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a b s t r a c t
Detailed paleomagnetic study across the Archean-Paleoproterozoic boundary interval preserved in the
Ghaap Group, Transvaal Supergroup, of the Kaapvaal craton reveals a complex series of viscous and
thermo-chemical magnetic overprints. Despite this complex history, a potential primary single-polarity
remanence direction was revealed at high-temperature demagnetization steps in about 10% of orientated
drill core samples only. This component (declination = 132◦ , inclination = 69◦ ) was not identiﬁed in any
of the outcrop sites. Overprint directions include a present geomagnetic ﬁeld remanence and a very well
developed thermo-chemical overprint (declination = 359◦ , inclination = 54◦ ), which is believed to be associated with a ∼2.0 Ga regional thermal event and the development of extensive epigenetic Pb–Zn deposits.
At higher levels of demagnetization, two shallow west-directed components appear to be related to the
extrusion of the Ongeluk Formation lava at 2.22 Ga (declination = 268◦ , inclination = −20◦ ; eastern parts of
the studied region) and to the post-1.92 Ga Kheis orogeny (declination = 272◦ , inclination = 16◦ ; exclusive
to the western margin of the study area), respectively.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
The Agouron-Griqualand Paleoproterozoic Drilling Project was
initiated to study the Archean-Paleoproterozoic transition recorded
within the Transvaal Supergroup, western South Africa (Fig. 1).
Drilling initially focussed on deepwater and slope facies (boreholes GKP1 and GKF1) of the lower Transvaal Supergroup, to further
understanding of the paleoenvironmental changes across the shelf
to basin transition. Even though the Neoarchean-Paleoproterozoic
interval is well studied in South Africa, and a sound understanding
exists of the sequence stratigraphic framework in which the lower
Transvaal Supergroup developed (e.g., Sumner and Beukes, 2006),
the ﬁrst two Agouron cores ﬁll a gap that is not well represented in
outcrop (Fig. 1).
The goals of this paper are threefold. First, we aim to provide
paleolatitude constraints on this key stratigraphic record by determining reliable Archean-Paleoproterozoic paleopoles from core and
outcrop sampling. Secondly, we aim to construct a magnetostratig-
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raphy to aid correlation between drill core and outcrop. Finally,
this study can help to assess the degree of thermochemical alteration within these rocks, and constrain the nature and timing of
hydrothermal ﬂuids potentially responsible for resetting geochemical and isotopic records.
2. Geological setting
The lower Transvaal Supergroup represents a well-preserved
∼2.67 to ∼2.46 Ga continental-ocean record. It was accommodated
in space created via thermal subsidence following the crustal heating and thinning events captured by the Ventersdorp Supergroup
(Schmitz and Bowring, 2003). The sequence is preserved in areas
historically known as the Transvaal Basin in the central Kaapvaal
craton, and the Griqualand West Basin in the western part of the
craton (Fig. 1). The base of the Transvaal Supergroup is deﬁned by
the unconformity at the base of the 2642 ± 3 Ma (unpublished age
listed by Nelson et al., 1999) Vryburg Formation in Griqualand West.
Here the Vryburg Formation overlies the Ventersdorp Supergroup,
and the generally siliciclastic Vryburg Formation is overlain by a
ca 1.5 km thick succession of chemical sediments (carbonate and
banded-iron formation), collectively known as the Ghaap Group.
The lithological units relevant to this study (i.e., the Ghaap
Group, with its triplet subdivision into the Schmidtsdrif, Camp-
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Fig. 1. Geology of the Griqualand West region displaying the location of paleomagnetic sampling sites for this study as well as the location of drill core GKP1.
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Fig. 2. Generalized stratigraphic log of drill core GKP1. Sequence-stratigraphic subdivision following Sumner and Beukes (2006) is indicated. The Schmidsdrif-Wolkberg
sequences, or SW1 and SW2, represent the development of the lower Transvaal mixed siliciclastic-carbonate ramp after the extrusion of the Ventersdorp Supergroup basalts.
The ﬁrst Cambellrand-Malmani sequence, or CM1, represents a craton-wide transgression and CM2-5 represents the development of a steep platform margin. A transgression
deep into the interior of the craton is marked by sequence CM6, while sequences CM7-11 record the development of lagoons and a high-relief margin. The carbonate platform
was ultimately drowned and extensive banded-iron formations were deposited (CM12). Paleomagnetic sample positions and their lithologies are indicated. The generalized
dip-meter log shows that strata have shallow dips throughout the depth of the core and only have experienced slight structural warping.

bellrand and Asbestos Hills Subgroups) were recently reviewed by
Schröder et al. (2006) in their description of the ﬁrst of the Agouron
cores—GKP1. The Schmidtsdrif Subgroup is a mixed siliciclasticcarbonate ramp succession deposited between 2664 ± 6 and
2642 ± 3 Ma (Barton et al., 1995; Walraven and Martini, 1995)
and is conformably overlain by the Campbellrand/Malmani succession. The Campbellrand/Malmani succession represents two
laterally equivalent carbonate sequences (Beukes, 1987)—a thin
basinal deepwater succession to the southwest off the edge of the
craton in Griqualand West, and a relatively thick continental shelf
succession deposited in shallower water on the craton in both the
Griqualand West and Transvaal regions. In contrast to the predominantly stromatolitic shallow shelf sequence (Beukes, 1987; Sumner,
1997; Sumner and Grotzinger, 2004), the basinal sequence is made
up of microbialitic, ﬁnely laminated carbonates and siliciclastic
mudstone, chert and thin beds of iron formation—the so-called
Prieska Facies. Chert and banded-iron formation of the Asbestos
Hills Subgroup conformably overlie the Campbellrand Subgroup,
representing drowning of the platform at about 2.5 Ga (Pickard,

2003; Sumner and Bowring, 1996). Borehole GKP1 (Fig. 2) provides
a complete record of the basal carbonate ramp (i.e., Schmidtsdrif
Subgroup) as well as the distal slope equivalent facies of the carbonate platform development and drowning episode (14 sequences
described by Sumner and Beukes, 2006).
In principle, the Transvaal Supergroup should lend itself well
to paleomagnetic study. Most outcrops have only experienced
lower greenschist facies metamorphism (Button, 1973; Miyano and
Beukes, 1984), and amphibolite facies is only reached in proximity to the ∼2.06-Ga old (Buick et al., 2001; Walraven, 1997;
Walraven and Hattingh, 1993) Bushveld Complex. Supergene alteration associated with late ﬂuid ﬂow coeval with the Bushveld
Complex (Duane et al., 2004), but not necessarily related to its
intrusion, is responsible for Pb–Zn mineralization developed at
various localities within the Campbellrand and Malmani Subgroups (Duane et al., 2004; Greyling et al., 2001; Gutzmer, 2006;
Huizenga et al., 2006a,b). Hydrothermal gold and ﬂuoride mineralization of an unknown age have also been reported (e.g., Button,
1979).

M.O. de Kock et al. / Precambrian Research 169 (2009) 80–99

83

3. Sampling and method

4. Results

3.1. Outcrops

4.1. Outcrops

We sampled limestone and shale of the Schmidtsdrif Subgroup
(i.e., the Boomplaas and Monteville Formations) and limestone from
the Cambellrand Subgroup at the now abandoned Pering Pb–Zn
Mine and from a locality close to Kuruman (Gamohaan) in northern
Griqualand West (Fig. 1). The outcrop sampling permits paleomagnetic ﬁeld stability tests (i.e., conglomerate tests on micritic
limestone intraclasts in a sedimentary breccia within the Boomplaas Formation and a baked contact test between litholigies of
the Boomplaas Formation and an undated N–S trending dolerite
dyke), which could not be achieved for the drill core. Samples
were drilled with a portable, hand-held petrol drill. Orientation
was achieved by magnetic compass, and for most samples also a
sun compass.

