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An interesting aspect of Precambrian geology is the similarities between successions of the Kaapvaal and
Pilbara cratons of southern Africa and Australia. Coeval trends in these successions are commonly used
to reconstruct global atmospheric and oceanic conditions during the Archean-Proterozoic transition. The
similarities, however, could also suggest their paleogeographic proximity in the form of a supercraton, or
even Earth’s oldest assembled continent, named Vaalbara. If these cratons indeed were nearest neighbours
aleomagnetism
ontinental Reconstruction
aapvaal
ilbara
eoarchean

in a supercraton, the parallel trends preserved in supracrustal sequences may reflect local effects in
a single basin instead of global paleoenvironmental conditions. Here we report a paleomagnetic pole
from the Neoarchean Ventersdorp Supergroup of South Africa, which provide quantitative support for
Vaalbara’s existence. Our reconstruction differs greatly from earlier suggestions and contests those that
place the cratons far apart. It provides the oldest example, and the only Archean instance, of paleomagnetic
reconstruction between continental blocks in terms of paleolatitude and relative longitude. If correct, our

at pre
reconstruction implies th

. Introduction

The existence of a Vaalbara supercraton or early continent is
uggested by similarities in stratigraphic elements between the
aapvaal and Pilbara cratons. In particular are those regarding
aleoproterozoic iron-formations (Trendall, 1968), but there are
lso broader links between 3.5 Ga and 1.8 Ga volcano-sedimentary
asins and mineral deposits (e.g., Button, 1979; Cheney, 1996).
ome ascribe the similarities to global processes (e.g., Nelson et
l., 1999) and question Vaalbara’s existence. An alternative recon-
truction, named Ur (Rogers, 1996), places the cratons far apart,
hus imposing global controls on the parallel trends. In this way
he correlation of sulphur isotopic data between the cratons have
een interpreted to reflect global changes linked to atmospheric
volution (Kaufman et al., 2007). The Ur hypothesis, which places
he cratons in their Gondwanaland configuration (Rogers, 1996),
s contradicted by widespread evidence of Precambrian collisional
rogens between Australia and Africa (e.g., Fitzsimons, 2000; Boger
t al., 2001; Meert, 2003; Jacobs and Thomas, 2004; Collins and
isarevsky, 2005); yet it has continued to receive support and men-

ion in the literature (e.g., Mukherjee and Das, 2002; Rogers and
antosh, 2003; Zhao et al., 2006). Confusingly Mondal et al. (2009)
epicts what they call an “Ur” protocontinent at 2400–2200 Ma in
hich the Pilbara and Kaapvaal cratons are placed within a more

∗ Corresponding author. Tel.: +27 115594707; fax: +27 115594702.
E-mail address: mdekock@uj.ac.za (M.O. de Kock).

301-9268/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.precamres.2009.07.002
vious paleoenvironmental conclusions may need reconsideration.
© 2009 Elsevier B.V. All rights reserved.

traditional Vaalbaran configuration. A plethora of suggested recon-
structions, some going under the same name, and disagreement
among authors about which one is more credible at any specific
time, all create confusion in the geosciences community. In this
paper we test the various reconstructions involving the Kaapvaal
and the Pilbara cratons during the Neoarchean, with the goal of
eliminating some and providing more credence to others.

In Vaalbara, Pilbara is traditionally juxtaposed next to the south-
western margin of the present-day Kaapvaal craton (Cheney, 1996).
This is referred to hereafter as the “Cheney” fit. Cheney included
the Zimbabwe and the Yilgarn cratons in their present configura-
tions relative to the Kaapvaal and Pilbara cratons in his definition of
Vaalbara (Cheney, 1990, 1996). The Grunehogna craton of Antarc-
tica, positioned in a Mesozoic Gondwana reconstruction (Jones et
al., 2003), can also be included.

A paleolatitude comparison at 2.78–2.77 Ga at first failed to
lend support for Vaalbara’s existence (Wingate, 1998), but with
updated Pilbaran poles (Strik et al., 2003), a direct juxtaposition
became allowable. Another set of older Neoarchean poles (Zegers
et al., 1998), but with large associated age uncertainties, also allow
Pilbara–Kaapvaal proximity. By placing Pilbara towards the east
of Kaapvaal (“Zegers” fit) a fair alignment of Archean structural
elements is achieved. Since the paleomagnetic method of single-

age pole comparison, as used by Zegers and Strik (see previous
citations), does not provide relative longitudinal constraints, it is
equally allowable that the cratons were far apart along their respec-
tive bands of paleolatitude. They may also have been in opposite
hemispheres due to geomagnetic polarity ambiguity.

http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
mailto:mdekock@uj.ac.za
dx.doi.org/10.1016/j.precamres.2009.07.002
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We report a new paleopole for the ∼2.7 Ga Ventersdorp Super-
roup of South Africa that, together with existing data (Wingate,
998), allow for the comparison of distances between paleopoles
rom both cratons through a better constrained time interval (i.e.,
.78–2.70 Ga), using two pairs of coeval poles from the two blocks.
his provides relative paleolongitudinal constraints for a more
niquely determined reconstruction.

