosed 
samples whereas the 1790 Ma generation (MG-3 and 
MG-5) is better preserved. Notably, MG-8 (ca.766 Ma) 
is also altered although to a lesser degree than MG-4 
and MG-7. It is not clearcut to explain differences in 
degree of metamorphic imprint between samples, and 
further more systematic studies must be conducted 
before concluding if the observed difference is real or 
fortuitous. No correlation between scatter in the con-
cordia diagrams and grade of metamorphism in the thin 
sections can be found. For instance, MG-3, MG-4 and 
MG-8 plot all concordant or near-concordant but still 
show different ages and grade of metamorphism.

7.2 New and previous ages of mafic dy-
kes in the São Francisco craton
The new U-Pb dating in this study demonstrates that 
the Pará de Minas swarm consists of at least three in-
termixed swarms with different emplacement ages of 
1785-1792 Ma (MG3, MG5, MG6), 1687-1691 Ma 
(MG4, MG7) and a significantly younger generation of 
approximately 766 Ma (MG-8). 

Some portion of the NW-SE trending Pará de Mi-
nas swarm extends outside the SFC border to the NW 
and intrude rocks of the Neoproterozoic Braziliano 
Pan-African orogeny. On the basis of the new U-Pb 
dates, one alternative is that dykes of the Para de Minas 
swarm outside SFC belong to the ca. 766 Ma swarm, 
then inferring that the Brasiliano Pan-Africa event west 
of SFC took place earlier than suggested previously. 
The possibility that the MG-8 generation continues and 
connects to the Niqulândia complex outside the SFC is 
discussed in section 7.4.3. Another alternative is that a 
further (fourth) generation of dykes even younger than 
ca. 766 Ma, that yet is to be found, continues into the 
Neoproterozoic Braziliano Pan-African orogeny. The 
latter alternative is to some extent supported by the 
greenschist facies imprint of the MG-8 dyke (Fig. 11), 
providing this imprint was a result of Brasiliano Pan-
African metamorphism.

In the Minas Gerais State, many dykes cut the 1.68-
1.8 Ga basal sequence of southern Espinhaço Super-
group and 80-90% of the dykes are overlain by Neo-
proterozoic rocks of the Bambui Group (Chaves, 2001; 
Chaves and Correia Neves, 2005). The dykes cutting 

the Espinhaço sediments must belong to either the 1690 
Ma or the 766 Ma swarms.

Until now, the age of the Pará de Minas swarm has 
previously been dated at 1714 ± 5 Ma obtained for the 
Ibirite Gabbro, assuming dykes of the swarm are ge-
netically related to the gabbro intrusion (Silva et al., 
1995). The question is if the 1714 ± 5 Ma age represents 
a fourth generation of the Pará de Minas swarm or if it 
belongs to the 1690 Ma or the 1790 Ma generations. In 
the dating by Silva et al. (1995) the upper intercept is 
constrained by two fractions only. The two-point regres-
sion comprise one fraction being two percent discord-
ant whereas the other fraction being approximately 99 
percent discordant. Silva et al. (1995) reported that the 
grains in the strongly discordant fraction were severely 
frosted, probably due to incipient formation of second-
ary zircon by metamorphism. This means that the age 
of the sample is entirely controlled by a single analysis, 
i.e. the older 1702 Ma fraction (cf. Silva et al., 1995). 

A later attempt to date the Pará de Minas swarm 
was performed by Chaves (2001) and presented in 
Chaves & Neves (2005, figure 6 and table 2). In that 
study six dykes were dated with Rb-Sr isochron whole-
rock, which defined an age of 1740 ± 54 Ma with 
a MSWD value at 1.3. If significant, it means that in 
contrast to the present study all the dykes sampled by 
Chaves (2001) must have been of the same generation. 
Though possible it would be a fortuitous coincidence, 
considering sampling of six dykes in this study revealed 
three separate generations of dykes in the Pará de Minas 
swarm. 

7.3. LIP barcode for a combined SFC and 
Congo Craton
It has been generally accepted that the SFC and CC were 
part of the same crustal block that lasted from about 2.05 
Ga until the ca. 130 Ma breakup of Africa from South 
America (D´Agrella-Filho et al., 1996; Feybesse et al., 
1998). Both the SFC and the CC consist of Archaean 
to Palaeoproterozoic high-grade gneisses and granite-
greenstone supracrustal terrains. They are overlain by 
Mesoproterozoic to Neoproterozoic sediments. The Ne-
oproterozoic belts surround the two cratons and define 
their borders. Mafic magmatism is widespread in both 
the SFC and CC and regional events of mafic magma-
tism can hence be expected to be found on both cratons. 
However, there are not many dyke swarms identified or 
yet properly dated from either the SFC and the CC.