Four magnetic components were identiﬁed (see Table 1 at the
end of Section 4), three of which can convincingly shown to be
younger overprints. A ﬁeld stability test could not be performed
for the fourth component, but it too is believed to be a younger
remanence.

3.2. Drill core
The GKP1 borehole was inclined at a 15◦ angle from vertical in
the direction of the surface dip of the strata, which did not exceed
5◦ . This maximised the ellipticity of bedding intersections, aiding
azimuthal orientations. Borehole control was maintained throughout drilling, and the retrieved core was left on the topside with an
impact “ballmark” alongside the drilling azimuth. Wireline tools
run after drilling further assisted in the orientation of paleomagnetic samples.
Retrieved core was halved along its azimuth axis, and the northern half was sampled (Fig. 2). All sequences from the Lokamona
shale upward to the base of the Kuruman Iron Formation are represented. Sampling involved drilling small cylindrical core specimens
(2.5-cm diameter) perpendicular to the ﬂat cut (south-facing) sides
of the halved drill cores, thus yielding specimens with zero plunge.
Specimen strike was taken as 180◦ from the borehole azimuth at
each speciﬁc sampling depth. Specimens were trimmed to ∼2 cm
height. The sampled half of the core is archived at the Smithsonian
Institute, Washington, DC whereas the other half is stored at the
Council for Geosciences in Pretoria, South Africa.
3.3. Laboratory
Trimmed specimens were measured on 2G EnterprisesTM
SQuID magnetometers equipped with automatic sample-changing
systems (Kirschvink et al., 2008) at the California Institute of Technology and Yale University. Demagnetization generally consisted of
15–40 steps. Outcrop samples were typically pre-treated with lowﬁeld-strength alternating-ﬁeld (AF) demagnetization up to 20 mT,
then thermally demagnetized in a magnetically shielded furnace
from 100 to 510 ◦ C. For some sites thermal demagnetization up to
360 ◦ C was followed by high-ﬁeld AF demagnetization from 40 to
70 mT.
After being grouped by lithology, drill core samples were pretreated with AF demagnetization up to 10 mT, then thermally
demagnetized from 100 to 500 ◦ C in 15–20 steps at decreasing intervals or until specimen intensity dropped below noise level. The
demagnetization procedure (temperature interval, size, etc.) varied
greatly according to lithology.
Magnetic components were identiﬁed via least-squares analysis
(Kirschvink, 1980). Fits with error angles ≤15◦ were used to calculate directional means, and only means with ˛95 and k-parameter
values of ≤15◦ and ≥10, respectively were used to calculate virtual
geomagnetic poles (VGPs). Calculations and all subsequent statistical analyses utilized the software Paleomag (Jones, 2002) and
PaleoMac (Cogné, 2003).

4.1.1. Boomplaas Formation (Sequence SW1)
The Boomplaas Formation crops out along a narrow gorge cut by
the Orange River in the southern Griqualand West region, accessed
from Gewonne farm. We sampled ﬁve sites, including two intraformational conglomerate tests and one baked-contact test (Fig. 3).
Sample demagnetization behaviour fell into two groups. In the
ﬁrst group, sample remanence is dominated by single uniformly
(“randomly”) distributed components (e.g., BBC 5.1, Fig. 4(a)).
These magnetizations exhibit behaviour uncharacteristic of lightning induced magnetizations, being readily demagnetized by the
AF method, and displaying humped patterns on J/Jmax diagrams
(e.g., BBC 5.1, Fig. 4(a)). Samples may instead suffer from limitations imposed by the grain size of their magnetic minerals. Thirty
to 40% of samples from site G02A 1–28 and site BCC display this
enigmatic behaviour (Fig. 5).
In the second group, beneath the unstable magnetic components removed by low-ﬁeld AF demagnetization, samples record
three stable components. The ﬁrst component (Present Earth Field,
abbreviated PEF) unblocks at temperatures up to 250 ◦ C, and has a
northerly and upward direction similar to the axial dipole ﬁeld. A
second component is northerly and downward directed (ND) and
unblocks between 250 and 320–380 ◦ C. In many samples from site
G02A, the ND component does not decay towards the origin of
the demagnetization plot (Fig. 4(b) and (c)), but further demagnetization does not reveal any stable underlying component. In
contrast, thermal demagnetization above 320–380 ◦ C in samples
from site BBC and BGG reveals a third component with a shallow
westerly direction (Fig. 4(a) and (c)). Linear ﬁts for this component
dominantly have shallow downward inclinations (W+; e.g., BBC 3.1
in Fig. 4(a)), but in a few cases inclinations are upward directed
(W−; e.g., BGG 5 in Fig. 4(c)). The W− components were grouped
with the W+ components for the calculation of directional means
(Fig. 5). This may result in the mixing of two distinct components,
but excluding the W− components does not signiﬁcantly alter the

Fig. 3. Schematic stratigraphic section of the Boomplaas Formation and sampling
sites at Gewonne Gorge.
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Table 1
Summary of least-squares component directions for the Ghaap Group from outcrop and drill core.a .
COMPONENT in
boldface

Site

Lithology

n/N

L/P

Max. Unbl.

Sequence (Fm.)

D in deg.

I in deg.

Tectonically-corrected coordinates
˛95 in deg.

k

D in deg.

I in deg.

˛95 in deg.