. Ventersdorp–Fortescue correlation

The Ventersdorp Supergroup is the most extensive volcano-
edimentary sequence on the Kaapvaal craton and is largely
ndeformed and very well preserved, having only reached lower
reenschist facies (Crow and Condie, 1988). It is lithostratigraphi-
ally (e.g., Wingate, 1998) and chemically (Nelson et al., 1992) very
imilar to the Fortescue Group of Australia, but a simple correlation
s unsupported by published age data (Fig. 1). The Fortescue Group,

hich has been densely sampled for geochronology, dates from
772 ± 2 Ma (Wingate, 1999) to 2713 ± 3 Ma (Blake et al., 2004),
nd by current estimates appears to be mostly older than the Ven-
ersdorp Supergroup. A 2714 ± 14 Ma age for basalt at the base of
he Ventersdorp (Armstrong et al., 1991), however, remains unver-
fied, and it could conceivably be as old as 2764 ± 5 Ma (England
t al., 2001), the maximum age for the underlying Witwatersrand
upergroup. If this is so, the Klipriviersberg Group would be analo-
ous to the Mt. Roe Basalt of Australia and the Derdepoort volcanics
nd Kanye volcanics from the northwestern Kaapvaal craton, dated
t 2772 ± 2 Ma (Wingate, 1999), 2781 ± 5 Ma (Wingate, 1998), and
784 ± 2 Ma (Grobler and Walraven, 1993; Moore et al., 1993),
espectively.

The 2709 ± 8 Ma age for bimodal volcanic rocks overlying the
lipriviersberg Group (Armstrong et al., 1991) is accepted even
hough lithostratigraphic equivalents on the western margin of the
raton yield older U-Pb ages (de Kock, 2007; Poujol et al., 2005),
nd the age of the Allanridge Formation, although not directly
ated, is fairly well constrained. The Allanridge lies unconformably
etween one sequence dated at 2709 ± 8 Ma and another dated

ig. 1. Correlation of the Ventersdorp Supergroup and the Fortescue Group. Diagram
s modified after Wingate (1998). Age references: (a) Wingate (1999), (b) Blake et al.
2004), (c) England et al. (2001), (d) Wingate (1998), (e) Armstrong et al. (1991), (f)
e Kock (2007), (g) Poujol et al. (2005) and (h) Barton et al. (1995).
esearch 174 (2009) 145–154

at 2664 ± 6 Ma (Barton et al., 1995), thus making it comparable,
within uncertainties, to the ∼2713 Ma Maddina Basalt of Australia
(Fig. 1).

To complement the 2781 ± 5 Ma Derdepoort pole (Wingate,
1998), and to achieve our proposed double pole-pair comparison,
we conducted a paleomagnetic study of the Allanridge Formation.
Previous paleomagnetic work (Jones et al., 1967; Henthorn, 1972;
Strik et al., 2007) either pre-date the use of progressive demagne-
tization techniques or lack adequate stability field tests.

3. New paleomagnetic data

3.1. Sampling sites and laboratory techniques

Table 1 provides a summary of sampling sites, their local-
ities, lithologies sampled and bedding attitude associated with
each. All samples were drilled in the field with a portable, hand-
held gasoline-powered drill. A magnetic compass, and for most
samples also a sun compass, were used for orientation. Individ-
ual cores were trimmed to one or more specimens 2.4 cm in
length.

At Taung the Allanridge Formation was sampled at three sites.
At Ritchie, two lava flows separated by a prominent amygdaloidal
flow-top were sampled. A total of eleven sites were sampled along
exposures cut by the Orange River between the towns of Hopetown
and Douglas (see Fig. 2 for the geological setting of these sampling
localities). In addition two compound or sheet flows and a blocky
flow-top breccia, pillow flows and pillow fragments in volcanic
breccias were extensively sampled along the Orange River.

Andesitic lava samples were prepared using standard meth-
ods and were subjected to magnetic cleaning, which consisted of
low-field-strength alternating-field (AF) pre-treatment and step-
wise thermal demagnetization to 580 ◦C. Measurements were made
with an Agico JR6-A spinner magnetometer within a magnetically
shielded room at the University of Johannesburg, South Africa.
Alternating-field demagnetization was carried out with a Molspin
2-axis tumbling demagnetizer and thermal demagnetization, in a
shielded furnace. Calculation of paleomagnetic poles assumes an
axial-geocentric dipolar magnetic field and a paleoradius for the
Earth equal to the present Earth radius.

Magnetic components were identified and quantified via least
squares principal component analysis (Kirschvink, 1980). These cal-
culations, together with all subsequent statistical analyses, utilized
software Paleomag (Jones, 2002), PaleoMac (Cogné, 2003) and the
PmagPy open source software by Lisa Tauxe.

