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a  b  s  t  r  a  c  t

In  the  Angola  portion  of the  Congo  Craton,  the  only  Proterozoic  large  igneous  province  (LIP)  dated  prior
to this  study  was  the  1380–1370  Ma  (Kunene  Intrusive  Complex  and  related  units).  U–Pb  TIMS  ages  on
baddeleyite  from  dolerite  sills and  gabbro-noritic  dykes,  has  revealed  two  additional  Mesoproterozoic
intraplate  events:  at ca.  1505  and  ca. 1110  Ma, that  are  each  proposed  to  be  part  of the  plumbing  system  for
LIPs. The  identification  of  these  three  Mesoproterozoic  magmatic  events  (ca.  1505,  1380,  and  1110  Ma)
represent  an  initial  magmatic  ‘barcode’  for  this  portion  of  Congo  Craton  (and  formerly  connected  São
Francisco  Craton),  which  can  be  compared  with  the  magmatic  ‘barcode’  record  of  other  blocks  to  identify
former  nearest  neighbors  in the  Precambrian  supercontinent  Nuna  (also  known  as  Columbia).

Specifically,  a 1502  ± 5 Ma U–Pb  TIMS  baddeleyite  age  has  been  obtained  for  the  prominent  Humpata
dolerite  sill  which  is part  of a wider  sill province  in SW  Angola  portion  of the  Congo  Craton.  The  combined
presence  of  both  1505  Ma  and 1380  Ma  magmatism  in  the  Congo–São  Francisco  reconstructed  craton  is  a
match  with  similar  ages  published  for  two  intraplate  magmatic  provinces  in  northern  Siberia  and  suggests
a nearest-neighbor  relationship  in  the  supercontinent  Nuna  in  which  northern  Siberia  is juxtaposed
adjacent  to  the  western  São Francisco  portion  of the  reconstructed  São  Francisco–Congo  Craton.

In addition,  a precise  U–Pb  TIMS  baddeleyite  age  of 1110  ±  2.5  Ma was  obtained  for  a  prominent
NNW–NNE  trending  gabbro-noritic  (GN)  dyke swarm  in  southeastern  Angola,  but  this  age  is currently
unknown  in  Siberia  suggesting  that the  breakup  of Congo–São  Francisco  Craton  from  Siberia  happened
earlier,  perhaps  in  association  with  the 1380  Ma  event.  This  1110  Ma age  is however,  a  precise  match  with
that  of  the  Umkondo  large  igneous  province  (LIP)  of  the  Kalahari  Craton,  and  also  with  mafic  intraplate

magmatism  on  other  blocks  such  as  the Bundelkhand  Craton  (India)  and the  Amazonian  Craton.  We  pro-
visionally  consider  these  three  cratons  to have  been  nearest  neighbors  to  the  Congo–São  Francisco  Craton
at this  time  and  to have  shared  this  1110  Ma  magmatic  event  as  a LIP node.  There  is also  an age  match
with  the  early  part  of the  Keweenawan  event  (in  the  interior  of  the Laurentia);  however,  on previously
discussed  paleomagnetic  grounds  the  Keweenawan  event  is likely  to have  been  distant  and  unrelated
(and  on  the  other side  of  the  G

∗ Corresponding author at: Ernst Geosciences, 43 Margrave Avenue, Ottawa K1T
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1. Introduction
The Congo and São Francisco Cratons belong to the
approximately 35 main fragments that remain of the latest
Archean/Paleoproterozoic supercontinent (or supercratons) (e.g.,
Bleeker, 2003), and it is generally accepted that these two blocks
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http://www.elsevier.com/locate/precamres
mailto:Richard.Ernst@ErnstGeosciences.com
mailto:euricosousap@gmail.com
mailto:mahamilton@geology.utoronto.ca
dx.doi.org/10.1016/j.precamres.2013.01.010


104 R.E. Ernst et al. / Precambrian Research 230 (2013) 103– 118

Fig. 1. Generalized geology of southern Africa and the São Francisco Craton of South America attached in the Gondwana/Pangea reconstruction. The generalized distribution
of  proposed LIP events is shown, and discussed in the text. Red corresponds to 1505 Ma event, green to the 1380 Ma  event and blue to the 1110 Ma  event. The heavy dashed line
marks  the possible boundary of the Congo Craton at 1.0 Ga. KAB, Karagwe-Ankole belt and KIB, Kibara belt, as defined by Tack et al. (2010). They contain bimodal magmatism
o ompl
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f  1375 Ma  age including in the Kabanga-Musongati-Kapalagulu mafic-ultramafic c
2003) and Kröner and Cordani (2003).  (For interpretation of the references to colo

ere joined by about 2.05 Ga and remained together until the

a. 130 Ma  breakup of Africa from South America (D’Agrella
ilho et al., 1996; Feybesse et al., 1998). Both Congo and São
rancisco Cratons consist of Archean to Paleoproterozoic high-
rade gneisses and granite-greenstone supracrustal terranes
ex and S-type granites. The outline of Angola is also shown. Modified after Hanson
is figure legend, the reader is referred to the web version of this article.)

overlain by Mesoproterozoic to Neoproterozoic platform-type

cover (Fig. 1).

The position of these reconstructed cratons (São Francisco
plus Congo) in Proterozoic supercontinents Nuna (also known as
Columbia) and Rodinia remains speculative (e.g., Meert, 2012; Li
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Fig. 2. LIP barcode comparison of the crustal blocks discussed in this paper. Data is mainly from Ernst et al. (2008), with the exception of 1505 Ma ages for the São Francisco
Craton from Silveira et al. (in press),  the 1110 Ma  ages for Amazonia from Hamilton et al. (2012), the 1110 Ma age for Greater India from Pradhan et al. (2012) and the KAB
and  KIB ages from Congo (Tack et al., 2010). Events labeled in UPPER CASE are true LIPs in terms of size, duration and intraplate setting (per the criteria of Bryan and Ernst,
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008)  while others are interpreted as remnants of LIPs after erosion and due to fr
eported herein are each enclosed by a rectangle.

t al., 2008, respectively). Their large igneous province (LIP) record
an be a tool for determining their reconstruction position using
he LIP barcode method (Bleeker and Ernst, 2006). The precisely
ated LIP barcode record of different crustal blocks can be com-

ared. If two blocks share the same age of LIP magmatism then they
ay  have been nearest neighbors, but it is also possible that they
ere widely separated blocks that happened to share one age of

IP magmatism (cf., Ernst and Buchan, 2002). However, if multiple

able 1
ntraplate magmatic barcode record of the São Francisco–Congo Craton.