k

17/25

17/0

250 ◦ C

350.9

−47.2

25.1

7.3

350.9

−47.2

25.1

7.3

16/18
2/5

16/0
2/0

250 ◦ C
250 ◦ C

333.2
317.5

−57.5
−57.9

16.0
–

9.5
–

330.1
317.5

−36.3
−57.9

5.0
–

18.3
–

20/52

20/0

∼250 ◦ C

356.1

−47.1

11.8

9.9

353.8

−47.4

12.5

9.6

◦

11/11
9/13

11/0
9/0

250 C
250 ◦ C

328.8
328.7

−46.3
−50.5

33.8
14.8

7.6
13.0

332.0
331.9

−49.1
−53.3

33.8
14.6

7.6
13.1

20/21

20/0

225–275 ◦ C

343.6

−53.0

49.2

4.7

340.6

−53.3

43.6

5.0

17/20

17/0

225–250 ◦ C

339.2

−45.5

100.6

3.6

333.2

−40.1

9.6

12.1

◦

5/7

5/0

250 C

336.4

−45.5

6.7

28.0

337.4

−47.3

6.7

28.2

37/87

37/0

240 ◦ C

322.4

−57.8

12.1

7.1

324.2

−67.7

12.9

6.8

15/25

15/0

∼380 ◦ C

345.8

44.8

9.3

13.8

345.8

44.8

9.3

13.8

16/18
3/5

16/0
3/0

380 ◦ C
∼380 ◦ C

2.1
349.1

47.9
63.2

161.5
84.5

2.1
11.0

26.9
349.1

55.3
63.2

6.3
84.5

15.9
11.0

30/52

30/0

360 ◦ C

13.6

45.1

9.9

8.8

14.8

44.5

9.7

8.9

10.6
16.9

54.3
56.4

253.4
121.8

2.7
3.8

5.1
16.9

53.9
56.4

252.8
121.8

2.7
3.8

◦

11/11
12/13

11/0
12/0

380 C
320–380 ◦ C

18/21

18/0

380 ◦ C

6.8

48.4

85.3

3.8

11.3

49.8

81.2

3.9

19/20

19/0

380 ◦ C

357.6

54.4

280.3

2.8

8.4

56.1

13.9

9.3

◦

7/7

7/0

380 C

349.0

50.0

29.1

10.5

347.3

48.6

29.0

10.5

36/87

36/0

270–300 ◦ C

354.9

61.1

25.3

4.8

348.6

55.3

20.2

5.4

15/18

15/0

440 ◦ C

262.3

21.3

34.8

6.3

249.1

31.9

9.4

12.7

2/5

1/1

510 ◦ C

–

–

–

–

–

–

–

–

8/45

6/4

65 mT

294.7

18.3

11.3

17.2

294.7

18.3

11.3

17.2
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Secondary components constrained by ﬁeld tests
PEF
Micritic limestone
SW1 (Boomplaas
G02A
Fm.)
G02A (congl.)
Micritic intraclasts
BBC
Stromatolitic limestone
and dolomite
Stromatolitic limestone
G02B
shale, hornfels and dolerite
Edgewise conglomerate
BCT (congl.)
Stromatolitic limestone
BGG
and carbonate sst.
G02C
Shale and limestone
SW2 (Montiville
Fm.)
G02D
Dark grey limestone (partly
CM5 (Reivilo
Fm.)
mineralized)
GACB
Limestone
CM11
(Gamohaan Fm.)
GKP1
Microbially-laminated
SW1-CM12
carbonate,
(Boomplaas to
evenly-laminated
Kuruman Fm.)
carbonate, tuff and
banded-iron formation
ND
G02A
Micritic limestone
SW1 (Boomplaas
Fm.)
Micritic intraclasts
G02A (congl.)
BBC
Stromatolitic limestone
and dolomite
G02B
Stromatolitic limestone
shale, hornfels and dolerite
Edgewise conglomerate
BCT (congl.)
BGG
Stromatolitic limestone
and carbonate sst.
SW2 (Monteville
G02C
Shale and limestone
Fm.)
Dark grey limestone (partly
CM5 (Reivilo
G02D
mineralized)
Fm.)
CM11
GACB
Limestone
(Gamohaan Fm.)
GKP1
Microbially-laminated
SW1-CM12
(Boomplaas to
carbonate,
Kuruman Fm.)
evenly-laminated
carbonate, tuff and
banded-iron formation
W+
Micritic intraclasts
SW1 (Boomplaas
G02A (congl.)
Fm.)
BBC
Stromatolitic limestone
and dolomite
G02B
Stromatolitic limestone
and dolerite (Hornfels
excluded)

Present coordinates

Table 1 (Continued )
COMPONENT in
boldface

Site

Lithology

n/N

L/P

Max. Unbl.

BCT (congl.)
BGG

Edgewise conglomerate
Stromatolitic limestone
and carbonate sst.
Limestone

10/11
12/13

8/2
12/0

440 ◦ C
410 ◦ C

272.1
272.6

15.7
8.4

18.4
17.8

12.4
12.2

273.3
272.6

11.8
8.4

18.4
17.8

12.4
12.2

7/7

4/3

470 ◦ C

282.4

17.2

27.4

14.9

282.6

15.3

27.4

14.9

–

–

307.7

12.4

–

–

Sequence (Fm.)

D in deg.

GACB
GKP1

˛95 in deg.

k

D in deg.

I in deg.

˛95 in deg.

k

Microbially-laminated
carbonate,
evenly-laminated
carbonate, tuff and
banded-iron formation

2/87

2/0

440 C

307.8

18.9

Microbially-laminated
carbonate,
evenly-laminated
carbonate, tuff and
banded-iron formation

33/87

33/0

10 mT

67.8

−77.6

74.4

2.9

91.8

−73.2

51.3

3.5

G02B

Honfels only

7/7

7/0

65 mT

272.8

−0.8

85.8

6.6

272.8

−0.8

85.8

6.6

G02C

Shale and limestone

14/21

11/3

470 ◦ C

271.6

−19.6

24.1

8.8

271.9

−16.8

24.3

8.8

G02D

Dark grey limestone (partly
mineralized)

18/20

18/0

490 ◦ C

264.7

−20.4

278.7

2.1

264.7

−20.4

278.7

2.1

GKP1

Microbially-laminated
carbonate,
evenly-laminated
carbonate, tuff and
banded-iron formation

10/87

10/0

470 ◦ C

132.2

69.0

23.6

10.2

135.2

77.6

20.2

11.0

Components unconstrained by ﬁeld tests
LOW
GKP1
SW1-CM12
(Boomplaas to
Kuruman Fm.)

W+/−
SW1 (Boomplaas
Fm.)
W−
SW2 (Monteville
Fm.)
CM5 (Reivilo
Fm.)
SD
SW1-CM12
(Boomplaas to
Kuruman Fm.)

◦

I in deg.

Tectonically-corrected coordinates
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CM11
(Gamohaan Fm.)
SW1-CM12
(Boomplaas to
Kuruman Fm.)

Present coordinates

Underlined entries were not included for component-mean and paleomagnetic pole calculations.
a
Abbreviations: Fm. = Formation, n/N = number of samples included of total taken at speciﬁc site, L/P = number of linear ﬁts vs. plane ﬁts, Max. Unbl. = maximum temperature in ◦ C or ﬁeld-strength in mT at which component
unblocks, D = declination, I = inclination, deg. = degrees, k = Fisher’s (1953) precision parameter, ˛95 = radius of 95% conﬁdence cone about the mean.
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Fig. 4. Representative sample behaviour during demagnetization for essentially horizontal limestone and shale of the Boomplaas Formation. (a) Demagnetization of stromatolitic limestone from site BBC yielded three stable magnetizations, identiﬁable as linear ﬁts in BBC 3.1, or anomalous single linear components, ex. BBC 5.1. Plots of
normalized magnetization (J/Jmax ) and demagnetization steps reveal behaviour unlike that expected of lightning induced isothermal remanent magnetizations. In sample BBC
3.1 a present geomagnetic ﬁeld-like remanence was removed at 200 ◦ C, after AF-pretreatment removed a low-coercivity component (coded PEF). Between 200 and 380 ◦ C a
northwesterly and down (ND) component was removed, while higher temperature steps to 470 ◦ C revealed a shallow westerly component (W+). (b) Similar components were
identiﬁed in samples from G02A with various degrees of success. (c) Limestone samples from site BGG were very consistent during demagnetization, yielding three readily
identiﬁable components (PEF, ND and W+). Orthogonal plots: solid symbols = horizontal plane, open symbols = N–S and vertical plane. Equal area plots: solid symbols = lower
hemisphere, open symbols = upper hemisphere.

calculated means. The W+/− components did not always decay
towards the origin, which suggests that there may be an unresolved
“harder” component of NRM, which is obscured by inconsistent
demagnetization behaviour above 440 ◦ C. In two samples from site
BGG (e.g., BGG 5 in Fig. 4(c)) high-temperature demagnetization
steps hint at a southerly and downward character for this obscured
component, but no signiﬁcant mean could be calculated.
4.1.1.1. Conglomerate tests. Intraclasts of micritic limestone from
two sites, G02A 30–42 and BCT, respond well to demagnetization
and three components were readily identiﬁed (Fig. 6(a) and (b)).
Without applying any tilt-corrections to the clasts, these components are tightly clustered and mostly align with the PEF, ND and