3.2. Results

Stable and consistent magnetic components were identified
in all but one site, which displayed an erratic distribution of
components. In addition to low-coercivity and present local field-
like components (PLF for short), demagnetization revealed up to
three higher-stability components (A, B+ and B−). Samples usually
recorded two components, but never all three (Fig. 3 and Table 2).

Six sites revealed northerly and downward-directed com-
ponents (A) within the temperature range of 375–450 ◦C, but
sometimes persisting up to 500 ◦C. In most cases, however, demag-
netization above 450 ◦C revealed characteristic components (B+
or B−). Sample magnetization became irregular above 540 ◦C.
Characteristic components were southerly and steeply downward-

directed (B+) in 88% of the sites, while one site revealed opposite
polarity components (i.e., north and up or B− for short). B+ and B−
are not strictly antipodal, but this is unsurprising as the B− com-
ponent falls within a cloud of normal data that is undersampled in
this instance by our one site.
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Table 1
Summary of sampling site information.

Site Locality (◦N, ◦E) N Lithology Bedding (strike/dip)

Taung
TGC −27.15◦ , 024.78◦ 14 Massive lava 152◦/10◦SW
TGD −27.53◦ , 024.85◦ 12 Massive lava 262◦/12◦NW
TGE −27.54◦ , 024.84◦ 7 Porphyritic lava Sub-horizontal

Ritcie
RCBa −29.04◦ , 024.56◦ 20 Amygdaloidal lava Sub-horizontal
RCBb −29.04◦ , 024.56 3 Amygdaloidal lava Sub-horizontal

Hopetown-Douglas
HTA −29.57◦ , 024.08◦ 41 Pillow lava and pillow clasts Sub-horizontal
HTB −29.57◦ , 024.07◦ 26 Pillow lava, clasts and hyaloclastite matrix Sub-horizontal
HTC −29.48◦ , 023.94◦ 18 Amygdaloidal lava Sub-horizontal
HTDa −29.30◦ , 023.81◦ 7 Amygdaloidal lava Sub-horizontal
HTDb −29.30◦ , 023.81◦ 6 Amygdaloidal lava Sub-horizontal
HTDc −29.30◦ , 023.81◦ 6 Blocky flow-top breccia clasts Sub-horizontal
HTE −29.29◦ , 023.82◦ 13 Massive lava 194◦/9◦W
HTF −29.39◦ , 023.93◦ 15 Porphyritic lava 191◦/9◦W
HTG −29.39◦ , 023.92◦ 17 Massive lava Sub-horizontal

N

3

o
o
P
b
l

F
B
o
C
b

HTH −29.48◦ , 023.93◦ 6
HTI −29.48◦ , 023.93◦ 10

= number of samples taken at each site.

.3. Intraformational conglomerate tests

Hyaloclastite clasts and interbedded pillow flows provide an

pportunity for conducting a conglomerate test (Fig. 4a). A sec-
nd test was performed on clasts from a flow-top breccia (Fig. 4b).
illow fragments, of variable internal texture, displayed similar
ehaviour to that of underlying and overlying pillow lavas during

ow level demagnetization (Fig. 4a). Low-coercivity components

ig. 2. Geological setting of sampling areas at Taung, Ritchie and between Hopetown an
ushveld Complex are simplified from geological maps of South Africa (Council for Geoscien
utlines of the craton, the Trompsburg anomaly and the Vredefort impact structure as w
olesberg lineament) were identified from an aeromagnetic map produced by De Beers (19
asin. Insert depicts crustal blocks (De Beers, 1998; Eglington and Armstrong, 2004).
Amygdaloidal lava Sub-horizontal
Amygdaloidal lava Sub-horizontal

were removed in all of the samples and PLF components in 65%
of the pillow fragment samples. At higher demagnetization levels
(i.e., above 300 ◦C), samples displayed linear trajectories towards

the origin. These characteristic components, however, have a scat-
tered distribution and differ significantly from the underlying and
overlying pillow flows, which displayed well-grouped B+ compo-
nents at similar demagnetization levels (Fig. 4a). A suite of statistical
tests demonstrates (see below) that the distribution of character-

d Douglas. Outcrop distribution of the Ventersdorp, the Kanye Formation and the
ce, 1997) and Botswana (Geological Survey Department Lobatse, 1984). Geophysical
ell as major crustal elements (i.e., the Thabazimbi-Murchison lineament and the

98). The seismic lines provide information on the possible extent of the Ventersdorp
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Fig. 3. Representative sample demagnetization behaviour. (a) Some samples did not respond well to demagnetization due to the adverse affects of lightning strikes, these
s inco
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amples record high-coercivity components of random orientation. (b–f) Apart from
ome samples (plot b) displayed intermediate temperature northerly and down dire
igh-stability southerly downward (B+) or northerly and upward (B−) directions.
emanent magnetization.