Location Composition

1110 Ma
Gabbro norite dykes (NNW–NNE
trending)

SW Angola (Congo Craton) Norite 

1380  Ma
KIC (Kunene Intrusive Complex):
includes GC (gabbro-anorthosite
complex) and anorthosite
complex of Zebra mountains

Angola/Namibia (Congo
Craton)

Gabbro-anor
complex

Red  granites Angola (Congo Craton) Silicic 

KAB  (Karagwe-Ankole belt)
includes:
Kabanga-Musongati-Kapalaglula
(mafic ultramafic intrusions) and
S-type granitods

Congo, Tanzania (Congo
Craton)

Bimodal intru

KIB  (Kibara belt) Congo, Tanzania (Congo
Craton)

Bimodal intru

1505  Ma
Humpata and related sills SW Angola (Congo Craton) Mafic 

Curaç á and Chapada Diamantina
dykes and sills

Brazil (Sao Francisco
Craton)

Mafic 
tation by continental breakup (Ernst, 2007). The two new U–Pb baddeleyite ages

ages of LIPs are shared then the likelihood of the blocks being near-
est neighbors increases. The Proterozoic LIP barcode record of the
São Francisco and Congo Cratons is at a preliminary stage of under-
standing (Fig. 2); there are many recognized mafic dyke swarms

and related intrusions that are currently poorly dated or undated.

As a contribution to efforts to determine the position of the São
Francisco–Congo Craton in Nuna and Rodinia supercontinents we
have obtained precise U–Pb dates on dolerite and gabbro units in

 U–Pb (z, zircon; b,
baddeleyite)

Reference

1110 ± 3 Ma (b) Herein

thosite 1385 ± 25 (z)
1371 ± 3 Ma  (z)
1385 ± 8 Ma  (z)

Mayer et al. (2004)
McCourt et al. (2004)
Drüppel et al. (2007)

1376 ± 2 Ma  (z) Drüppel et al. (2007)

sions 1370–1380 Ma (z) Tack et al. (2010) and
references therein

sions 1370–1380 Ma (z) Tack et al. (2010) and
references therein

1502 ± 4 Ma (b) Herein

1503–1508 Ma (b) Silveira et al. (in press)
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Table 2
Geographic coordinates of samples.

Rock type Sample Coordinates

Latitude Longitude

Sills 335-4 14 55′01′′S 13 15′15′′E
”  356-56 15 13′51′′S 13 30′33′′E
” 355-57 15 08′17′′S 13 19′18′′E
” 355-58 15 15′03′′S 13 24′52′′E

Diabase dyke 335-10 14 42′06′′S 13 19′30′′E

Subophitic gabbro dyke 335-14a 14 39′02′′S 13 23′55′′E

Gabbro-norites dykes 335-6a 14 42′05′′S 13 21′34′′E
”  356-06 15 58′33′′S 13 35′20′′E
” 356-07 15 14′08′′S 13 33′33′′E
” 356-8 15 15′11′′S 13 33′26′′E
”  356-17 15 15′47′′S 13 33′32′′E
” 376-01 15 30′59′′S 13 20′21′′E
”  376-03 15 31′40′′S 13 18′45′′E

F
b
“
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he Bibala–Lubango–Cainde region of Angola in the southwestern
ranch of the Congo Craton (Fig. 3 and Table 1). These units are

nferred to represent part of the plumbing system of the proposed
IPs.

The oldest of these magmatic events (Humpata sill and related
afic intrusions) is intrusive into the volcanic and siliciclastic

equence of the Chela Group (Fig. 3 and McCourt et al., 2004; Pereira
t al., 2011) that rests unconformably over the Eburnean crystalline
asement, without any signs of deformation or metamorphism. Ca.
800 Ma  sub-volcanic acid bodies intrude the base of this sedimen-
ary sequence, whereas the undated Humpata olivine-dolerite sills
ere emplaced at the discontinuity between the top of the Chela
roup and the base of overlying dolomitic Leba Formation.

The next oldest important magmatic event is represented by
he emplacement of the 1380–1370 Ma  (U–Pb) Kunene (Cunene)

afic-ultramafic complex (KIC; e.g., Mayer et al., 2004; McCourt
t al., 2004; Drüppel et al., 2007; Maier, 2008; Maier et al., 2008)

ssociated with 1376 ± 2 Ma  A-type red granites in the southwest-
rn part of the Congo Craton. As discussed below coeval ages are
resent in the eastern part of the Congo Craton. Specifically, the KAB

ig. 3. Geology of the Bibala–Lubango–Cainde region of Angola in the southwestern bran
lack  circles. Faults not shown. Sample site labels correspond to the portion of the full sam
17”.  Coordinates of samples sites are given in Table 2. See also Pereira et al. (2013).
”  377-53 15 49′09′′S 13 38′33′′E

ch of the Congo Craton. (A) Geology, (B) Dyke Swarms, and sample sites, located by
ple number after the dash. For instance, the site for sample “356-17” is labeled as
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Fig. 3. 

Karagwe-Ankole belt) and KIB (Kibara belt), as recently defined
y Tack et al. (2010) contain bimodal magmatism of 1375 Ma  age
hat includes the Kabanga-Musongat-Kapalagulu mafic-ultramafic
omplex and S-type granites.

In addition, numerous dykes, both sub-ophitic olivine gabbros
nd gabbro-norites are spread over 100 km and define lineaments
ith prominent trends oriented WNW  and NNW to NNE, respec-

ively. These are interpreted to represent two distinct generations
ith poor age constraints (Fig. 3), apart from a cross cutting rela-

ionship. The gabbro-norites cut all older sills, mafic dykes and the
abbro anorthosite complex (GC) of Angola-Namibia and are the
oungest mafic magmatic event prior to the Pan-African cycle. In
ddition to these major mafic episodes, there are numerous nar-
ower dykes of dolerite and lamprophyre (mainly spessartite) with
ndetermined age.

The objective of this study is to contribute to the geologic

nowledge of a remote region of the SW Angolan portion of the
ongo Craton, revealing the petrochemical character and isotopic
ge of the poorly dated olivine gabbro and undated gabbro-norite
ykes and sills, in order to expand the intraplate magmatic barcode
inued).

record for this region and contribute to the identification of near-
est neighbors to the Congo Craton in Precambrian supercontinent
reconstructions.

2. Geological setting and previous studies on the mafic
magmatism in southwestern Angola

More detail is provided below on each of the three age
groups of intraplate magmatism that are the focus of this paper
(Table 1).

2.1. Olivine dolerite sills and dykes

The sills, usually very weathered, are olivine dolerites emplaced
into the Chela Group immediately below the Leba Formation,
when it is present. In other regions, to the south and west of the

area shown in Fig. 3, these dolerites are intruded into quartzites
that are presumably related to the Chela Group, or are intruded
into other units, such as the gneissic migmatitic complex and the
red metaluminous Gandarengos type granite (U–Pb zircon age of
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810 ± 11 Ma;  Pereira et al., 2011). The sills are quite well exposed
n the southernmost part of the study area (Fig. 3) where they

ere mapped by Carvalho and Pereira (1969a,b) and Carvalho and
imões (1971).  South of Humpata, extensive sills were reported
y Vale et al. (1973) as occurring principally at the discontinuity
etween the Chela Group and the Leba Formation. Isotopic K–Ar
ata of dolerites and subophitic gabbros from Cacula, Quilengues
nd Caluquembe localities, immediately to the north of the stud-
ed region, give ages of 1281 ± 22 Ma  and 1175 ± 69 Ma  (Silva et al.,
973).

On the Bimbe plateau (the highest elevations of the Chela Moun-
ain (to the south of Fig. 3), there are two small bodies located at
he top of the Bruco Formation of the Chela Group (Pereira et al.,
006, 2011). Locally, the Bruco Formation is the highest preserved
nit in the Chela Group, given the absence of the overlying units of
he Cangalongue and Leba Formations.