W+ components discussed above (Fig. 6(c) and (d)), suggesting that
these components post-date conglomerate formation. Bedding was
measurable within most clasts from site G02A, allowing restoration
back to paleohorizontal. This correction results in a wide range of
inclinations for all three of the identiﬁed components (Fig. 6(c))—it
fails the conglomerate test. Individual clast orientations from site
BCT were not recorded.
Two clasts from the same core (G02A 41A and 41B, Fig. 6(c)) also
record three components, but although the ﬁrst component is PEFlike, conﬁrming that the core was oriented correctly, the remaining
two components are offset from one another as well as the components identiﬁed in the other clasts. The inconsistent directions
at higher demagnetization levels are most likely due to component
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Fig. 5. Equal-area plots of remanence components from outcrop sites within the Boomplaas Formation in geographic coordinates. Open/lightly shaded symbols = upper
hemisphere, closed/heavily shaded symbols = lower hemisphere. Shaded symbols on planes = planar ﬁts, circles = low coercivity or anomalous component linear ﬁts, upright
triangles = PEF component linear ﬁts, squares = ND component linear ﬁts, downward triangles = W+ component linear ﬁts. Shaded ellipses are component means and their
associated 95% cones of conﬁdence.

mixing, but potentially this sample, and the two clasts it contains,
escaped remagnetization.
The stability of magnetization and overall good demagnetization behaviour sets apart the G02A conglomerate samples (30–42)
from those taken lower in the succession (samples 1–28), being
much more like that of samples from site BGG. The two conglomerate test sites and site BGG lie approximately along strike of a
prominent west-northwesterly erosional lineament, which probably represents a fracture or fault (Fig. 6). Proximity to this lineament
may have ensured sufﬁcient interaction with a remagnetizing ﬂuid.
4.1.1.2. Baked-contact test. A coarse- to medium-grained, ca. 100 m
thick, dolerite dyke of unknown age intrudes the Boomplaas Formation, causing the usually sub-horizontal northwest dipping strata to
be turned upwards (Fig. 7). We sampled within the baked contact
zone, 1.2–1.9 m from the intrusion, and from progressively lessbaked limestone (4–50 m away). An additional six shale samples
were collected >100 m away from the dyke.
Coarse-grained dolerite from the centre of the intrusion is magnetically unstable, with single, “randomly” directed components
that decay toward the origin. Closer to the contact, as the dolerite
becomes ﬁner-grained, more sense can be made of samples’ decay
(Fig. 7 right and Fig. 8). After the removal of minor low-coercivity
or “soft” NRM components, a present geomagnetic ﬁeld-like (PEF)
component unblocks. The so-called soft components are generally uniformly directed, but in four samples (G02B 9–12, Fig. 8)
they cluster about a steep upward easterly direction, which is
not observed in any of the other samples. The PEF mean is very
poorly clustered (k = 4.7). A northerly downward (ND) component
then unblocks up to temperatures of about 315 ◦ C. Although similar to the ND component identiﬁed at the other sites, the dolerite
ND components are signiﬁcantly scattered and the distribution is
streaked towards the north. In a few samples (9–12, but the ﬁt for
sample 12 has an error of 15◦ so is not included in calculations)
demagnetization follows a great circle arc trajectory away from
shallow northerly directions towards a very steep north and up

direction (NU), which forms a stable end-point of thermal demagnetization between 315 and 360 ◦ C. The ND and higher stability
NU components may not be successfully separated by demagnetization in most of the samples, causing the observed streaking
of the ND components. Unblocking spectra suggest that the NU
component is carried by a magnetic phase with higher coercivity
than pyrrhotite, presumably magnetite. Thermal demagnetization
to 360 ◦ C was followed with high-ﬁeld-strength AF demagnetization from 40 to 70 mT. In ﬁve of the samples this resulted in an
immediate “jump” of magnetization vectors away from the position of the last thermal step (usually around the ND component,
the NU component or a mixture of those two) towards a shallow
west and down direction (W+). In the other seven samples a similar
jump was observed, but the resulting directions are scattered. The
ﬁnal high-level AF steps that describe the W+ components appear
more scattered when viewed in specimen coordinates, bolstering
our interpretation that a W+ remanence is recorded in some of the
medium-grained dolerite samples. Unfortunately, the component
mean is too poorly deﬁned to be used in further calculations or
comparisons.
Hornfels samples 16–22 from within the baked-contact zone,
less than 2 m away from the intrusion are dominated by a shallow
westerly characteristic remanence (Fig. 7), although three components are readily identiﬁable. The ﬁrst two components are clearly
PEF and ND components as seen elsewhere, while the third component unblocks as a nearly horizontal west-directed line that
decays toward zero with high-ﬁeld-strength AF steps. The mean
of the westerly components is well deﬁned and directed slightly
upward (W−), which contrasts with the westerly down (W+) magnetizations identiﬁed elsewhere (Fig. 8). Since chemical and/or
thermal remagnetization of the country rock is expected to be
total at the contact with an intrusion, and since the ﬁne-grained
hornfels is probably a better magnetic recorder than mediumgrained dolerite, we interpret the west-up (W−) remanence to be
equivalent to the intrusion’s primary thermo-remanent magnetization.
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Fig. 6. Results from intra-formational conglomerate tests. (a) Representative sample behaviour for micritic intraclasts from site G02A. Symbols are as for Fig. 4. (b) Representative sample behaviour for clasts from an intraclast breccia at site BCT. Symbols are the same as for Fig. 4. (c) A negative intra-formational conglomerate test for components
PEF, ND and W+ at site G02A. Restoration of clasts to paleo-horizontal result in signiﬁcant scatter. Sample 41 displayed inconsistent behaviour and were not included in the
calculation of component means. Symbols are as in Fig. 5. (d) Another negative intra-formational conglomerate test for components PEF, ND and W+, from site BCT. Symbols
are as in Fig. 5.

Stromatolitic limestone between 4 and 50 m away from the
intrusion responds to demagnetization much like the micritic limestone/dolostone at site G02A some 2.5 km to the east. Here too,
samples display either singular erratic components or as many as
three components (i.e., PEF, ND and W+; see Figs. 7 and 8). The
W+ component is poorly developed, and when present it is usually
revealed as great-circle arcs toward the west.

Well removed from the intrusion, shale samples similarly
respond well to demagnetization, but record only PEF and ND components (Figs. 7 and 8).
Locally it would appear as if the shallow westerly remanence is
progressively less well recorded by samples further from the intrusion, but the W+ component is also present at much more distant
sampling sites (e.g., G02A and BBC). It might be argued that the west
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Fig. 7. Geological sketch map of the baked-contact test at site G02B and equal-area plots of sample demagnetization progressively farther away from the intrusion.

horizontal (W−) remanence of the hornfels is indeed different from
the regionally present W+ direction, but formal comparison shows
that the hornfels W− components are statistically indistinguishable
from the W+ components from site BGG. The baked-contact test is
therefore inconclusive.
4.1.1.3. Summary of components identiﬁed in the Boomplaas Formation. Four magnetic components were identiﬁed within the
Boomplaas Formation. The ﬁrst to unblock is a viscous remanence
paralleling the present geomagnetic ﬁeld (PEF), the second (ND) is
believed to be carried by pyrrhotite and the third (W+) is revealed at
higher levels of demagnetization. Samples originating from within
a contact zone to a 100 m thick dolerite dyke displayed wellgrouped near-horizontal westerly components at higher levels of
demagnetization (W−). Conglomerate tests indicate the PEF, ND
and W+ components are all later magnetic overprints. Although a
baked-contact test is statistically inconclusive, we interpret the W−
component as a thermal remanence associated with the dolerite
intrusion.
4.1.2. Monteville Formation (Sequence SW2)
We collected 21 samples from very shallow northwest dipping
to subhorizontal interbedded limestone and shale exposed in the
valley of the Klein Riet River, northeast of Campbell.
Representative sample behaviour during demagnetization is
illustrated in Fig. 9. AF pre-treatment and thermal demagnetization below 225 ◦ C removes a PEF component in all samples except
for sample G02C7. The ND overprint is also observed, and as in the
Boomplaas Formation, unblocks by 380 ◦ C. At higher temperature
steps a few samples (14–18) demagnetize along great-circle trajectories back to a direction similar to the present geomagnetic ﬁeld,
i.e., north and up (NU). These samples vary in lithological character, but were all taken from near the top of the short stratigraphic
section. Upon heating to 470 ◦ C, samples from near the base of the
section demagnetized towards a shallow westerly upward direc-