stic directions in the fragments is significantly distinct from that
f the lava flows. This represents a positive intraformational con-

lomerate test and supports a conclusion that the B+ remanence
s primary. In further support of this, characteristic components
erived from a pair of individually oriented core samples from one
illow differ significantly from B+ directions seen in other pillows
round it (Fig. 4a). The presence of coherent PLF components in

ig. 4. Intraformational conglomerate tests. Equal-area plots: solid = lower hemisphere
ssociated 95% cone of confidence. (a) Positive test for pillow lava (bottom) and hyaloclasti
evels (characteristic components) are shown. Samples HTA18 and 17 originate from the s
ssociated blocky flow-top. Arrow in photo = stratigraphic up.
nsistent low-coercivity components and local present-field-like (PLF) components,
r A-components, while most samples (plots b–e and f, respectively) displayed either
symbols = horizontal plane, open symbols = E-W and vertical plane. NRM = natural

these samples and the surrounding pillows excludes orientation
error (Fig. 4a), and the most plausible explanation is that the sam-

pled pillow represents a rotated body that became reconsolidated
in the pillow lava hyaloclastite-unit.

A flow-top breccia was sampled at a locality about 46 km north-
west of the pillow lava hyaloclastite-unit. The breccias from this
locality is a lenticular unit at the top-edge of and underlying lava

, open = upper hemisphere, grey filled symbol and ellipse = component mean and
te clasts (top). Components below 300 ◦C (PLF) and those at higher demagnetization
ame rotated pillow. (b) Negative test for components A and B+ in a lava flow and an
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Table 2
Summary of least-squares component directions and component means for the Allanridge Formation.

Site n/N L/P Unbl. Declination Inclination K ˛95

PLF components
TGE 5/7 5/0 300 ◦C 006.6 −54.4 39.3 12.4
RCBa 6/20 6/0 200 ◦C 317.7 −52.0 21.3 14.9
HTA 14/18 14/0 300 ◦C 348.0 −53.2 42.8 5.7
HTA (clasts) 15/23 15/0 200 ◦C 346.4 −51.4 10.5 12.4
HTB 10/15 10/0 200 ◦C 339.7 −58.4 45.9 7.2
HTB (matrix) 6/7 6/0 200 ◦C 027.6 −59.6 12.4 19.8
HTC 15/18 15/0 300 ◦C 328.8 −58.8 25.2 8.1
HTDc 5/6 5/0 300 ◦C 341.7 −58.2 17.8 18.6
THE 11/13 11/0 250 ◦C 334.2 −51.1 42.1 7.1
HTF 3/15 3/0 300 ◦C 328.8 −60.5 75.9 14.2
HTG 13/15 13/0 250 ◦C 334.6 −57.9 43.0 6.4
HTH 6/6 6/0 250 ◦C 335.2 −56.6 144.3 5.6
HTI 9/10 9/0 300 ◦C 340.0 −53.3 41.1 8.1

PLF mean 341.7 −56.9 63.2 5.3

North down components
RCBa 9/20 9/0 450 ◦C 314.6 63.6 28.7 9.8
HTDc 5/6 5/0 375 ◦C 008.6 58.7 18.7 18.1
THE 8/13 8/0 375 ◦C 359.4 58.0 14.1 15.3

North down mean 349.7 62.0 33.7 21.6

Characteristic components (south down)
TGCa 14/14 14/0 450 ◦C 198.5 47.2 30.1 7.4
TGE 5/7 3/2 520 ◦C 158.9 65.6 24.8 16.8
RCBa 13/20 13/0 540 ◦C 221.5 74.5 63.2 5.3
HTA 14/18 14/0 500 ◦C 191.8 61.1 31.9 7.2
HTB 13/15 10/3 500 ◦C 184.2 68.4 12.5 12.3
HTDa 6/7 5/1 490 ◦C 215.8 62.0 86.0 7.4
HTDb 4/6 3/1 490 ◦C 236.2 55.2 30.8 17.8
HTDc 5/6 5/0 490 ◦C 213.0 60.6 40.2 12.2
HTEa 5/13 3/2 515 ◦C 213.0 63.8 52.3 11.4
HTFa 15/15 15/0 550 ◦C 216.1 58.3 59.6 5.0
HTG 15/15 14/1 550 ◦C 199.9 66.4 23.5 8.1
HTH 6/6 6/0 470 ◦C 198.2 62.6 113.7 6.3
HTI 9/10 9/0 555 ◦C 195.7 58.4 217.7 3.5

South down mean 203.9 62.5 88.6 4.9

Characteristic components (north up)
HTC 7/18 5/2 440 ◦C 4.5 −85.1 75.0 7.2

n/N = number of samples included/number analyzed, L/P = line versus plane least squares analyses, Unbl. = temperature in degrees Celsius at which component unblocks,
d , k = Fi
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eclination = mean declination in degrees, inclination = mean inclination in degrees
lane data were combined, and ˛95 = radius of 95% confidence cone about the mean
a Sites for which bedding corrections were applied.