In addition, far from the Chela Formation, particularly in the
rea north of Bibala and east of Lubango, another type of olivine
olerite is observed. It consists of small domal intrusions, rounded

n plan-view, that are each about a few dozen meters in diameter,
nd are intruded into the pre-Eburnean basement. These peculiar
odies are interpreted as pipe-shaped magmatic centers that fed
he typical sills of the Chela Mountains, and in those places, the
hela Group formations have been eroded. They are presumably
oeval with the dolerite sills reported by Pereira (1973) and Vale
t al. (1973).

In addition, numerous olivine dolerite dykes (potentially linked
ith the sills) have been emplaced following regional fault systems

Andrade, 1962). The largest multi-kilometric dykes (subophitic
livine gabbros) trend consistently WNW  (N50–70◦W).  These mafic
ykes continue to the NW toward the Atlantic coast, having been

dentified to the north of Fig. 2 in Dinde-Lola (Alves, 1968; Vale
t al., 1972) and Serra da Neve (Pereira and Moreira, 1978; Pereira
t al., 2001). Many smaller dykes (olivine dolerites) also occur in a
ariety of trends.

.2. Gabbro-norite dykes

The thick and extensive gabbro-norite (GN) dykes, sometimes
ore than 200 km in strike length, constitute one of the most

rominent features of the regional geology, and have a ubiqui-
ous presence throughout the SW Angola. Torquato and Amaral
1973) had assigned a K–Ar age of ca. 800 Ma  to similar rocks
rom the Chiange region (Fig. 3), while in the neighboring region
f Caluquembe (region immediately north of Lubango, Fig. 3), K–Ar
whole rock) analyses for the large gabbro-noritic dyke of Bibala
ielded ages of 644 ± 27 and 704 ± 17 Ma  (Silva et al., 1973), while

 K–Ar (plagioclase) age was determined as 788 ± 11 Ma  (Silva,
980). A subsequent Rb–Sr isotopic age of 1119 ± 44 Ma  (87Sr/86Sr

 = 0.707) (attributed to Vialette, in Carvalho et al., 1979, 1987) was
idely accepted as a more reliable estimate of the age of the GN

uite. Despite the apparent freshness of these rocks, those K–Ar ages
re interpreted to have been affected by variable isotopic resetting
uring the Pan-African orogeny.

.3. 1380 Ma  Kunene event

The southern border of the Congo Craton was  intruded by
he gabbro-anorthosite complex (GC) during the Mesoproterozoic
Fig. 3). This complex is 250 km long and 60 km wide, and rep-
esents one of the largest anorthositic batholiths in the world,
ccupying an area over 15,000 km2. In early studies, the GC was

imply described as a massive anorthosite body (Simpson and Otto,
960; Vale et al., 1973), but it has also been regarded as layered
afic intrusion (Stone and Brown, 1958; Silva, 1972, 1990, 1992;

arvalho and Alves, 1990). More recent comprehensive studies
arch 230 (2013) 103– 118

have included detailed field work, petrographic and tracer isotopic
studies, and have established this as a composite suite of massif-
type anorthosite (Ashwal and Twist, 1994; Morais et al., 1998;
Sleijko et al., 2002; Mayer et al., 2004). These authors replaced
the long-established name GC (gabbro-anorthosite complex) with
the name Kunene Complex of SW Angola in order to link it to
the Kunene Intrusive Complex (KIC) of the Namibia-Angola bor-
der (Menge, 1998; Drüppel et al., 2000, 2007). The current known
extent of the KIC, present in both Angola and in adjacent Namibia,
indicates that this is the largest mafic complex in Africa. The most
precise ages determined for the KIC are 1385 ± 25 Ma (U–Pb TIMS,
zircon; Drüppel et al., 2000) for leucogabbronorite and 1371 ± 3
(U–Pb TIMS zircon; Mayer et al., 2004) for a mangerite dyke inter-
preted to be coeval with the anorthositic rocks. A U–Pb SHRIMP age
of 1385 ± 8 Ma  was also obtained for zircon from a mangerite dyke
intruding massive anorthosites in the Lubango region (McCourt
et al., 2004). Widespread associated “Red Granites” have a sim-
ilar age of 1376 ± 2 Ma  (Drüppel et al., 2007) and these granites
have a comingling relationship with some mafic units in south-
west Angola, suggesting that these mafic units also belong to the
Kunene event.

The 1380 Ma  event has a wider extent elsewhere in the
Congo Craton. The >500 km Kabanga-Musongati-Kapalagulu mafic-
ultramafic belt is located in the Kibaran orogen of the eastern part
of the Congo Craton (KAB in Fig. 1). This belt hosts important Ni
occurrences (Tack et al., 2010 and references therein). However,
the precise age and setting of the Kabanga-Musongati-Kapalagulu
belt is uncertain (Maier, 2008; Ernst et al., 2008 and references
therein). The similar-aged S-type granites and mafic-ultramafic
intrusions in the Kibaran belt have also been considered synoro-
genic (e.g. Kokonyagni et al., 2006; see discussion in Maier, 2008).
However, more recent U–Pb geochronology argues that this ca.
1375 Ma  bimodal magmatism is linked to a regional extensional
intraplate event (Tack et al., 2010), which supports the link between
these mafic-ultramafic units in the eastern Congo Craton with the
anorogenic Kunene Complex of SW Angola and Angola-Namibia,
and would indicate a widespread 1380 Ma event in the Congo Cra-
ton that would satisfy the criteria of being a LIP (large volume, short
duration and intraplate setting; Coffin and Eldholm, 1994; Bryan
and Ernst, 2008).

3. Petrography and whole-rock chemical composition

3.1. Dolerite sills in the Chela Group

The olivine dolerite sills closely follow the bedding planes of
the Chela Group formations. Typically, the sills are emplaced along
the unconformity at the base of the Leba Formation. They are
fine to medium-grained, and characterized by an ophitic inter-
granular texture where plagioclase forms a well-defined network
whose interstices are filled by the remaining components, in par-
ticular olivine, pigeonite or slightly titaniferous augite and biotite.
Plagioclase (An50) is altered to phyllitic, argillaceous and car-
bonaceous materials, and augite is locally altered to amphibole
of the tremolite–actinolite series. When unweathered, olivine is
often euhedral; elsewhere, it shows reaction with the matrix
and gives rise to crown-shaped textures, bordered by clinopy-
roxene, chromite and biotite. Occasionally, olivine is completely
altered to serpentine minerals or fringed and intergrown with
chromite and magnetite. Accessory minerals include magnetite,
titanomagnetite, apatite and titanite. Secondary minerals include

fibrous amphibole, antigorite, leucoxene, carbonates, chlorite and
epidote.

In general, the dolerite sills show varying degrees of hydrother-
mal  alteration, which may  be linked to proximity to the Kaoko Belt
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f Namibia. The Kaoko Belt, trending NNW-SSE along the coast-
ine of Namibia and continuing to the SW of Angola (Seth et al.,
998; Passchier et al., 2002; Goscombe and Gray, 2007, 2008) is
he NW branch of the Damara belt (Kröner, 1982; Martin, 1983;

iller, 1983; Prave, 1996). In Fig. 1, the Kaoko Belt is marked as a
an-African Belt (650–550 Ma).