Figure 13 shows events of mafic magmatism in the 
SFC and CC. The oldest match is represented by the 
1790 Ma generation of the Pará de Minas swarm, with 
a possible connection to the Chela Group in the Angola 
shield present in the southwestern portion of the CC. 
The Chela group is a ca. 1814-1810 Ma sub-volcanic 
acid body including dykes (Pereira et al., 2011). 

No similar intrusions in the CC have been identi-
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fied and properly dated that potentially could match the 
1690 Ma generation of the Pará de Minas swarm. Con-
sidering the general view that SFC and the CC were 
“next neighbours” from 2.05 Ga to 130 Ma, all dyke 
generations of the Pará de Minas swarm should occur 
on both blocks.

The only match during the Mesoproterozoic is the 
matching between Curaçá and Chapada dykes from 
the northern SFC (Oliveira et al., 2012; Silveira et al., 
2012). and the Humpata event in the Angolan portion of 
the CC (Ernst et al., 2013) at 1505 Ma. 

The extensive Umkondo event in southern Africa is 
dated with baddeleyite yielding consisted ages between 
1112 and 1108 Ma (Hanson et al., 2004) and may be 
connected to the Januária swarm in the SFC (Fig 2). 
The Januária swarm has been dated to ca. 1.1 (K-Ar) 
and may represent a further westerly extension of the 
Umkundo event (discussed in Chaves & Neves, 2005).

In SFC, Bahia state, the Salvador (924-921 Ma), Il-
heus (926 Ma) and Olivença (920-930 Ma) dyke swarms 
is located on the eastern border of the SFC (Heaman, 
1991; Evens et al., 2010; Oliveira et al., 2012). A similar 
age is found in the CC for the Gangila (920 Ma) basalt, 
associated with the bimodal Mayumbian volcanism in 

the West Congo belt (Tack et al., 2001) and correlated 
with the Bahia dykes in Ernst and Buchan (1997). The 
920 Ma event is believed to manifest attempted break 
up between the SFC and CC (Alkmim et al., 2006).

No direct link between the SFC and CC at 766 Ma 
has yet been identified.

 
7.4. Comparison with other Archaean 
blocks
The three generations 1785-1792 Ma, 1687-1691 Ma 
and 766 Ma may play an important role for reconstruct-
ing the Rodina and Columbia supercontinents. Many 
positional candidates for the neighbour cratons can be 
observed for the three generations and will be discussed 
in the following text.

7.4.1 The 1790 Ma generation
The new 1790 Ma age has a number of direct matches 
with magmatism on other crustal blocks. In the Rio de 
la Plata craton (southeastern Brazil), the ENE trending 
Uruguayan dyke swarm (UDS) has been dated by U-Pb 
on baddeleyite at 1790 ± 5 Ma and palaeomagnetically 
studied (Halls et al., 1999; Teixeira et al., 2012). The 
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Figure 13. The LIP barcode comparison SFC and CC. The thickness of the black bars shows the uncertainty in the ages and the 
dashed line indicates the estimated age of the Chela Group.
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UDS swarm is about 100 km wide and almost 250 km 
long and is located in the southern part of the craton.

The Amazonian craton in northwestern Brazil is 
one of the largest Meso- to Neo-proterozoic “puzzle 
piece” on Earth, but its magmatic events have been 
poorly dated. Both the Ilhas sill (1793 ± 1 Ma, Reis et 
al., 2012) in the northern part of the Amazonian craton 
and the Pedra Preta dolerite sill (1795 ± 2 Ma, Reis et 
al., 2012) near the Venezuelan border are coeval with 
the Pará de Minas swarm. The swarms in Amazonia 
have both been dated with zircon and baddeleyite (U-
Pb TIMS), being coeval with the widespread 1790 Ma 
Avanavero LIP (Reis et al., 2012). Other units connect-
ed to the Avanavero event comprise the Crepori doler-
ite in Guapore in the southern part of the Amazonian 
craton (1780 ± 7 Ma), the Quarenta Ilhas dolerite (1780 
± 3 Ma) and the Cipo dolorite (1778 ± 12 Ma) in the 
Northeastern part of the Amazonia craton (Santos et al., 
2002). On the basis of geochronology only, both the 
Rio de la Plata craton and the Amazonian cratons may 
thus have been adjacent to SFC at ca. 1790 Ma, though 
not necessarily in their present-day positions relative to 
SFC. However there is a Palaeomagnetic comparison 
between the Rio de la Plata craton and the Amazonian 
craton at 1790 Ma (Teixeira et al., 2012) and therefore a 
possible connection to SFC. 