tion (W−), which in most cases decayed towards the origin. All four
components were identiﬁed in sample G02C13, in order of removal:
PEF, ND, W− and NU.
4.1.3. Reivilo Formation (Sequence CM5)
Twenty samples of dark grey, massive limestone, ranging from
barren to slightly mineralized, were collected from the upper
benches of the “P24” open pit of the Pering Pb–Zn mine, eastern Griqualand West. Bedding is regionally horizontal, but samples
11–20 originate from within and across a large (∼2 m diameter, ∼2 m high) domal stromatolite, leading to signiﬁcant variance
in bedding between these samples. As a matter of curiosity we
documented bedding attitudes of our samples from this stromatolite, but we expected that even a primary depositional
component would disperse if bedding were to be corrected toward
horizontal. Indeed, this proved true for all observed magnetic components.
Each sample has three well-deﬁned and consistent components
(see Fig. 10(a)). From NRM to about 225–250 ◦ C, a direction similar to the present-day geomagnetic ﬁeld (PEF) is interpreted as a
VRM with very minor goethite contributions. Weathering in the
Pering mine is minimal, but because our samples are from the highest benches of the mine, they could have been affected slightly by
weathering.
The second component was removed quite abruptly between
250 and 360 ◦ C (dominantly 300–330 ◦ C), and is directed northward
and downward (ND). The unblocking spectrum suggests pyrrhotite
as the carrier of this component, and its substantial contribution to
the NRM is readily explained by close spatial association of these
samples with the Pering sulﬁde ore body.
The third component, removed between about 400 and 470 ◦ C, is
directed westward and shallow-upward (W−). At 480–490 ◦ C, specimen directional behaviour becomes unstable, even though the last
stable steps indicate a signiﬁcant non-zero remainder of the NRM.
Trajectories of the stable demagnetization steps above 400 ◦ C either
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Fig. 8. Results from various lithologies sampled for a baked-contact test at site G02B. Within-site scatter, anomalous magnetic components, and the lack of a stable remanence
in country rock render this test inconclusive. Symbols are as in Fig. 5. In addition, diamond symbols show northerly upward directed components (coded NU) believed to
represent the present geomagnetic ﬁeld. These NU components unblock after the north-down directed overprint components at about 360 ◦ C.

point directly toward the origin, or streak toward non-zero values suggesting the presence of an additional component. However,
there is no preferred direction to these streaks, and thus they are
interpreted as minor spurious laboratory-induced mineral growth
with thermo-crystallization remanence.
Calculations of mean directions for each of these three components excluded sample G0CD 18, which was anomalous in all three
groupings (Fig. 10(b)). The mean calculation for the third component also excluded sample G0CD 1 (Fig. 10(b)), which was directed
signiﬁcantly apart from the modal group toward the present-ﬁeld
direction, suggesting component mixing. As expected, all three
components disperse upon applying a tilt-correction that forces
bedding toward horizontal (illustrated in Fig. 10 for the ND and
W− components).
4.1.4. Gamohaan Formation (Sequence CM11)
The last outcrop site is located near Kuruman in the northwestern part of the region, where carbonate and banded-iron formation

lithofacies record the conformable passage from subtidal/peritidal
environments to deep subtidal during the drowning of the platform
(Sumner and Beukes, 2006).
Samples record PEF components, removed at the lowest demagnetization levels, and the regional ND overprint at temperatures
characteristic of the Curie temperature of pyrrhotite (Fig. 11). The
W+ remanence direction seen in the Boomplaas Formation to the
southwest is also present at higher temperature demagnetization
levels (Fig. 11). This W+ remanence is conspicuously absent from
sites located toward the east (G02D and G02C), where a W− remanence is recorded instead.
4.2. Drill core GKP1
All sample groups, independent of lithology, yielded four magnetic components, with a weakly resolved ﬁfth component (west
shallow-down, W+) recorded in some specimens. Typical demagnetization behaviour for carbonate, BIF and tuff samples is illustrated
in Fig. 12.
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Fig. 9. Demagnetization behaviour and results for shale and carbonate samples from the Monteville Formation in geographic coordinates. Symbols are as in Figs. 4 and 5, and
component NU is represented by diamond symbols.

Upon low-ﬁeld strength AF demagnetization all lithologies
from all the sequences sampled revealed remanence components
spread about a northeasterly, steep upward direction (referred to
here as LOW). Low-temperature (<240 ◦ C) demagnetization then
removed scattered magnetizations that were generally directed
north to northwest, with negative inclinations of about 55◦
(coded PEF). Between 240 and 270–300 ◦ C a third component,
characterized by clear non-zero seeking linear trajectories on
Zijderveld plots, unblocked in nearly all of the samples regardless
of lithology or sequence. This intermediate temperature component is directed north and downward at moderate to steep angles
(ND).
At higher temperature steps (above 270–300 ◦ C) two magnetic
components were revealed. The ﬁrst of these components is characterized by demagnetization trajectories following great-circle arc
paths away from the ND component mean towards scattered near
horizontal directions. This fourth component (W+) could only in a
few cases be quantiﬁed via straight-line ﬁts and was generally only
discernable as short segments of great circle arcs away from the
ND magnetizations. In most samples, however, demagnetization
above 270 ◦ C was characterized by great-circle arc segments away
from the ND components towards southerly steep-positive inclination directions (SD), which remained stable up to 470 ◦ C. Above
this temperature, sample behaviour became erratic. In the few sam-

ples that recorded the W+ remanence, demagnetization trajectories
shift from following a great circle arc away from ND components
towards W+ components, to following a great circle arc away from
W+ components towards SD components. This switch in trajectory
occurs at about 340 ◦ C.
The distributions of all ﬁve components are obviously streaked
or elongated when plotted (Fig. 13(a)). The causes of streaking in
paleomagnetic data can be numerous, as listed by Beck (1999). Sample size effects are a probable cause for the severe streaking of the
few W+ directions, but for the remaining four magnetic components
(LOW, PEF, ND and SD) our sample populations are sufﬁciently large
(n > 20) that the chances of selecting an elongate random sample are
very small (Beck, 1999). Incomplete removal of secondary components cannot be wholly ruled out, but seems unlikely because the
demagnetization behaviour of most individual samples reveals easily identiﬁable straight-line segments merging with small or hardly
any curvature. Strata intersected by GKP1 dip at shallow angles
(usually less than 10◦ ) and no structural disturbance apart from
gentle warping can be deduced from the electronic dip-meter log
(Fig. 2). For borehole drill core, an additional potential contributor to
component streaking is the uncertainty in azimuthal orientation. In
some instances multiple “ballmarks” were left on retrieved core due
to the rebounding of the core upon breaking or the bumpy journey
of the core back to the surface. In such instances the drill over-
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Fig. 10. Demagnetization behaviour from site G02D at the Pb–Zn mine, Pering, in
geographic coordinates. The medium and high-temperature components are shown
in both geographic and tilt-corrected coordinates. Symbols are the same as previously used. Sample G02D18 displayed inconsistent directions and was excluded for
the calculation of component means. The high-temperature component identiﬁed
from sample G02D1 is suspected of being poorly resolved and component-mixing
with the ND component is suspected. It is therefore excluded from the W− mean
calculation.

seer selected the best “ballmark” based on bedding surfaces in the
retrieved core. Incorrect “ballmark” selection could have resulted
in errors in the estimation of the drilling azimuth. Splitting of core
is another potential source of errors, as the line along which core is

Fig. 11. Demagnetization behaviour from the Gamohaan Formation in geographic
coordinates. Symbols are as used before.

split may deviate from the azimuth. These errors should in principle
be small, because core recovery was nearly 100% and adjacent ballmarks could be compared for consistency. Furthermore, such errors
are equally likely to be either clockwise or anticlockwise away from
the true value, thus no systematic error or deﬂection of the mean
are suspected.
The effect of random errors in azimuth estimation can be simulated by rotating a Fisher distributed (Fisher, 1953) dataset by
random amounts about an axis that corresponds to the true drilling

Fig. 12. Representative sample demagnetization behaviour, in geographic coordinates, for microbial carbonate, evenly-laminated carbonate, banded-iron formation and tuff
of the Ghaap Group from drill core GKP1. Samples record as many as ﬁve magnetic components. Symbols are as in Fig. 4.