Although the sills are not deformed, their major element and
arge-ion lithophile (LIL) trace element chemical compositions have
ikely been affected by fluid alteration (see Tables 2 and 3 and
ig. 4). However, using only the high field strength elements (HFS),
nterpreted to be relatively immobile under hydrothermal condi-
ions (Winchester and Floyd, 1977; Pearce and Norry, 1979), we
onclude that the dolerite sills were emplaced with sub-alkaline
asaltic compositions (Fig. 4). These rocks have relatively high lev-
ls of Rb, Th, U and K, but low values of Nb–Ta, Zr, Hf, and Ti relative
o primitive mantle (normalized multi-element values of Sun and

cDonough, 1989); REE levels are between 9 and 100 times chon-
ritic levels. The data plot (Table 3) in the within-plate basalt field
f the diagram Zr/Y–Zr (Pearce and Norry, 1979), and the transi-
ion field C of the Zr/4-Y–Nb*2 diagram (Meschede, 1986). Steep
EE patterns (LaN/YbN = 4–6), variable negative or slightly posi-
ive Eu anomalies (Eu/Eu* = 0.7–1.1, calculated according to Taylor
nd McLennan, 1985) and values for other parameters, are, Th/Nb
0.1–1.2), La/Nb (1.8–2.9), Zr/Nb (14.5–21.6) and Hf/Th (0.38–0.48
ith one anomalous value of 3.8). Collectively the geochemistry

s indicative of an intraplate environment, low fractionation and
lightly alkaline character.

.2. Gabbro-norite (GN) dykes (NNE–NNW trending)

The gabbro-norite dykes are typically coarse to medium grained
ith a sub-ophitic to ophitic texture, where labradorite (An64)

nd enstatite form an interlocking network of crystals with inster-
tices filled by magnetite, pigeonite, quartz and micropegmatite.
he accessory minerals include quartz and K-feldspar in micro-
raphic association, biotite, green hornblende, apatite, zircon and
itanomagnetite. Bronzite, chlorite, fibriform amphibole alteration
f pyroxene, leucoxene and epidote are the secondary minerals.
his general mineralogy led to the initial classification of these
ocks as norites (e.g., Simões, 1971); these are now referred to as the
N (gabbro-norite) suite to be descriptive of their gabbroic rather

han doleritic texture.
The incipient metamorphism resulting from the proximity of

he Kaoko belt of Namibia and the hydrothermal and meteoric
lteration processes, observed in the GN, can cause chemical varia-
ion in the concentration of many elements, especially in the major
nd the large-ion lithophile trace elements (LIL) (Tables 2 and 4).
he abundance of immobile incompatible elements confirms a
asaltic composition for the gabbro-norite suite (Fig. 5; Winchester
nd Floyd, 1977). On the normalized multi-element diagram they
xhibit higher enrichment in Rb, Ba, Th, U and K than in Nb–Ta,
r, Ti, Y, while REE levels are between 7 and 100 times chondrite
Fig. 5). A general LREE enrichment, medium steep REE pattern
LaN/YbN = 4–7), variable negative or slightly positive Eu anomalies
Eu/Eu* = 0.8–1.1) and other parameters, including Th/Nb (0.1–1.1),
a/Nb (1.8–8.2) and Zr/Nb (11.8–27.7) are indicative of an intraplate
nvironment, slight fractionation and various degrees of magmatic
rustal contamination. Also, the general geochemical characteris-
ics (Table 3), the projection on the tholeiitic field of the diagram
ALK)–FeOt–MgO (Irvine and Barager, 1971) and the affinity of

ost samples plotted to the field C of the Zr/4-Y–Nb*2 dia-

ram (Meschede, 1986), combined with the low content of Nb–Ta
nd Ti – all clearly indicate a domain of within-plate tholei-
tes. In conclusion, the petrochemical data presented for the GN
uite are suggestive of within-plate magmas, revealing slight
Eburnean peraluminous granite.

contamination during residency and emplacement in Congo Craton
crust.

4. New U–Pb TIMS ages

4.1. Analytical methods

Sample processing and isotopic analysis were carried out at
the Jack Satterly Geochronology Laboratory at the University of
Toronto. Protocols for baddeleyite (ZrO2) mineral separation and
for isotope dilution thermal ionization mass spectrometry (ID-
TIMS) for U–Pb analysis followed those outlined in detail by
Hamilton and Buchan (2010).  Uranium-lead isotopic data are pro-
vided in Table 5, and presented in graphical form in Fig. 6A and
B. Uranium decay constants used in age calculations are those of
uncertainties on ages described in the text are all presented at the
2� level (95% confidence). Data were plotted and ages were calcu-
lated using the Microsoft Excel Add-in Isoplot/Ex v. 3.00 of Ludwig
(2003).
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Table  3
Chemical analysis of olivine dolerites.

XRF Sills Dykes

335-4 356-56 355-57 355-58 335-10 335-14a
Symbols

Major elements (%) by XRF
SiO2 45.50 42.66 53.64 53.79 51.07 51.92
Al2O3 13.96 15.44 13.48 13.59 12.49 12.45
Fe  total (Fe2O3) 14.94 15.21 12.76 12.58 12.27 11.72
MnO  0.20 0.19 0.16 0.16 0.19 0.17
CaO  8.06 8.63 6.51 6.38 9.34 8.58
MgO  8.96 7.85 4.73 4.73 9.14 9.55
Na2O 1.54 1.97 2.50 2.47 1.60 1.65
K2O 1.40 0.90 1.80 1.86 0.90 1.07
TiO2 1.54 2.74 1.64 1.59 0.84 0.90
P2O5 0.21 0.51 0.21 0.21 0.09 0.10
LOI 3.53 3.80 2.36 2.36 1.87 1.69
Sum  99.84 99.90 99.79 99.72 99.80 99.80

Trace  elements (ppm) by XRF
Rb 39 15 46 48 40 48
Sr  266 432 130 131 120 161
Y 21 29 34 33 17 19
Zr  98 136 193 194 77 89
Ba 303  466 389 410 187 224
Ni  183 215 111 95 196 239
Cu  71 44 105 102 101 96
Zn  107 110 108 107 81 96
Pb  6 6 16 15 9 13
Sc 29 22 23 26 34 30
V  219 221 217 209 225 207
Cr 160  97 232 217 634 642
Co  66 61 42 39 53 50
Ga  19 18 19 19 16 14

Trace  elements (ppm) by ICP-MS
Nb 5.40 9.4 10.8 8.98 3a 4.29
Hf  2.56 3.3 4.50 3.33 <5a 1.13
Ta 0.68  0.61 0.65 0.53 <5a 0.15
Th  6.80 0.85 9.32 7.91 5a 3.90
U  2.48 0.17 2.57 2.24 <4a 1.05
La  14.0 17.2 32.1 26.8 11 14.6
Ce  32.1 39.9 57.1 49.9 24 24.6
Pr 4.0  5.7 7.19 6.28 2.7 3.19
Nd  18.0 26.3 29.0 26.4 12 13.6
Sm 3.9  5.9 6.64 5.90 2.6 3.17
Eu  1.5 2.0 1.75 1.56 0.9 0.91
Gd  4.4 6.2 7.27 6.54 3.2 3.72
Tb  0.7 0.90 1.13 1.04 0.5 0.62
Dy  4.4 5.5 7.06 6.21 3.5 3.83
Ho 0.9  1.1 1.41 1.26 0.7 0.78
Er  2.5 2.9 3.97 3.48 2.1 2.18
Tm  0.3 0.40 0.53 0.50 <0.4 0.31
Yb  2.3 2.5 3.61 3.19 1.9 2.05
Lu  0.3 0.35 0.52 0.48 0.3 0.31