Three major tectonic elements comprise the east 
European craton; the Sarmatian block, Volgo-Uralia 
and Fennoscandia (e.g. Bogdanova et al., 2008). The 
NNW-trending Tomashgorod dyke in the northwestern 
Ukrainian shield was dated yielding a precise U-Pb bad-
delyite age of 1789 ± 3 Ma (Bogdanova et al., 2012), 
hence a direct match with the 1790 Ma dyke generation 
of the Pará de Minas swarm.

The Hart dolerite rocks in the northern Australia 
craton consists of a series of massive sills, up to 1800 
metre thick and less of dykes. The Hart intrusions are 
exposed all along the southeastern and southwestern 
margins of the Speewah and Kimberley Basins. The 
intrusion of sills seems very much controlled by lithol-
ogy, with siltstone beds being the preferred host. One 
dolerite sill was dated with the SHRIMP U-Pb zircon 
method and gave an age of 1790 ± 4 Ma (discussed in 
Li, 2000).

The Taihang-Lvliang dyke Swarm (TLS) con-
sists of NNW-SSE-trending dykes evenly distributed 
throughout the central Northern China Craton (NCC) 
with subordinate NE-SW and E-W trending dykes. The 
TLS dykes are up to 60 km long and up to 100 metre in 
width. One of the dykes has been dated with baddeley-
ite TIMS at 1789 ± 28 Ma (Peng et al., 2006), and many 
more dolerites have yielded similar (1.78 Ga) U-Pb 
zircon and baddeleyite ages (Peng, 2005, 2006). The 
Taihand-Lavliang dyke swarm has been suggested to 
have a connection with the Xiong’er triple-junction rift, 
in which the Xiong’er volcanic province is proposed to 
be the extrusive counterpart of this swarm. It resulted 

in significant extension, uplift and magmatic accretion 
of the NCC, and is comparable with Phanerozoic LIPs 
in style. A plume tectonic model has been suggested for 
this event in NCC (Peng, 2010).

The 1790 Ma magmatism is globally distributed and 
therefore it is difficult to deduce which of these cratons 
the SFC was connected to at 1790 Ma. Additional and 
more detailed palaeomagnetic investigations as well as 
other geological considerations have to be accounted 
for in order to make robust reconstructions. 

7.4.2 The 1690 Ma generation
Potential age matches to the 1.69 Ga dykes of the Pará 
de Mina swarm mafic intrusions are relatively rare. One 
of two possible candidates is the Byraiy swarm in Sibe-
rian craton. The NW trending Byraiy swarm in the SE 
part of the Siberian craton is dated at 1707 ± 32 Ma on 
zircon (Gur’yanov et al., 2011). The swarm is more than 
80 km in length and dykes of this swarm cut a slightly 
older A-type granite swarm dated at 1716-1721 Ma 
(discussed in Gur’yanov et al., 2011). Both the Byraiy 
mafic dykes and the granite dykes correspond to the 
final stage of Paleoproterozoic magmatism in the 750 
km long Ulkan-Bilyakchan rift system in southeastern 
Siberian Craton (Larin et al. 1997). The swarm has been 
linked to attempted break-up along an E-W rift arm and 
possible successful breakup along a N-S rift arm, along 
the eastern margin of the Aldan terrine. These rifts may 
represent arms of a triple junction rift system converg-
ing to a magmatic center (Gur’yanov et al., 2011). 

The other candidate is the major E-W trending Pel-
ly Bay dyke swarm in northern Laurentia. One dyke of 
this swarm was dated at 1692 ± 2 Ma (U-Pb on badde-
leyite) (Bleeker et al., 2010). The dykes of the Pelly bay 
are fresh, many dykes are more than 50 metre in width 
(Bleeker et al., 2010). 

Both the Pelly Bay swarm and Byraiy swarm are 
coeval with the 1690 Ma dyke generation of the Para 
de Minas swarm. However, SE Siberia and Laurentia is 
unlikely to have been near the SFC at this time. 