ow, and it resembles a flow toe. At a maximum it is about 3 m
hick, but it pinches out towards the east in less than 5 m. The
reccia unit grades laterally westward as well as downward into
assive andesitic lava (of which there is ∼4 m thickness exposed)
ith irregular amygdale-rich zones. Another massive lava unit
ith patchy amygdale zones wrap across and overlie the sampled

reccia-lavaflow unit (a maximum of 2 m thickness of this over-
ying unit is exposed). Demagnetization of flow-top breccia clasts
learly suggests that the acquisition of medium-temperature A
nd the characteristic B+ components occurred after fragmentation
Fig. 4b). We suggest that the longer cooling time of the flow-top
nit stands in contrast to the quenching of the pillow clasts and
hards in the hyaloclastite, and further suggest that, in this case,
+ was acquired shortly after fragmentation and during cooling
f the lava-breccia-unit. Another possibility is that it represents a
emagnetization acquired during post-depositional re-heating and
ooling due to an overlying flow unit. We are cautious in our inter-
retation given the limited exposure of the overlying flow unit. We

o, however, interpret remanence A to be a much younger magnetic
verprint. A is better developed in the blocky flow-top compared
o the parent lava flow (Fig. 4b), and we propose that the higher
ermeability of the breccia made it more prone to alteration and

ater magnetic overprinting.
sher’s precision parameter, except when in modified form for where both line and

3.3.1. Statistical evaluation of the conglomerate test HTA
In contrast to the well-grouped south-down characteristic direc-

tions within pillow lava samples, those identified in fragments
of pillow lava are significantly more scattered when viewed on
a stereographic projection (Fig. 4a). The majority of these scat-
tered directions (i.e., 18 out of 21 clasts) are positively inclined
and about five resemble the south-down character of the com-
ponents from the parent lithology. This may explain why the
Watson’s test for randomness fails (R = 10.91 > R0 = 7.40 for n = 21).
The Shipunov conglomerate test (Shipunov et al., 1998), which
employs alternative hypothesis testing, passes if the present local
geomagnetic-field (PLF) direction is used as a known secondary
overprint (� = −0.259 < �c = 0.207). We interpreted this to mean that
demagnetization procedure adequately removed the PLF overprint
(which is apparent from Zijderveld diagrams), but we are not satis-
fied to reject the possibility that the characteristic components are
non-random. A perhaps more meaningful implementation of the
Shipunov test would be to use the south-down direction as a poten-

tial regional overprint direction. Upon doing so, the test becomes
negative (� = 0.351 > �c = 0.207). This suggests that the south-down
direction is present in some of the clasts. We are, however, still wary
of rejecting the randomness of the dataset for several reasons. The
suite of clast directions is visually distinct from that of the par-
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Fig. 5. Test for common (Tauxe et al., 2009) mean showing that the two data sets do not share a common mean. Top panel shows equal area projections of characteristic
remanence directions from pillow lava (left) and pillow fragments (right) and their associated mean values and 95% confidence cones. Open symbols = upper hemisphere,
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losed symbols = lower hemisphere. Bottom panels show cumulative distributions
onfidence as solid vertical lines, solid grey = pillow samples and 95% confidence as
f the pillow lava samples and that of the pillow fragment samples, suggesting that

nt lithology, while exhibiting similar demagnetization behaviour.
here is therefore reason to believe that the null-hypothesis is true
i.e., the dataset is random) despite indications that the alterna-
ive hypothesis is true (south-down direction is present). Rejecting
he null-hypothesis would result in a Type-1 error. Furthermore,
he Shipunov test is based on three assumptions, one being that
lasts have a random orientation (Shipunov et al., 1998). While this
ssumption is usually true for well-rounded pebbles and boulders,
t is not necessarily true for breccia clasts that may have undergone

inor amounts of rotation. Another assumption (Shipunov et al.,
998) is that a possible remagnetization direction is known. The
pproach of using some arbitrary direction as a possible secondary
irection, as we did with the south-down component, instead of a
nown secondary overprint, is less than ideal and may be erroneous
Shipunov et al., 1998).

In order to illustrate the statistical distinctiveness of the two dis-
ributions (i.e., the characteristic components from parent lithology
s. pillow fragments) we choose to test for a common mean (Tauxe
t al., 2009). Despite the large uncertainty of the mean for the char-
cteristic components seen in pillow fragments, we can illustrate
hat the mean from the parent pillow lava samples is significantly
ifferent at the 95% level (Fig. 5). We interpreted this result as a
ositive intraformational conglomerate test and suggest that the

hipunov’s test and Watson test for randomness result in Type-1
tatistical errors due to limited rotation of pillow clasts during the
ormation of the hyaloclastite, and/or delayed remanence lock-in in
ava clasts or partial remagnetization during subsequent extrusion
f overlying lava flows.
mponent means in cartesian coordinates. Solid black = pillow fragments and 95%
d vertical lines. There is no overlap between the distributions of the x-components
o data sets do not share a common mean.