Sample nos. 335-4 356-56 355-57 355-58 335-10 335-14a
Symbols

SmN  19.2 29.1 28.9 29.1 12.8 15.6
GdN  15.9 22.5 26.3 23.7 11.6 13.4
Eu/Eua 0.8 1.01 0.8 0.77 1.04 0.82
LaN  42.4 52.1 97.3 81.2 33.3 44.2
YbN  10.4 11.4 16.4 14.5 8.6 9.3
LaN/YbN 4.1 4.6 5.9 5.6 3.9 4.8
Th/Nb  1.26 0.1 0.86 0.88 1.6 0.91
La/Nb  2.6 1.8 2.9 2.9 3.6 3.4
Zr/Nb  18.1 14.5 17.9 21.6 25.6 20.7
Hf/Th  0.38 3.8 0.48 0.42 1.0 0.29

a XRF analysis.

4

S

.2. Dolerite sills of Chela Group

A dolerite sill was collected for dating approximately 25 km
SE of Humpata, Angola (sample 356-56; Fig. 3b). At the sampling
site, the Humpata sill is about 50 m thick; material for dating was
collected from the coarser-grained, interior portion of the sill. U–Pb
analyses were carried out on three fractions of baddeleyite, each
comprising between 4 and 5 pale- to medium-brown, fresh blades
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Table 4
Chemical analysis of gabbro-norites (GN).

Sample nos. 335-6A 356-06 356-07 356-8 356-17 376-01 376-03 377-53
Symbols

Major elements (%) by XRF
SiO2 51.84 49.10 43.54 44.33 53.85 53.99 52.05 47.45
Al2O3 12.37 13.56 16.50 16.66 11.61 13.36 12.55 16.76
Fe  total (Fe2O3) 11.76 16.13 14.08 13.79 10.61 9.69 11.62 14.12
MnO  0.18 0.24 0.17 0.18 0.16 0.15 0.17 0.18
CaO  8.54 8.54 9.61 8.98 6.33 8.56 8.79 8.41
MgO  9.47 5.12 6.69 6.52 11.4 8.24 9.16 6.73
Na2O 1.71 2.45 1.69 1.97 1.72 1.72 1.70 2.25
K2O 1.07 0.87 1.27 1.27 1.52 1.26 1.02 0.6
TiO2 0.90 1.91 2.33 2.49 0.75 0.69 0.91 1.86
P2O5 0.10 0.25 0.44 0.42 0.08 0.08 0.10 0.24
LOI  1.83 1.62 3.53 3.17 1.88 1.97 1.63 1.24
Sum  99.77 99.79 99.85 99.78 99.91 99.71 99.70 99.84

Trace  elements (ppm) by XRF
Rb 49 38 23 25 61 52 43 25
Sr  157 280 383 377 161 150 135 325
Y  20 27 23 25 20 18 19 25
Zr 90 106 112 120 106 91 91 140
Ba  218 412 472 353 374 1244 217 216
Ni  252 56 119 131 362 141 218 158
Cu  101 65 103 42 84 76 95 80
Zn  96 117 95 97 76 68 81 110
Pb 15 9 <6 <6 11 9 11 7
Sc  32 39 21 22 26 30 30 27
V  202 328 229 194 183 164 204 212
Cr  642 93 68 108 999 399 576 127
Co  52 48 49 52 56 40 49 53
Ga  15 21 17 19 14 13 15 19

Trace  elements (ppm) by ICP-MS
Nb 5.10 3.82 9.51 8.2 5.2 6.15 7.67 7.6
Hf 1.60 2.41 2.08 2.8 2.1 2.56 2.63 4.0
Ta  0.30 0.10 0.41 0.56 0.38 0.28 0.42 0.61
Th  4.60 3.73 0.95 0.79 4.7 6.51 6.47 2.1
U  1.24 0.73 0.22 0.17 1.3 1.39 1.70 0.42
La  15.9 18.1 23.1 15.2 16.1 31.7 36.0 16.9
Ce 29.0  32.5 40.1 35.0 33.3 43.6 41.6 37.8
Pr  3.74 4.32 5.88 5.0 4.0 5.46 5.35 5.1
Nd 15.8  19.1 26.7 22.9 15.6 21.7 22.0 23.0
Sm  3.80 4.50 6.09 5.2 3.6 4.94 5.23 5.2
Eu  1.10 1.67 2.16 1.9 0.90 1.42 1.53 1.8
Gd  4.33 5.35 6.28 5.2 3.5 5.32 5.93 5.5
Tb  0.72 0.88 0.90 0.76 0.58 0.85 0.97 0.83
Dy 4.40 5.40 5.34 4.6 3.6 5.48 6.09 5.1
Ho  0.90 1.13 1.04 0.89 0.77 1.14 1.24 1.01
Er  2.56 3.20 2.90 2.5 2.4 3.33 3.49 2.8
Tm  0.37 0.45 0.36 0.31 0.29 0.46 0.49 0.41
Yb  2.39 3.02 2.44 2.1 2.0 3.20 3.32 2.5
Lu 0.36  0.44 0.35 0.28 0.25 0.47 0.49 0.37

EuN  14.3 21.7 28.0 24.7 11.7 18.4 19.8 23.4
SmN  18.7 22.2 30 25.6 17.7 24.3 25.8 25.6
GdN  15.7 19.4 22.8 18.8 12.7 19.3 21.5 19.9
Eu/Eu* 0.8 1.0 1.1 1.1 0.8 0.8 0.8 1.0

LaN  48.2 54.8 70 46.1 48.8 96.1 109.1 51.2
YbN  10.9 13.7 11.1 9.5 9.1 14.5 15.1 11.4
LaN/YbN 4.4 4.0 6.3 4.8 5.4 6.6 7.1 4.4

Th/Nb 0.9 1.0 0.1 0.1 0.9 1.1 0.8 0.3

a
b
1

l
P
g
y
b
t

Zr/Nba 17.6 27.7 11.8 

Hf/Th  0.35 0.65 2.2 

nd blade fragments. Results range from 2.9 to 4.2% discordant,
ut are strongly collinear (207Pb/206Pb ages range from 1502.8 to
500.0 Ma).

Free regression of the data for all three fractions results in a
ower intercept within error of the origin, suggesting only recent
b-loss (possibly due to alteration of submicroscopic zircon over-

rowths); therefore a linear regression was anchored at 0 Ma,
ielding an upper intercept age at 1501.5 ± 3.6 Ma  (2�; 77% proba-
ility of fit) (Table 5 and Fig. 6a). We  interpret the age of 1502 ± 4 Ma
o represent the best estimate of the age of emplacement and
14.6 20.4 14.8 11.9 18.4
3.5 0.45 0.39 0.41 1.9

crystallization of the olivine dolerite sill into the Chela Group
sediments.