M.O. de Kock et al. / Precambrian Research 169 (2009) 80–99

93

Fig. 13. (a) Equal-area plots of least-squares analyses split into the ﬁve identiﬁed components for all the lithologies and sequences sampled from core GKP1. Note the
pronounced elongated distributions or streaking of all ﬁve components. (b) Simulation of the effects of errors, small (±5◦ ) to large (±50◦ ), in the estimation of the drilling
azimuth on the distribution of Fisherian data-sets located close (30◦ ) and far away (90◦ ) from the true dilling azimuth (star). Azimuthal errors as small as 10◦ have a noticeable
effect on distributions. Distortion of data sets becomes more pronounced if the Fisherian sample is further away from the drilling azimuth. (c) Streaking is dramatically
reduced if data are screened for PEF and ND-component consistency, i.e., the known present geomagnetic ﬁeld and ND overprints are used as a proxy of how well samples
were oriented and how successfully the components were resolved.

azimuth (Fig. 13(b)). Synthetic Fisher-distributed populations of
100 data points each were centred on directions at various angular
distances from the drilling azimuth (Fig. 13(b) shows two examples,
30◦ and 90◦ ). Thirty data points were then randomly selected from
each population, and a random rotation, ranging within a speciﬁed
maximum on either side of the true azimuth (Fig. 13(b) shows four
examples, 5◦ , 10◦ , 20◦ and 50◦ ), was applied to each point. These
numerical simulations demonstrate that small errors (ca. 10◦ ) in
the estimation of the drilling azimuth can result in a noticeable

distortion. The severity of the distortion becomes greater as the
angle between the drilling azimuth/rotation axis and the component increases (Fig. 13(b)).
The simulated results closely resemble what is observed in the
GKP1 samples (compare Fig. 13(a) and (b)), suggesting that the
observed streaking is primarily the result of core azimuthal orientation errors, and that these errors are generally of the order of 20◦
or smaller. Extremely large (>20◦ ) errors in estimation are regarded
as unlikely due to the general agreement between the observed
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bedding in drill core and that obtained from electronic dip-meter
logs.
When calculating component means, only those samples with
well deﬁned PEF and ND components similar to those seen in
outcrop sites were selected. Both of these components are well
deﬁned in outcrop data and shown to be representative of secondary magnetic overprints. They are therefore good proxies with
which to assess sample orientation and component isolation. For
data screening, samples were treated separately according to lithology. In each lithological group only those samples that record both
PEF and ND remanence components were selected, and samples
for which PEF or ND line ﬁts had errors of ≥15◦ were excluded.
However, this still produced distributions with signiﬁcant streaking. A stricter selection process was attempted by ﬁrst calculating
a mean of the PEF and ND components and then selecting only
ﬁts located less than two standard deviations away from the mean.
The ﬁnal selection includes only samples where the PEF and ND
components both passed this stricter selection process (Fig. 13(c)),
and signiﬁcantly reduces the amount of streaking, although some
of the component distributions are still slightly elongated. Even
stricter selection criteria could further reduce elongation, but we
believe that the process as outlined above provides a conservative
and unbiased estimate of component means.
5. Mean paleomagnetic directions and interpretation of
remanence acquisition
5.1. Low-coercivity/low-temperature components (LOW and PEF)
The “softest” magnetic components, removed by low-ﬁeld AF
pre-treatment to 10–15 mT, have either scattered directions (outcrop), are aligned with the present geomagnetic ﬁeld (PEF), or
are directed northwest and upward (borehole, LOW). The PEF
component, which in outcrop samples persists up to thermal
demagnetization steps of ≤250 ◦ C, is interpreted as a viscous and/or
low-temperature crystallization (i.e., weathering) magnetization
acquired during the Brunhes polarity epoch. The samples from
borehole core GKP1 are unique in this study in that they record
a consistent low-coercivity component (LOW) in addition to the
PEF magnetization. The LOW component was removed ﬁrst during demagnetization, and is considered to be related to the drilling
process. Drilling induced remanences have long been recognized in
paleomagnetic samples taken from drill cores and are often parallel or anti-parallel to the axis of drilling (Jackson and Van der Voo,
1985). The LOW vectors in the GKP01 core are, however, misaligned
with the axis of drilling, which was northwesterly (∼310◦ ) with a
∼75◦ dip (Fig. 13). It is possible that the LOW components are the
result of mechanical-shock associated with the drilling process (Shi
and Tarling, 1999) and not related to the magnetism of the drillstem. Another interpretation is that the distribution of the LOW
remanence is biased towards the PEF direction due to component
mixing. A third explanation is that the LOW components are spurious gyromagnetic remanent magnetizations caused by the rotation
of the core in the steady ﬁeld of the drill-stem, but this explanation
is considered unlikely since gyroscopic remanent magnetizations
are exclusively carried by single-domain grains (Stephenson, 1981)
and single-domain grains are not expected to demagnetize at lowAF steps.
5.2. Medium-temperature component (ND)
The north-down component is present throughout the region
and is constrained by two intraformational conglomerate tests
as being a secondary overprint. The ND component site means
combine to yield a total component-mean of declination = 359.2◦ ,