3.4. Interpretation of results

3.4.1. Secondary A component
A north-down remanence direction was identified in samples

from three sampling sites (Table 2) within a relatively narrow tem-
perature range between 300 ◦C and 375 ◦C, but sometimes as high
as 450 ◦C. A mean declination = 349.7◦ and inclination = 62.0◦ trans-
lates to a paleopole at 16.7◦N, 015.7◦E with A95 = 15.7◦. A negative
conglomerate test for this component in clasts from a blocky flow-
top breccia implies that it is a secondary component acquired after
extrusion of the Allanridge Formation lavas.

Comparison with known poles from the Kaapvaal craton (de
Kock et al., 2006) suggests either ∼2.0 Ga or 1.8–1.9 Ga as possi-
ble times of acquisition of this overprint (Fig. 6). The Bushveld
complex (Fig. 2) intruded at this time (Buick et al., 2001) and
the Vredefort impact is dated at 2023 Ma (Kamo et al., 1996).
Both of these events have been implicated as potential sources
of widespread remagnetization on the central Kaapvaal craton
(Evans et al., 2002; Layer et al., 1988). Extensive intraplate mag-
matism also occurred during the development of the Waterberg
and Soutpansberg Groups at ∼1.9 Ga and ∼1.8 Ga (Hanson et al.,
2004). The Trompsburg intrusion, which is responsible for the so-
called Trompsburg anomaly (Fig. 2), has also yielded a 1.9 Ga age

(Maier et al., 2003). The restricted occurrence of the north-down
overprint, however, attests to the generally undisturbed preser-
vation of the Ventersdorp succession in the Kimberley region
and invites further paleomagnetic study in this relatively pristine
area.
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Fig. 6. Comparison of the paleomagnetic poles described by the A and B+ compo-
nents identified in this study with known paleopoles from the Kaapvaal craton (See
de Kock et al., 2006, 2009 for pole references. The Modipe Gabbro pole is taken
from Evans and McElhinny, 1966.) Abbreviations: SD = south-down component VGP
from the Lower Transvaal Supergroup; ONG = Ongeluk lava paleopole; BGM = Basal
Gamagara-Mapedi Formation VGP; PB1 = Palaborwa Group 1 paleopole; WUBS-
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Fig. 7. Equal area projection of the B+ and B− component site means found dur-
ing this study and grand mean of our B+ characteristic component combined with

and significant displacement between 2.83 Ga and 2.78 Ga if the
= Waterberg unconformity-bounded sequence 1 paleopole; VRED = Vredefort
mpact structure VGP; BVMU = Bushveld Main and Upper Zones paleopole; WUBS-
= Waterberg unconformity-bounded sequence 2 paleopole; HAR = Hartley Lava
GP; PWD = Post-Waterberg Dolerites paleopole.

.4.2. Primary B+ and B− component
In addition to a positive conglomerate test, the results from one

ampling site suggest dual polarity magnetizations. Since no sta-
ility field tests were conducted to evaluate the acquisition age of
− we conservatively use only those sites that reliably recorded B+
N = 11) to compute a mean with declination = 203.9◦, inclination
2.5◦, k-parameter = 88.6 and ˛95 = 4.9◦ (Fig. 7). This corresponds
o a paleomagnetic pole at −65.6◦S and 339.5◦E with K = 50.5 and
95 = 6.5◦. The age of the pole is constrained to the time of the
llanridge’s eruption (i.e., ∼2.70 Ga), and it represents a signifi-
ant improvement of existing age constraints from pre-Permian to
eoarchean (Strik et al., 2007). Our data can be combined with the
ork of Strik and colleagues (2007) for the calculation of a grand
ean from 18 sampling sites (Fig. 7). Since bulk demagnetization

echniques were employed in the pre-1980 studies, and the com-
lete removal of secondary overprints cannot be guaranteed, we
hose to exclude them from our calculation. The corresponding
ole position (69.8◦S, 345.6◦E, K = 36.7, A95 = 5.8◦) has a reliability
riterion (Van der Voo, 1990) of Q = 6 (lacking only dual polar-
ty, for which we have preliminary evidence, but conservatively
mit) and does not share any similarities with known Neoarchean-
aleoproterozoic Kaapvaal craton poles (Fig. 6) (de Kock et al., 2006,
009).