4.3. Gabbro-norite (GN) dykes

Sample 356-17 (Fig. 3b) was collected from a NNW-trending

gabbro-norite dyke, approximately 17 km SW of the village of
Chibia, Angola. The dyke is unmetamorphosed, subvertical, up to
50 m thick, and extends for more than 200 km along strike. The host
rocks at the sampling site include Eburnean peraluminous granites
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(ca. 2.0 Ga) and the volcano-sedimentary members of the Chela
Group. Here, the dyke is ∼35 m thick and was sampled from the
coarsest interior portion. This medium-grained subophitic gabbro-
norite yielded abundant, fresh, pale- to medium-brown, elongate to
stubby broken blades of baddeleyite ranging up to approximately
80 �m in the longest dimension. The analyses for three fractions,
comprising 5–7 grains each, are slightly clustered, ranging from 1.2
to 1.6% discordant (Table 5). Assuming a recent, simple Pb-loss his-
tory as for sample 356-56, the data yield an average 207Pb/206Pb
age of 1110.3 ± 2.5 Ma  (Fig. 6b). We  interpret this age to closely
reflect the age of emplacement and crystallization of this NNW-
trending gabbro-norite dyke and associated NNW–NNE trending
swarm.

5. Regional barcode significance

5.1. 1505 Ma  large igneous province

Our data is the first indication of a ca. 1505 Ma  magmatic
event in the Congo Craton. The specific age is from the sills in the
Humpata Plateau. However, there are other sills elsewhere in SW
Angola that could be related. Specifically, these include the sills of
the Ompupa, Otchinjau and Cahama regions (outside the area of
Fig. 3), which are intrusive into the quartzitic sequence related to
the Chela Group (e.g., Carvalho, 1984; Carvalho and Alves, 1990,
1993).

Similar U–Pb ages have also been recently obtained in the north-
ern portion of the São Francisco Craton. For example, the Curaç á
dyke swarm and the Chapada Diamantina dykes and sills, which are
considered to be related to a distinct intraplate event, have recently
been dated at 1503–1508 Ma  (Silveira et al., in press). The presence
of ca. 1505 Ma extensional mafic magmatism in both blocks (Congo
and São Francisco Cratons) is significant since both blocks are gen-
erally assumed to have been joined during the Neoproterozoic and
Mesoproterozoic – a conclusion supported by regional geologic cor-
relations – and to have separated only during the breakup of the
Gondwana supercontinent and the opening of the Atlantic ocean
(e.g., De Waele et al., 2008, and references therein). Thus, in a com-
bined Congo–São Francisco Craton, a ca. 1502–1508 Ma magmatic
event would have defined a very wide extent, at least 1500 km
across (Fig. 1). Because of the large expanse of this igneous activity,
its probable short duration (with a possible range of 1502–1508 Ma)
and its intraplate setting, it should likely be considered as a LIP (cf.
Bryan and Ernst, 2008).

5.2. 1110 Ma  event

The 1110 ± 2.5 Ma  gabbro-norite dyke belongs to a roughly
linear swarm (Figs. 1 and 3) that is close to, and obliquely inter-
sects, the southwestern margin of the Congo Craton (Fig. 1).
The full extent of the 1110 Ma  event within the Congo–São
Francisco Craton remains to be defined, but we suspect it
is widespread given its presence on several other crustal
blocks that we  propose to have been formerly adjacent (see
below).

Dolerite dykes (Salvador, Ilheus, and Olivenç a swarms) of the
eastern margin of the São Francisco Craton (e.g., Ernst and Buchan,
1997), were previously dated, locally, by 40Ar–39Ar methods at ca.

1100–1000 Ma  (Renne et al., 1990). On this basis, those giving the
older ages could have been interpreted to be coeval with the GN
dykes described here. However, recent U–Pb dating now suggests
that all the dykes of these swarms are ca. 925 Ma  in age (Heaman,
1991; Evans et al., 2010), and therefore are unrelated to the GN
dykes.



1 n Research 230 (2013) 103– 118

6

i
p
T
e
1
t
1

6

b
N
a
c
r
2
t
f
t

(
C
F
n
2
1
d
s
g
b
2
a

T
s
d
t
1
C
y
b
t
(
f
m
s
F
t

o
g
1
t
(
C
t
n
m
s
F
o
H

SF

Congo

Tanz

Siberia

1505 Ma LIP

1380 Ma LIP

Baltica

Laurentia

?

?

?

ChieressKunene

Mashak

Midsommersø - 
Zig Zag Dal

KABKIB

Chieress Kuonamka

Humpata

Kunene

Curaçá - Chapada

?

Fig. 7. A ca. 1380 Ma  reconstruction of Congo-São Francisco Craton adjacent to
northern Siberian Craton based on paleomagnetic data and barcode matching of
1505  and 1380 Ma  LIP events. Question-marked locations could be occupied by
some unknown continental blocks or could indicate that there was no gap and that
Siberia and Congo-São Francisco Cratons were adjacent to northern Laurentia and
southern Baltica respectively. See discussion in text. Euler rotation parameters – Lau-
rentia to absolute framework: −47.2◦ , 42.9◦ , 157.3◦; Greenland to Laurentia: 67.5◦ ,
−118.5◦ , −14.0◦; Baltica to Laurentia: 45.0◦ , 7.5◦ , 44.9◦; Siberia to Laurentia: 66.3◦ ,
129.1◦ , 134.2◦; Congo/Tanzania to Laurentia: −11.9◦ , −120.2◦ ,  139.3◦; São Francisco
14 R.E. Ernst et al. / Precambria

. Summary and reconstruction implications

Our U–Pb dating of units in the Congo Craton is a step forward
n efforts to complete the LIP barcode for this craton (Fig. 2) for
urposes of global reconstructions (cf. Bleeker and Ernst, 2006).
here are now three major barcode events identified in the west-
rn part of the Congo–São Francisco Craton – the previously known
380–1370 Ma  Kunene Intrusive event, and two new events iden-
ified at 1508–1502 Ma  (this study; Silveira et al., in press), and at
110 Ma  (this study).

.1. 1505 and 1380 Ma  events

These two older events, 1508–1502 Ma  and 1380 Ma  may
e associated with one of the stages of the breakup of the
una supercontinent (Meert, 2012 and references therein),
nd the 1380 Ma  event, in particular, is found on many
rustal blocks (e.g., Ernst et al., 2008). These two events
epresent ‘barcode’ lines (Bleeker, 2003; Bleeker and Ernst,
006) that can be compared with the record on other blocks to iden-
ify which have matching barcodes and can therefore have been
ormer nearest neighbors to the Congo–São Francisco Craton inside
he Nuna supercontinent.