inclination = 53.8◦ , k = 83.7 and ˛95 = 5.7◦ (Fig. 14), corresponding to
a mean paleomagnetic pole located at 26.5◦ N, 22.8◦ E with A95 = 7.0◦ .
The relatively low and consistent unblocking temperature of ca.
270–380 ◦ C for the ND remanence alludes to pyrrhotite as a possible
remanence carrier. Because of the relatively low-Curie temperature (∼320 ◦ C) of pyrrhotite (Dunlop and Özdemir, 1997) and the
abrupt decrease in coercivity as the Curie point is approached,
pyrrhotite is easily reset by low-grade thermal events (Clark, 1983;
Hanus and Krs, 1968). Paleomagnetic study of pyrrhotite-bearing
rocks therefore offers the potential for the detection and the
characterization of low-grade thermal events, to which other techniques may be insensitive. The presence of the ND remanence may
therefore prove useful in elucidating the tectonic and thermal history of the Transvaal Supergroup strata on the western Kaapvaal
craton.
Outcrops of the Transvaal Supergroup have experienced only
lower greenschist-facies metamorphism (Button, 1973; Miyano and
Beukes, 1984) and the ND remanence should be representative of
either the most recent regional thermal event (>320 ◦ C) or most
recent crystallization event of pyrrhotite. Many possible candidates, like the Mesoproterozoic Namaqua-Natal orogeny or Jurassic
Karoo magmatism, can be ruled out by comparing the ND paleomagnetic pole with known directions from the craton (Table 2,
Fig. 15). The ND-component pole does, however, bear similarity to
the ∼2.0 and ∼1.88 Ga pole directions from the Kaapvaal craton
(Fig. 15).
The Kaapvaal craton experienced numerous tectono-thermal
events at about 2.0 Ga, including intrusion of the Bushveld Complex
(Buick et al., 2001) and the Vredefort impact (Kamo et al., 1996).
Both of these events have been implicated in the extensive remagnetization seen on the central Kaapvaal craton (e.g., Layer et al.,
1988). Extensive intraplate magmatism also occurred during the
development of the Waterberg and Soutpansberg rifts at ∼1.88 Ga
(Hanson et al., 2004) and ∼1.9 Ga (Maier et al., 2003).
Epigenetic Pb–Zn mineralization is present in the Allanridge
Formation near the town of Douglas (Whitelaw, 1998), just south
of the Boomplaas Formation sites. A 1977 ± 42 Ma Rb/Sr age on
chlorite associated with the mineralization and Pb-isotopic age
data suggest that it may be linked in space and time (at ∼2.0 to
1.9 Ga) to other Pb–Zn deposits at Pering and Bushy Park in Griqualand West (Kruger et al., 2001). Gutzmer (2006) attributed the
genesis of mineralization at Pering to the rise of metal-bearing
ﬂuids from the Ventersdorp Supergroup through to the overlying
Transvaal Supergroup. Wholerock Rb/Sr and Pb/Pb ages (Walraven
et al., 1991) on Ventersdorp Supergroup volcanics of 1901 ± 83 Ma
and 1982 + 169/−191 Ma attest to regional resetting of isotopic
systems at about 2.0 Ga. Recent Shrimp U/Pb dating of monazite
and xenotime in the Witwatersrand Basin and Transvaal Basin
has revealed regionally extensive hydrothermal activity between
2.06 and 2.03 Ga (Rasmussen et al., 2007). Pyrrhotite, the inferred
carrier phase of the ND magnetization in all the GKP1 lithologies and outcrop sites, is conspicuously absent from the main
mineral assemblage of high-grade ores from the Pering deposit
(Gutzmer, 2006). This does, however, not preclude the possibility
that pyrrhotite is present as extremely ﬁne-grained particles, which
petrographical study has revealed to be present within the lithologies of the Agouron cores (K. Mwamba pers. comm.). The nature
and timing of ﬂuids responsible for the Pb–Zn mineralization in
the western Kaapvaal craton may therefore allude to the source of
the regional 2.0 Ga remagnetization event that characterizes many
parts of the Kaapvaal craton.
Kruger et al. (2001) developed a tectonic model for the
widespread epigenetic mineralization (see also Duane and Kruger,
1991; Duane et al., 1991) that is essentially a modiﬁed version of the
one proposed by Oliver (1986) for the expulsion of ﬂuids (responsible for the genesis of Mississippi Valley-type deposits) from thrust
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Fig. 14. Summary of site means for the PEF, ND, W+, W− and SD components as identiﬁed in outcrop and drill core. Site means with k values smaller than 10 and ˛95 values
larger than 15◦ were excluded from the grand mean calculations. Exluded site means are labled and drawn in grey. Unﬁlled ellipses are component means and their associated
95% cones of conﬁdence. Solid ellipse outlines indicate lower hemisphere, stippled ellipse outlines indicate upper hemisphere. Lightly shaded ovals are upper hemisphere
and heavily shaded ovals are lower hemisphere.

Fig. 15. (a) Comparison of the paleomagnetic poles described by the various components identiﬁed in the present study, with known Paleoproterozoic paleopoles from the
Kaapvaal craton (Table 2) as well as a Mesoproterozoic overprint direction related to the Namaqua orogenesis and a Jurassic-aged paleopole from Karoo dolerite intrusions.
The outline of Africa is merely shown for geographic reference. (b) The swaths show the possible forms of the apparent polar wander path for the Kaapvaal craton in the
Paleoproterozoic based on our age assignments for identiﬁed components.
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Mean declination (deg.)
N (number of sites)
Component

Table 2
Mean ancient remanence directions and corresponding paleomagnetic poles from this study and some selected paleopoles from the Kaapvaal craton.

Age Ref.
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sheets associated with Appalachian and Ouachita-orogen tectonics
into the interior of the continent. Oliver (1986) assigned key roles
to these tectonically driven ﬂuids, including transport of minerals, metamorphism and remagnetization. Protracted hydrothermal
activity linked with the Kheis orogen, western Kaapvaal, and the
Magondi orogen, western Zimbabwe, are implicated in the model
of Kruger et al. (2001).
Deformation in the Magondi orogen (Fig. 16) has a minimum age
of 1998 ± 3 Ma, as determined by SHRIMP U–Pb on a cross-cutting
granite (McCourt et al., 2001).
Confusion arises because the Kheis province (Fig. 16) was originally deﬁned with geographic boundaries of geophysical and
broad tectonic characteristics, namely thin-skinned deformation
of the Olifantshoek Supergroup quartzites verging eastward over
the Griqualand West cratonic margin. However, more than one
orogeny may be responsible for deformation within the Kheis
orogen. The most commonly quoted age for Kheis deformation
is ca. 1930–1750 Ma, based respectively on data from the mildly
deformed Hartley lavas and the ostensibly post-tectonic Mamatlun
dolerite (Cornell et al., 1998). However, the Hartley lavas are part
of a depositional sequence that rests with regional unconformity
upon the beveled folds of Transvaal Supergroup strata that impart
the prominent gently undulose map pattern (Fig. 1). Based on
regional stratigraphic correlations across semi-continuous exposures of outcrop and boreholes in Griqualand West, southern
Botswana, and the Transvaal, Beukes et al. (2002) correlated the
Gamagara/Mapedi Formation, which post-date the beveled folds,
with Transvaal strata intruded by the 2.06 Ga Bushveld Complex
(Fig. 16). At least one phase of folding at the eastern edge of
the Kheis province is thus older than 2.06 Ga. The pre-2.06 Ga
folds increase in amplitude and decrease in wavelength to the
southwest, where they are undoubtedly overprinted by younger
structures. Deformation in this southwestern region is as young
as ca. 1200 Ma, as indicated by local remagnetization of Transvaal
strata immediately adjacent to the Black Ridge Thrust, which lies
near, if it does not deﬁne, the eastern boundary of the Kheis province
(Beukes and Smit, 1987; Evans et al., 2002). Given the abundance
of Proterozoic tectonic events affecting this western margin of the
Kaapvaal craton, then, we prefer to use the ND pole itself to suggest
an age of ca. 2050–2000 Ma for the widespread sulphide-related
remagnetization and Pb–Zn ore formation in the Transvaal Supergroup.
Tectonically driven ﬂuid-ﬂow may not be the only explanation for the widespread epigenetic mineralization. Kruger et al.
(2001) do mention that the hydrothermal system responsible
for the epigenetic mineralization may be related to intrusion of
the Bushveld Complex, or events in the Limpopo orogen along
the northern margin of the craton. In fact, the close temporal
association between the Pb–Zn deposits and the Bushveld Complex has led to a model that proposes a genetic link between
them (McClung and Gutzmer, 2004), with emplacement of the
complex resulting in localized downwarping and sagging of the
craton, reactivating distal basement structures in response to the
increased crustal density. Localized hydrothermal convection cells
lead to lateral topographically driven ﬂuid migration away from
the Bushveld Complex through suitable aquifers such as the Makwassie Formation of the Ventersdorp Supergroup. These ﬂuids,
which have by then become metal-rich, rise upwards through
reactivated basement structures into the overlying Transvaal
Supergroup, and are responsible for the genesis of MVT-type
deposits.
The cause of ﬂuid migration, ∼2.0 Ga epigenetic mineralization
and the remagnetization associated with it is at this stage still
obscure, but attractive hypotheses include adjacent crustal thickening in the Kheis or Magondi Orogen and lower crustal heating
during the emplacement of the Bushveld Complex.
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Fig. 16. Tectonic sketch map of southern Africa (based on an aeromagnetic map by De Beers, 1998) showing the Kheis and Magondi orogens, the Bushveld Complex, lower
Transvaal Supergroup and epigenetic Pb–Zn deposits.