. Discussion

.1. Pole-pair comparison and reconstruction
Following a method (Evans and Pisarevsky, 2008) of calculating
he great-circle arc distance between the 2.78 Ga and 2.70 Ga Kaap-
aal poles and comparing that to the great-circle distance between
that of Strik et al. (2007). Solid = lower hemisphere, open = upper hemisphere, cir-
cles = this study, triangles = components from (Strik et al., 2007). Ellipses are cones
of 95% confidence associated with component means. Grand mean confidence is
shaded.

similarly aged poles from the Pilbara, we show that common motion
between these cratons is allowable for this time interval. The
method constrains the relative longitudinal separation between
the cratons. An alternative possibility, due to polarity ambiguity,
could reconstruct the cratons in opposite hemispheres, but this
detracts from the similarities that originally prompted the Vaal-
bara hypothesis. Unlike previously suggested reconstructions, all of
which fail to align the two pairs of paleomagnetic poles from 2.78
and 2.70 Ga (Fig. 8a–c), our new reconstruction overlaps the two
paleopole pairs and places the Pilbara immediately to the north-
west of the present-day Kaapvaal craton in a Kaapvaal reference
frame (Fig. 8d). It aligns paleogeographic features on both cratons
from as early as 2.9–2.8 Ga, and as late as ∼2.1 Ga. There is still
considerable room for manoeuvring the Kaapvaal relative to the
Pilbara craton, given the large uncertainties still surrounding the
K1 pole. This allows for a large number of viable reconstructions,
all equally possible, and all sharing the constant placement of the
Pilbara craton somewhere towards the northwest of the Kaapvaal
craton (Fig. 8d). Our preferred fit ensures continuity between the
two cratons by a crossing of the P1–P2 and K1–K2 paths rather than
paralleling apparent polar wander paths, and by allowing a slight
mismatch between the K1 and P1 poles (Fig. 8d). This is deemed
allowable given the large uncertainties associated with the K1 pole
and the ∼10 million year age difference between the K1 and P1
poles.

4.2. Vaalbara through time

Pilbara must undergo an anticlockwise rotation of about 90◦
Zegers fit is valid at 2.83 Ga. Two discrete, but extensive magmatic
episodes, one between 2954 Ma and 2930 Ma and another between
2890 Ma and 2830 Ma, has been identified in the northern Pil-
bara craton (Van Kranendonk et al., 2007). These events, which the
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Fig. 8. 2.78 Ga and 2.70 Ga pole-pair comparison. All reconstructions are in a present Kaapvaal reference frame and centred on 30◦S and 30◦E. In global views the Kaapvaal
and the Grunehogna cratons are indicated in green, whereas the Pilbara craton is orange. Kaapvaal poles (green): K1 = 2782 ± 5 Ma Derdepoort Basalt pole (Wingate, 1998),
K2 = ∼2.7 Ga Allanridge Formation pole (this study). Pilbara poles (Strik et al., 2003) in orange: P1 = 2772 ± 2 Ma Pilbara Flood basalts Package 1, P2 = 2717 ± 2 Ma Pilbara Flood
basalts Package 8–10. Angular distances: K1–K2 = 31.8 ± 23.3◦ , P1–P2 = 24.7 ± 16.2◦ . (a) Ur-like fit produces misalignment of pole pairs. Pilbara was rotated into a Pangean
position about an Euler pole at 29.1◦S, 57.2◦W through an anticlockwise angle of 54.1◦ . (b) Cheney fit with the Pilbara south of Kaapvaal does not result in pole overlap:
Pilbara is rotated about an Euler pole at 71.7◦N, 40.6◦E through an angle of −85.0◦ . (c) Zegers fit was originally suggested for 2.83 Ga old poles, but a similar fit causes
large separation between the 2.78 Ga and 2.70 Ga pole pairs. For the Zegers fit to be valid at 2.83 Ga, the Pilbara craton has to undergo a near 90◦ anticlockwise rotation
and significant displacement before 2.78 Ga. Rotation parameters for the Pilbara craton: 39.3◦N, 102.9◦W through an angle of −156.9◦ . (d) Overlap of similarly aged poles is
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chieved by rotating the Pilbara 93.2◦ about an Euler pole at 59.0◦S, 251.5◦E, bringin
orthwest of Kaapvaal given the pole constraints, but we prefer a tight fit based o
uperimposed onto reconstruction (d). (f) Paleogeography and sedimentary facies
ndicate paleocontinental shelf-slope boundaries. (For interpretation of the referenc

egers fit (Fig. 8c) predicts to be represented in the eastern Kaap-
aal, have thus far gone unrecognized (Eglington and Armstrong,
004; Poujol et al., 2003) – during these times the eastern and
entral parts of the craton experienced a period of magmatic qui-
scence. The younger, western and northern parts of Kaapvaal,
owever, share voluminous plutonism at 2.88–2.82 Ga with the
orthern Pilbara Kurrana Terrane (Eglington and Armstrong, 2004;
chmitz et al., 2004) and possibly with the Sylvania inlier (south-
estern Pilbara). No precise ages exist for basement rocks from the

ylvania inlier, but Rb-Sr ages approximately ∼2.8 Ga (Tyler, 1991),
nd a minimum age is provided by ∼2.75 Ga NNE trending dikes
Wingate, 1999). Furthermore, in our reconstruction, the trends
f greenstone belts of the Sylvania inlier align with those of the
raaipan and Amalia greenstone belts of Kaapvaal, suggesting that

he cratons shared a similar history since 3.2–3.0 Ga (Poujol et al.,
003).