In comparison with the global LIP record for this time period
Ernst et al., 2008) the most compelling match is with the Siberian
raton, suggesting a possible nearest neighbor relationship (Fig. 2).
or example, two intraplate magmatic events are identified in
orthern Siberia with ages of 1505 Ma  and 1380 Ma  (Ernst et al.,
000, 2008; Khudoley et al., 2007; Gladkochub et al., 2010). The
505 Ma  event is represented by the E–W trending Kuonamka
ykes (1503 ± 5 Ma;  U–Pb TIMS, baddeleyite) in the central Anabar
hield. In addition, the Riphean succession on the northern mar-
in of the Anabar shield contains mafic sills, one of which is dated
y the Sm–Nd isochron method at 1513 ± 51 Ma  (Veselovskiy et al.,
006), while sills in the Olenek uplift to the east of the Anabar shield
re dated at 1473 ± 24 Ma  (Wingate et al., 2009).

The 1380 Ma  event is defined based on a 1384 ± 2 Ma  (U–Pb
IMS, baddeleyite) age on a dyke of a NNW-trending Chieress
warm in the eastern Anabar shield (Ernst et al., 2000). A dolerite
yke dated at 1339 ± 54 Ma  Sm–Nd in the Sette Daban region of
he Verkoyansk belt of southeastern Siberia may  also belong to this
380 Ma  event (Khudoley et al., 2007). In addition, two  sills in the
entral Taimyr Accretionary Belt to the north of the Siberia craton
ield similar U–Pb ages of 1374 ± 10 Ma  and 1348 ± 37 Ma  (U–Pb
addeleyite on a Cameca 1270; Khudoley et al., 2009). However,
he relationship of this region to the Siberian Craton is uncertain
cf. Vernikovsky, 1996). In particular, Neoproterozoic ophiolites are
ound in Central Taimyr implying oceanic affinity of its composing

icroterranes (Vernikovsky and Vernikovskaya, 2001). We  provi-
ionally suggest that (during the Mesoproterozoic) the Congo–São
rancisco Craton (western margin?) might have been proximal to
he northern margin of the Siberian Craton.

The dated Chieress dyke in Siberia has been studied pale-
magnetically by Ernst et al. (2000),  providing a VGP (virtual
eomagnetic pole) of 4◦N and 258◦E (A95 = 7◦) for Siberia at
384 ± 2 Ma.  Piper (1974) reported a paleomagnetic pole for
he Kunene (Cunene) Anorthosite Complex of 3◦S and 255◦E
A95 = 17◦). At the time of the original publication, the Kunene
omplex was loosely dated between 2600 and 1100 Ma,  so
his paleopole was rarely mentioned in subsequent paleomag-
etic compilations. Recently, however, the complex has been
ore precisely dated at 1385–1375 Ma  (see discussion above),
o this pole could be used to better constrain a Siberia–São
rancisco reconstruction. Fig. 7 shows the closest permissive pale-
magnetic fit of Siberia and Congo–São Francisco at 1380 Ma.
owever, this paleomagnetic constraint should be treated with
to Congo: 53.0◦ , −35.0◦ , 51.0◦ . KAB and KIB are Karagwe-Ankole belt and Kibara belt,
respectively, as recently defined by Tack et al. (2010); see discussion in the text.

caution, as the Chieress VGP represents just one dyke and may
reflect the position of a 1380 Ma  geomagnetic pole rather than
a geographic pole. The LIP barcodes of Siberia and Congo–São
Francisco allow their juxtaposition at 1505 Ma,  but we can-
not test this paleomagnetically, because there are no reliable
ca. 1500 Ma  paleomagnetic poles yet available for the Congo or
São Francisco Cratons. Positions of Laurentia and Baltica in this
reconstruction are based on paleomagnetic data from these con-
tinents and on the paleomagnetically and geologically valid
suggestion that Laurentia, Baltica and Siberia were parts of a coher-
ent Nuna supercontinent between ca. 1500 and 1270 Ma  (Wingate
et al., 2009; Pisarevsky and Bylund, 2010).

However, the closeness of fit of Siberia and Laurentia is under
debate (Fig. 7). These authors (Wingate et al., 2009; Pisarevsky and
Bylund, 2010) prefer a gap between Siberia and northern Laurentia
filled by another as yet unidentified crustal block. However, a
tight fit (with no gap) is favored (Ernst and Bleeker, 2011; Bleeker
and Ernst, 2011) on the basis of numerous intraplate magmatic
barcode matches between southern Siberia and northern Laurentia
between 1900 and 725 Ma  (1900 Ma,  1870 Ma,  1750 Ma,  1700 Ma,
1640 Ma,  1380 Ma,  780 Ma  and 725 Ma)  favoring a nearest neighbor
relationship through this interval. A complication for this close fit
interpretation is that the 1270 Ma  Mackenzie event is widespread
in northern Laurentia, but has not yet been found in Siberia.
Also, no analog of the ca. 1000 Ma  magmatism in Sette Daban,
Siberia (Rainbird et al., 1998) has been found in Laurentia. Evans

and Mitchell (2011) find paleomagnetic support for a close fit of
southern Siberia and northern Laurentia between 1.9 and 1.2 Ga. In
the reconstruction shown in Fig. 7, if the gap between Siberia and
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aurentia is closed, then the southern Angola portion of the Congo
raton could be juxtaposed against similar ca. 1380 Ma-aged mag-
atism in Baltica and northern Greenland (e.g., Ernst et al., 2008).

mportantly, the Volga Uralia region of Baltica hosts the widespread
a. 1380 Ma  Mashak event (Puchkov et al., in press). Also nearby in

 close reconstruction would be the Midsommerso – Zig Zag Dal ca.
380 Ma  magmatism of northern Greenland (Upton et al., 2005).
urther geochronological and paleomagnetic studies are required
o determine whether the gap between Siberia–Congo–São
rancisco and Laurentia–Baltica shown in Fig. 7 existed
r not.

Here we consider some of the geological evidence in support
f the Mesoproterozoic reconstruction proposed in Fig. 7. There is
vidence for passive margin environments in the NE Siberia that
ommenced sometime in the Mesoproterozoic, but it remains dif-
cult to date this event more precisely (Pisarevsky and Natapov,
003; Pisarevsky et al., 2008). The western border of the São Fran-
isco Craton was a passive margin, facing a large ocean basin
n early Neoproterozoic times (Fuck et al., 2008). The timing of
pening of this ocean is not constrained, but its closure was  under
ay by ca. 900 Ma  (Pimentel and Fuck, 1992; Pimentel et al., 2000).

his would be consistent with a period of late Mesoproterozoic
ifting and breakup.

Further insight comes from the geometry of the dyke swarms.
s noted in Silveira et al. (in press),  the convergence of the ca.
505 Ma  dykes toward the western margin of the São Francisco
raton would be consistent with a plume center on or toward
he western margin of that craton (Fig. 1). Within the uncertain-
ies of the reconstruction fit, this plume center could also link
ith the eastern end of the Kuonamka swarm of the northern

iberian Craton (Fig. 7), and could indicate a breakup (or attempted
reakup) with a block formerly attached to the NE margin of the
iberian Craton. Furthermore, if the poorly-dated WNW  trending
livine dolerites of SW Angola (Fig. 3b, and discussed above) are
atched with the olivine dolerite sills dated herein as 1505 Ma,

hen they could also be used as a geometric element. As shown
n Fig. 7, they also align toward the proposed 1505 Ma  plume
enter.