5.3. High-temperature components
5.3.1. W+
Shallow west and down (W+) components dominate sample
remanence at higher temperature demagnetization steps at sites
near the western margin of the Griqualand West region (i.e., the
Boomplaas Formation sites and site GACB). It is also present, rarely,
as one of two high-temperature components recorded in drill core
GKP1. The W+ remanence is conspicuously absent in the eastern
part of the region. Two intraformational conglomerate tests show
the W+ remanence to be a secondary magnetization. Component
means (Fig. 14) combine to yield an average paleomagnetic pole
that is located at −1.8◦ S and 301.5◦ E. This pole position (Fig. 15) is
similar to, but plots ∼30◦ west and ∼15◦ south of, the pole from the
1928 ± 4 Ma Hartley Formation (Evans et al., 2002). Alternatively,
the W+ antipole (Fig. 15) shares a likeness with the well-determined
2222 ± 13 Ma Ongeluk Formation paleopole (Cornell et al., 1996;
Evans et al., 1997). Either polarity option is permissible, so we turn
to the geographical distribution of the W+ overprint (i.e., limited
to the western margin of the Griqualand West region) to explore
the likelihood of either option. As discussed above, deformation
near the boundary between the Kaapvaal craton and the Kheis
province was multi-stage, with events occurring before 2.06 Ga
and after 1.93 Ga. The older of these folding episodes deformed
strata as young as the Ongeluk lava, which was erosionally bevelled
and overlain by Gamagara/Mapedi redbeds that, by correlation,
are older than the 2.06 Ga Bushveld Complex. If the W+ rema-

nence was acquired during this early event, then the stratigraphic
ordering of primary paleomagnetic poles from the Ongeluk and
Gamagara/Mapedi units requires a small loop in the APW path to
account for the intervening W+ pole. If, however, the W+ remanence
is related to post-Hartley (post-1928 Ga) deformation of the traditional “Kheis orogeny”, then a ca. 1900–1800 Ma age for the W+ pole
can be inferred. At present we do not have sufﬁcient constraints to
distinguish between these alternatives.
5.3.2. W−
The W− remanence is limited to sampling sites from the eastern part of the region (Fig. 14), thus suggesting that it is partially or
completely overprinted to the west, or that it was not present there
at all. This component equates into a pole position that is very similar to the Ongeluk Formation paleopole as well as to a pole from
mineralized banded-iron formation below the Gamagara unconformity near Sishen (Fig. 15). The simplest explanation would be that
the W− remanence was acquired as a thermo-chemical remanence
during or shortly after the extrusion of the Ongeluk lava. At site
G02B, a hornfels-baked zone next to a thick dolerite record a similar W− (not time-averaged) direction, suggesting that the dyke may
be a feeder to the Ongeluk large igneous province that caused the
regional (time-averaged) W− remagnetization. It is suggested that
the post-1.93 Ga Kheis tectonism replaced this remanence with the
W+ overprint toward the western part of the region. Our current
data, however, do not allow for a ﬁeld test with which to test this
idea.
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5.3.3. SD
Drill core revealed a ﬁfth component (SD) that was not identiﬁed at any of the outcrop sites (Fig. 14). Whilst this component may
prove to be yet another overprint magnetization, the possibility
remains that the GKP1 core preserves the primary magnetization
of the Ghaap carbonate platform. Although one is easily tempted
to proclaim the SD remanence ‘primary’ and to explain its presence
in the core and its absence from outcrops as being related to the
immaculate preservation and unaltered nature of the succession
intersected by the core, this is not necessarily the case. Some conclusions concerning the age of the SD remanence can be made. It
unblocks completely at 470 ◦ C as the last and therefore most stable component of NRM in samples, suggesting magnetite as the
magnetic carrier. If the SD component is a chemical remanence, its
high stability to thermal demagnetization does not require it to be
most ancient. If it is a thermo-chemical remanence associated with
processes operating at elevated temperatures above 320 ◦ C, however, then it would be necessarily older than the ND component
(i.e., older than ∼2.0 Ga), because pyrrhotite, the carrier of the ND
remanence, is expected to be sensitive to regional hydrothermal
events.
When compared with known poles from the Kaapvaal craton,
the SD pole does not resemble any late Paleoproterozoic or Phanerozoic poles from southern Africa. One exception may be the pole
from Jurassic dolerite intrusions, which include intrusions in the
Griqualand West region, but it plots further to the south, and the
dolerite intrusions show dominantly negative inclinations. Thus it
is unlikely that the SD remanence is a thermo-chemical remanence
younger than 2.2 Ga, but the paucity of the paleomagnetic record
from the Kaapvaal craton before 2.2 Ga restricts us from coming
to any stronger conclusions. In a recently completed, but as yet
unpublished, work (De Kock, 2007) a primary paleomagnetic pole
was determined for the ∼2.7 Ga Allanridge Formation of the Venterdorp Supergroup. It is interesting to note that the pole for the SD
remanence ﬁts snugly between the poles for the Allanridge and the
∼2.2 Ga Ongeluk Formation (Fig. 15).
If the SD remanence is primary, it would suggest a constant
polarity for the geomagnetic ﬁeld in a time period of 150–200 Myr,
considerably longer than an average geomagnetic superchron
(10–100 Myr). Given this, it is much more plausible that the remanence is related to growth of secondary magnetite during burial
alteration and metamorphism some time after the deposition of
the Kuruman Iron Formation at 2460 ± 5 Ma (Pickard, 2003), but
before the extrusion of the Ongeluk lava at 2222 ± 13 Ma (Cornell
et al., 1996). The lack of stability ﬁeld tests makes the age evaluation of the SD component difﬁcult. There is, however, the outside
possibility that it represents a much younger remanence, possibly
associated with the break-up of Gondwanaland during the Jurassic.
The 52.5◦ paleolatitude of the Kaapvaal craton, as deﬁned by
the SD component acquired after the deposition of the lower
Transvaal Supergroup at 2460 ± 5 Ma, constrasts substantially with
the low-tropical latitude of Ongeluk lava extrusion at 2222 ± 13 Ma.
Minimum rates of pure latitudinal motion ranging from 1.0 to
3.2 cm yr−1 can be calculated for the period between the deposition of the lower Asbesheuwel Subgroup and the extrusion of
the Ongeluk lava. Estimates vary due to the uncertainties in age
and uncertainties in the paleolatitudes of the SD remanence and
Ongeluk lava. These estimated rates of movement for the Kaapvaal
craton are comparable to modern plate speeds.

6. Conclusions
The strata of the Ghaap Group, which span the ArcheanPaleoproterozoic boundary, record a complicated magnetic history
reﬂecting at least 500 million years of the tectono-thermal evo-

lution of the Kaapvaal craton. Five remanence directions were
identiﬁed. Of these directions, four were readily shown to be secondary magnetizations related to: the present geomagnetic ﬁeld
(PEF), tectono-thermal events affecting the Kaapvaal craton around
1.9–2.0 Ga (ND), Kheis orogeny at either 1.98–1.75 Ga or ca. 2.1 Ga
(W+), and emplacement of the Ongeluk large igneous province at
2.222 Ga (W−). The ﬁfth component (SD) was only described from
drill core GKP1 and is tentatively suggested to represent burial alteration and metamorphism between 2.46 and 2.42 Ga.
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