7.4.3. The 766 Ma generation
The youngest generation of the Pará de Minas swarm, 
766 ± 36 Ma age is within error and coeveal with one of 
the world´s largest mafic-ultramafic plutonic complex, 
the Niquelândia complex in Brazil. The Niquelândia 
complex is about 350 km long and divided into three 
tectonically separated fragments, Barro Alto, Niquelân-
dia and Cana Brava. The complex is parallel to the Ma-
ranhão thrust belt, a major tectonic boundary formed 
by tectonic activity between Amazonia and SFC dur-
ing the brasiliano Pan-African event at ca. 630-570 Ma 
(Feininger et al., 1991). All the fragments were tilted 
and uplifted above the thrust zone during the Brasiliano 
Pan-African event, the lowermost levels being exposed 
in the east. The complex is divided in a lower sequence 
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(upper amphibolites, olivine-gabbros and anorthosites) 
and an upper sequence (mainly gabbro, norite, dunites 
and harzburgites), separated by a hydrous zone (biotite- 
and amphibole-bearing gabbro) (Girardi et al., 1986). It 
has long been debated if the upper and lower sequences 
are of the same age. Wherein the upper sequence of the 
complex has indicated a crystallization age of about 
1.25 Ga (Pimentel et al., 2004, 2006; Ferreira Filho et 
al., 2010) and affected by metamorphism at 833 ± 21 
Ma (Correia et al., 2007), the lower sequence crystal-
lized at 797 ± 10 Ma (Pimentel et al., 2006). According 
to Correia et al. (2012), the 1.25 Ga age is not the real 
age for the upper sequence because similar ages (1.25 
Ga) have been recorded from correlative units at the 
roof of the Barro Alto and Cana Brava Complexes. 

New SHRIMP U-Pb dating of zircon shows that 
both the upper and lower sequence of the Niquelândia 
complex has an age at 781 ± 4 Ma (Correia et al., 2012). 
According to Pimentel et al. (2006) and Ferreira Filho 
et al. (2010) the youngest zircon ages may be an artifact 
of later closure of the system due to slow cooling or to 
a later heating episode, hence the age is possibly close 
to 790 Ma.

The youngest generation of dykes dated in the Pará 
de Minas swarm is here constrained at 766 ± 36 Ma, i.e. 
within uncertainty of the 790 Ma age of the Niquelân-
dia complex. The Niquelândia complex west of SFC 
is located some 800 km from SFC in Goiás state. Ac-
cording to Borges & Drews (2001), the Pará de Minas 
swarm ends at the Transbrasiliano lineament. The line-
ament lay on the west side of the Niquelândia complex 
i.e. the Pará de Minas swarm, may be connected to the 
Niquelândia complex. If the Transbrasiliano lineament 
would have been east of the Niquelândia complex the 
youngest generation of the Pará de Minas swarm would 
not have been able to be connected but instead have 
been cut off at the lineament. However, it is uncertain 
if the youngest generation crosscuts the area of the 
Niquelândia complex.

Laurentia is surrounded by Neoproterozic to Cam-
brian rift/breakup margins (Bond et al., 1984), and 
should therefore have occupied a relatively central 
position in Rodinia, whereas the position for Western 
Australia is much more uncertain. Nevertheless, the 
two cratons (Laurentia and Western Australia) have 
been suggested to be amalgamated since ca. 1080-
1050 Ma until progressive breakup of Rodinia started 
ca. 780-715 Ma (e.g. Hoffman, 1991; Moores, 1991; 
Brookfield, 1993). The younger generation of dykes of 
the Parà de Minas swarm now dated at 766 ± 36 Ma 
(MG-8) may represent an initial stage of break-up, or 
attempted, break-up. 