The 1100 Ma  global paleogeographic reconstruction of Li et al.
2008),  and all other Late Mesoproterozoic and Neoproterozoic
econstructions of which we are aware, show Congo–São Francisco
nd Siberia Cratons far apart from each other. Thus, if our recon-
truction (Fig. 7) is correct, this implies that the timing of breakup
etween these two cratons occurred sometime between 1380 Ma
nd 1100 Ma.

.2. 1110 Ma  event

A third magmatic ‘barcode line’ now identified for the Angola
ortion of the Congo Craton is that provided by the 1110 Ma  age on
he GN dykes. This event may  not be relevant to the Nuna supercon-
inent because the first stage of its breakup had probably already
ccurred, perhaps associated with the 1380 Ma  LIP event(s) which
s known from many dispersed crustal blocks (e.g., Li et al., 2008;
rnst et al., 2008) as discussed above. In this scenario, the 1110 Ma
vent would be occurring in the transition from rupture and frag-
entation of the Nuna supercontinent to assembly of the Rodinia

upercontinent (e.g., Li et al., 2008).
The 1110 Ma  age of this major dyke swarm (Fig. 3) was  unex-

ected and represents a precise barcode match with several other
IPs around the world (cf. Ernst et al., 2008; Figs. 2 and 8). The
ost notable match is with the Umkondo event of the Kalahari
raton (Hanson et al., 1998, 2004, 2006) where ID-TIMS dating
n zircons and baddelyites indicate that the majority of magma-
ism is bracketed between ca. 1112 and 1106 Ma.  The Mahoba
uite of ENE–WSW trending dykes in the Bundelkhand Craton
Africa to Amazonia: 64.6◦ , −27.6◦ , −51.6◦ . (For interpretation of the references
to  color in this figure legend, the reader is referred to the web version of this
article.)

of northern India is also dated, by laser ablation ICP-MS U–Pb
methods, at ca. 1110 Ma  (Pradhan et al., 2012). A third (newly
recognized) locus of 1110 Ma  magmatism occurs in the Boli-
vian portion of the Amazonian Craton (Hamilton et al., 2012).
The Keweenawan event of the Mid-Continent region of Lau-
rentia has an age range of 1115–1085 Ma  (e.g., Heaman et al.,
2007) which overlaps with the 1110 Ma  age reported here.
Two other LIP events (e.g., Ernst et al., 2008), the ca. 1076 Ma
Warakurna event of Australia (e.g., Wingate et al., 2004) and the
ca. 1100–1069 Ma  Southwest USA diabase province (e.g., Ernst
et al., 2008; Bright et al., 2012), are probably too young to be
related.

A preliminary reconstruction of these blocks that contain
1110 Ma  magmatism is offered in Fig. 8. The paleolatitude and
paleo-orientation of the Indian Craton at 1110 Ma is constrained
in the study of Pradhan et al. (2012) on the ENE–WSW trending
Mahoba suite of dykes of India. The paleolatitude and paleo-
orientation of the Kalahari Craton at 1110 Ma  is based on the
paleomagnetism of the Umkondo LIP (Gose et al., 2006). The
paleomagnetism of Amazonia at this time is unconstrained as is
the position of Angola (Congo–São Francisco Craton). India and
Kalahari are shown in their correct paleolatitudes and orienta-
tion while Amazonia and Angola (Congo–São Francisco Craton) are
arranged to be in proximity in order to satisfy the 1110 Ma LIP bar-
code match. Amazonia is kept linked with the West African Craton
as in the Rodinia reconstruction of Li et al. (2008),  in the Gond-

wana/Pangea fit. While Fig. 8 is not a definitive reconstruction it
does satisfy the above-mentioned constraints. This is offered as a
provisional match, but additional geochronology and paleomag-
netic study of the LIP events on each block plus comparison of the
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asement geology are required to test and improve this reconstruc-
ion. On the other hand, the Keweenawan event of Laurentia lay on
he opposite side of the Grenville orogeny and probably represents
n independent 1110 Ma  plume and LIP. This is supported by pale-
magnetic data from Laurentia (Table 1 in Pisarevsky et al., 2003)
nd Kalahari, which suggest a large distance between them (see
lso Powell et al., 2001; Hanson et al., 2004; Jacobs et al., 2008). Pb
sotope studies (Loewy et al., 2011) indicate that the Keweenawan
Laurentia) and Umkondo (Kalahari) LIPs originated from isotopi-
ally distinct Pb reservoirs, supporting the notion of a significant
eparation of Laurentia and Kalahari at ca. 1100 Ma.

. Conclusion

Three Mesoproterozoic intraplate magmatic barcode events
t 1505, 1385 and 1110 Ma  are now recognized for the São
rancisco and Congo Cratons which were connected from at
east ca. 2000 Ma  to the opening of the southern Atlantic ocean
t ca. 130 Ma.  The previously recognized 1380–1370 Ma  LIP is
idespread in the Congo Craton and includes the Kunene gab-

ro anorthosite and related units of Angola (SW Congo Craton)
nd also bimodal magmatism in the eastern part of the Congo
raton.

Two new events are recognized based on U–Pb ID-TIMS dat-
ng of baddeleyite from dolerite samples of SW Angola (1505
nd 1110 Ma). A 1502 ± 5 Ma  age obtained for the Humpata
livine dolerite sill is considered applicable to other sills in the
egion, and is equivalent to U–Pb ages obtained for mafic dykes
n the São Francisco Craton (Silveira et al., in press). In addi-
ion, a 1110 ± 2.5 Ma  age has been obtained for the prominent
00 km long NNW–NNE-trending GN (gabbro-norite) swarm of SW
ngola.

The exact match of the 1505 and 1380 Ma  events of Congo–São
rancisco Craton with the northern part of the Siberian Cra-
on suggest a nearest neighbor relationship and a reconstruction
s shown based on preliminary paleomagnetic constraints from
he literature and form a speculative radiating dyke swarm
attern.

The 1110 Ma  gabbro-norite swarm of Angola is a precise match
ith the Umkondo LIP of the Kalahari Craton, and also with
afic magmatism on other blocks such as the Bundelkhand Cra-

on (northern India) and the Amazonian Craton. We  provisionally
onsider these three cratons to have been nearest neighbors to
he Congo–São Francisco Craton at this time and to have shared
his 1110 Ma  magmatic event and we offer a preliminary recon-
truction. There is also an age match with the early part of the
eweenawan event (in the interior of the Laurentia); however, on
aleomagnetic and geochemical grounds the Keweenawan event

s likely to have been distant and unrelated (and on the other side
f the Grenville orogen).
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Appendix.

A.1. Analytical procedures – major, minor and trace element
geochemistry

The whole-rock chemical compositions, listed in Tables 3 and 4
were obtained at “Laboratório Nacional de Energia e Geologia”
(LNEG) (Porto-Portugal). Major and minor elements were analyzed
on fused glass discs and pressed powder pellets (produced in a
Herzog HTP 40) by X-ray Fluorescence Spectrometry (XFR), with
dispersing � PW2404-PANalytical. For the REE and some trace
elements of small ionic radius, the samples were analyzed by Induc-
tively Coupled Plasma-Mass Spectrometry (ICP-MS) using sample
decomposition and sintering with Na2O2. The results were vali-
dated using standards of the Geopt Proficiency-testing Program and
the precision of analyses is detailed in Machado and Canto Santos
(2006).
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