The parallel development of Neoarchean volcano-sedimentary
equences, which constitutes the foundation of the Vaalbara
ypothesis, provides geological piercing points for our reconstruc-
ion. Both this study and the Cheney fit align major structural trends
hroughout the development of the two sequences, but paleomag-
etic data contradict the Cheney fit (Fig. 8a). Facies in the upper
ortescue Group suggest a deepening of the Fortescue basin toward
he west and a NW-SE stretching paleoshoreline when the Pil-
ara is placed to the northwest of Kaapvaal (Thorne and Trendall,
001). Seismic reflectors, above and below the Allanridge Forma-

ion, reveal a similar westward deepening of the Ventersdorp basin
Tinker et al., 2002) (Fig. 8e).

The westward deepening and general NW-SE paleoshore-
ine were maintained throughout deposition of the Hamersley
close and to the northwest of Kaapvaal. Note: Pilbara is allowed in a restricted area
ogical constraints. (e) Paleogeography and volcanic facies distribution at ∼2.70 Ga
ution at ∼2.50 Ga superimposed onto reconstruction (d). Dashed curves in e and f
colour in this figure legend, the reader is referred to the web version of the article.)

Group and the Vryburg Formation-lower Transvaal Supergroup
(Beukes, 1987; McConchie, 1984; Morris and Horwitz, 1983).
Superimposing geochronological, paleogeographical and structural
information from these successions onto the proposed recon-
struction illustrate this (Fig. 8f). Simultaneous deposition of
carbonates and iron-formation during this time further supports
parallel basin development (Nelson et al., 1999; Pickard, 2003).
A single Transvaal-Hamersley basin at ∼2.5 Ga, which is repre-
sentative of only a small portion of the Earth’s surface, should
be considered when evaluating the secular trends in chemical
sedimentation, stable isotope signatures, and paleoclimate prox-
ies.

We cautiously evaluate the existence of Vaalbara after ∼2.5 Ga.
After the ∼2.7 Ga pole (this paper), the paleopole record from the
Kaapvaal resumes only at 2.22 Ga (Evans et al., 1997), from when
on it is well defined until ∼1.87 Ga (de Kock et al., 2006). The
equivalent Pilbaran record is poor, and the only pole compari-
son that can be made is at ∼2.0 Ga or ∼1.8 Ga, depending on the
age assigned to iron ores of the Hamersley province (de Kock et
al., 2008). Following the method of comparing great-circle dis-
tances between successive poles, it can be shown that either age
assignment is unsupportive of our Vaalbara model. This implies
either that Vaalbara fragmented by ∼2.0 Ga, or if the ∼1.8 Ga age
is preferred, that the Vaalbara connection is possible at 2.0 Ga, but
unlikely thereafter. Kaapvaal experienced compression before ca.
2.1 Ga (Beukes et al., 2002), which was responsible for the develop-

ment of long-wavelength N-S axial-folds. Riebeckite is associated
with the axial zones of these folds (Button, 1979). On the Pilbara
craton the ca. 2208–2031 Ma (Müller et al., 2005) Ophthalmian
orogeny was responsible for the development of E-W trending fold
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xes. Here too, Riebeckite is associated with the folds (Krapez et
l., 2003). A clockwise rotation of Pilbara, as our reconstruction
mplies, brings the fold axes of the cratons into rough align-

ent. Shared histories thus support our Vaalbara model up to
2.1 Ga.

. Conclusions

A good match between the apparent polar wander paths of the
aapvaal and Pilbara cratons for the period 2.78–2.70 Ga together
ith strikingly similar geological features (e.g., lithostratigraphy,

eochronology, structures, etc.) provide the best evidence thus far
or the existence of Vaalbara during the late Neoarchean and early
aleoproterozoic eras. Improved paleomagnetic data paired with

mproved age constraints from units like the Derdepoort, Kanye and
obatse volcanics; the Modipe Gabbro; Allanridge Formation and
ryburg Formation as well as the numerous dike swarms exposed
specially on the eastern part of the Kaapvaal craton can help
onstrain the configuration of Vaalbara significantly. The currently
vailable paleomagnetic data constrain the position of the Pilbara
raton in close immediate proximity towards the northwest of the
aapvaal craton in a present-day Kaapvaal reference frame. This

econstruction provides the oldest example, and the only Archean
nstance, of paleomagnetic reconstruction between continental
locks in terms of both paleolatitude and relative longitude. It may
lso require a significant reappraisal of previous paleoenvironmen-
al conclusions concerning the Archean-Paleoproterozoic boundary
n the Hamersley and Transvaal basins. Our reconstruction implies
hat any detailed datasets coming from these well-preserved strati-
raphies represent one basin, in one location on the 2.7–2.2 Ga
arth.
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