The multiple-generations of dykes of the swarm 
signal that younger dykes utilized pre-existing crustal 
zones of weakness as they were emplaced in the crust. 
Tectonostratigraphic analysis proposes that the breakup 

between Australia and Laurentia did not occur until 560 
Ma (Veevers et al., 1997). The NNE- trending Mund-
ine Well swarm in western Australia is made up of a 
small number of sub-parallel dykes. The dykes are ca. 
50 km apart and are less than 30 metre wide with a 
length of ca. 200 km. The Mundine Well dykes have 
been dated to 755 ± 3 Ma (Wingate & Giddings, 2000). 
A gabbro dyke in the Mt. Rogers area, located in the 
eastern part of Laurentia (Appalachian mountains) has 
yielded an age of 757 ± 5 Ma, dated with zircon using 
both SHRIMP and ID-TIMS (Aleinikoff et al., 1995; 
Tollo et al., 2012). Further south in the Roan Mount-
ing area, the so-called Bakersville dykes and correlated 
dykes are widespread in basement inliers along the Ap-
palachian mountains (Goldberg et al., 1986; Ernst et al., 
2008). They have been dated with the SHRIMP zircon 
technique at 759 ± 7 Ma (Aleinikoff, 1995; Tollo et al., 
2012). The Mundines Well and Mt. Rogers swarms em-
phasizes the exact age match of these two craton mar-
ginal lIPs at 755 Ma. The age of MG-8 has a very close 
match with the two swarms. 

Units with an age of ca. 755 Ma are also found in 
the south China block (bimodal magmatism) and the 
Katangan magmatism in the Lufilian arc on the west 
side of the Kalahari craton, ca. 765-735 Ma The posi-
tion of South China and the Kalahari cratons at ca 766 
Ma remains uncertain (Key et al., 2001; Ernst et al. 
2008). The Manson swarm (867 ± 16 Ma) in western 
Africa craton (WAC) (Kouyate et al., 2013) is signif-
icantly older in age and is not considered a probable 
match with the Para de Minas swarm.

It is difficult to deduce which of these cratons the 
766 Ma generation is linked to since the SFC position 
during this time is far from resolved and many dykes 
remain to be dated. The most probable age matches are 
those in Laurentia and western Australia, but the 766 
Ma generation should also be present in the CC.

7.5 Three generations of dykes in a 
single swarm
According to Jourdan et al. (2006), the direction of 
younger dykes in swarms with multiple dyke genera-
tions may sometimes be controlled by crustal weak-
nesses linked to the oldest dyke generation. Thus the 
trend of the ca. 766 Ma dyke generation may not cor-
respond to an extensional lithospheric stress direction 
perpendicular to the swarm. However, the fact that 
dykes traceable outside the SFC proper do not devi-
ate from the regular NE-SW direction does not support 
such hypothesis, if assuming these belong to the young-
est generation. Chaves (2001) showed that at least one 
of the generations of the Pará de Minas swarm has a 
NW to SE subhorizonal magma flow but the age of the 
dykes investigated was unconstrained. 
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7.6 Potential Reconstruction 
Several proposed reconstructions have been put forward 
for the supercontinent Columbia (1.8-1.5 Ga) and a few 
have been constrained focusing on the distribution of 
1790 Ma magmatism that may stem from a single LIP 
event. At 1790 Ma Columbia had finished its assembly 
and the 1790 Ma lIP event hence occurred shortly after 
Columbia became stable (Rogers & Santos, 2002; Zhao 
et al., 2004). 

The reconstruction of Zhang et al. (2012) accounts 
for all valid 1790 Ma lIP cratons including associated 
dykes (and their trends) and sills, discussed in this pa-
per. In the reconstruction the dyke swarms are radiating 
outward in the Avanavero and Ukrainian shields and 
this radiating pattern can be traced from an inferred ori-
gin shown with red star in Figure 14 (Whitney, 2013). 
At this time (ca. 1790 Ma) the LIP center (magmatic 
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center) was located at near-equatorial latitudes (Whit-
ney, 2013). The TSL dykes in the Xiongér province in 
NCC are not compatible with this reconstruction, how-
ever, since they are placed at a suspected subduction 
zone in the Zhang et al. (2012) reconstruction (fig. 14). 
The Hart dolerite sill system could be linked to the NCC 
or simply been fed from the same magmatic center as 
the other dyke swarms (Whitney, 2013). The SFC-CC 
and the Rio de la Plata craton are not included in this re-
construction due to the lack of reliable palaeomagnetic 
data from the 1.8-1.3 Ga interval (Zhang et al., 2012). 
The 1790 Ma age in the Pará de Minas swarm may sug-
gest that this swarm might have been part of a radiating 
dyke system. 

Figure 15 shows a reconstruction shortly before 
break-up of Columbia proposed by Rogers and Santosh 
(2002), in Meert (2002). In this reconstruction the NCC 

Figure 14. Reconstruction of the cratons at 1740 Ma with the 1790 Ma LIP including the dyke trend directions. The figure is modi-
fied after Whitney (2013). 
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has been left out but shows a possible position for the 
SFC-CC block. Baltica is located at a distance too far 
away from the other cratons. In the remaining cratons 
the dyke swarms (1790 Ma) have trends that agree with 
a radiating pattern, inferring a single or at least a domi-
nating single magmatic center. All the issues of this re-
construction (NCC position and the fact that Baltica lie 
too far away from the radiating pattern) make the Zhang 
model more likely (Whitney, 2013). If the dyke trend 
direction should be pulled out so that they eventually 
would meet, the magmatic center was located west of 
SFC-CC (Fig 14)

Most reconstructions consider the supercontinent 
Rodinia to exist from ca. 1 Ga to 750 Ma, and involve 
amalgamation of the largest continental blocks such as 
Laurentia, Baltica and Amazonia. SFC and CC have 
been suggested to be separate from Rodinia to form a 

single craton of their own during this period (Kröner 
& Cordani, 2003; Cordani et al., 2003). Evans (2009) 
consolidated data of many cratons in his configuration 
of Rodinia. Reliable palaeomagnetic data from the ag-
gregated CC and SFC are sparse but grouping of poles 
from dykes in both SFC and CC have been used to in-
corporate their positions in a Rodinia supercontinent. 
These data suggest a high-latitude position with a not 
long-lived Rodinia connection with Laurentia (Weil et 
al., 1998; Pisarevsky et al., 2003; Cordani et al., 2003). 
A problem to reconstruct the position of SFC and CC in 
Rodinia is that the dykes that have been used to palaeo-
magnetism have only been dated by the Ar-Ar method 
(Maier et al., 2007; Deblond et al., 2001). This makes 
the age of the dykes not so reliable and also the posi-
tion of the SFC and CC in relation to laurentia could 
be wrong. There are two possible super-positions (or 
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Figure 15. Reconstruction of the cratons at 1740 Ma with the 1790 Ma LIP including the dyke trend directions. The figure is modi-
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polarity options) that could fit the SFC-CC block’s 
position relative to Laurentia. The first polarity option 
results in a substantial overlap of the SFC-CC and lau-
rentia blocks which infers that this reconstruction, even 
if paleomagnetically accurate, is physically impossible 
(Fig. 16a). The second polarity option is that SFC-CC 
and Laurentia produces a juxtaposition of Arctic North 
America (Fig 16b) with CONgo at its DAmaride –Lufil-
ian (Orogenic belt in Zambia) margin (ANACONDA). 
The 766 Ma dyke generation of the Pará de Minas 
swarm is a close age match with the Mt. Rogers dyke 
(755 Ma) and the Bakersville dykes (759 Ma), both lo-
cated in eastern Laurentia, implying that the SFC-CC 
block remained in close vicinity with Laurentia until 
break-up of Rodinia (Evans, 2009).
.

8. Conclusion
• The Pará de Minas swarm has previously been inter-
preted as one generation of dykes, but with these new 
data the swarm must consist of at least three genera-
tions, 1790 Ma (1788 ± 3 Ma, 1792 ± 16 Ma, 1785 ± 
5),1690 Ma (1687 ± 8 Ma, 1691 ± 5 Ma) and 766 ± 
36Ma.
• All the sampled dolerites have undergone a low grade 
of metamorphism. All samples, except MG-3, are in 
transition to or in the lower greenschist facies. No cor-
relation between crystallization age, scatter of U-Pb iso-
topic analyses or grade of metamorphism is obvious. 
• The 1790 Ma age is coeval with the Uruguayan dykes 
in the southern Rio de la Plata craton, the Avanavero 
event of the Amazonian craton, the Tomashgorod dykes 

in Sarmatia, the Hart dolerites in the Northern Australia 
craton, and the Taihand-Lavliang dyke swarm in the 
North China craton. This high number of age matches 
makes it difficult to use this dyke generation for pale-
oreconstructions until robust paleomagnetic investiga-
tions have been conducted.  
• The 1690 Ma age is relatively rare in the global 
record. Two possible candidates are the Byraiy swarm 
in the Siberian craton and the Pelly Bay dyke swarm in 
northern laurentia.
• The 766 Ma age can be temporally be connected to 
the Niquelândia complex in Goiás state, the Mundine 
Well swarm in the Western Australia craton and the Mt. 
Rogers dykes in eastern Laurentia.
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