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new polarity. In these cases, the apparent reversal near the base of unit #12b may actually

have occurred during deposition of, say, sandstone bed #13. The 5-cm discordance
between outcrops I and 11, of the polarity change relative to the base of unit #12b, can be
explained in the “real-time” scenario by an onlap relationship of the siltstone from outcrop
I1 to outcrop I, whereby the base of unit #12b in outcrop I would represent a mild
disconformity. Such an onlap gradient of 5 cm over a lateral distance of ~100 m is
plausible for the sedimentary environment of the upper Liantuo Formation, considering the

lenticular dimensions of the lithological units (Fig. 3).

Ages of magnetic components

The stratigraphic consistency of the polarity zones observed in three independently
logged lithostratigraphic sections strongly suggests acquisition of magnetic component “A”
either concurrently with or shortly after deposition, at the time of a geomagnetic reversal.
Therefore, assuming an axial geocentric dipole magnetic field, the unbiased mean “A”
direction calculated from the lower polarity zone can provide constraints upon the
depositional paleolatitude of the basal Sinian deposits and global paleogeography at 748
+12 Ma. Given that consistent stratigraphic polarity zonation among several sedimentary
sections constitutes a legitimate field stability test, the paleomagnetic pole corresponding to
component “A” rates a perfect seven on the ‘Q’ scale of reliability (Van der Voo, 1990).

Figure 10 shows the paleomagnetic poles derived from this study, compared with
previously determined poles from basal Sinian and Phanerozoic rocks of the SCB. Pole
“A,” regarded to be primary as defended above, lies between the “A1” and “A2” poles from
basal Sinian rocks in Yunnan (Zhang and Piper, 1997). In that study, the distribution of
least-squares lines appears non-Fisherian, streaked in the same direction as was observed
from some samples in this study (compare their Fig. 7 with the individual sample behavior
shown in Fig. 3 of this paper). Zhang and Piper (1997) divided their dataset at a local

minimum in the density of least-squares directions, at an inclination of -30°. The local
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Figure 10 (next page). Orthographic projection of paleomagnetic poles generated
from components “A,” “B,” and “C,” relative to existing paleopoles from the South China
block. The star indicates the Three Gorges region. Dashed arrows denote the tilt
correction upon paleopoles from this study. Poles “Al” and “A2” are from the recent study
of basal Sinian strata in Yunnan by Zhang and Piper (1997). Shaded poles are from
Phanerozoic rocks and summarized by Zhao et al. (1996). O, = Early Ordovician, O, =
Late Ordovician, S = Silurian, D, = Middle Devonian, C, = Late Carboniferous, P, = Early
Permian, P, , = mid-Permian, Tr, = Early Triassic, Tr, , = Middle-Late Triassic, J, , =
Early and Middle Jurassic, J, = Late Jurassic, K, = Early Cretaceous, T = Tertiary, and Q

= Quaternary (present rotational axis).
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minimum is not convincing as a significant feature of the dataset, however, and the -30°

cutoff seems otherwise arbitrary. Individual sample behavior in the study by Zhang and
Piper (1997) displays the same sensitive demagnetization behavior as observed in this
study for the temperature range 630-680 °C. Apparently, even the careful, 10 °C
increments used in that study were not able to isolate component “A” completely.

It is unlikely that both “A™ and “A1” are unbiased and coeval, for this would imply
that the present geographical separation of ~1000 km between Yunnan and the Three
Gorges region is entirely the result of post-Sinian extensional displacement between the
two areas. Nonetheless, the general consistency between the tilt-corrected “A” pole from
the Three Gorges region, and the streaked pair “A1” and “A2” from Yunnan, suggests that
to first order the South China block has remained structurally coherent, especially with
regard to vertical-axis rotations, since Sinian time.

The “B” pole, derived from the steep, hematite-borne overprint observed in both
polarity zones, is far-removed from Cretaceous to Recent paleopoles from the SCB and
therefore must be considered in pre-tilt coordinates. Its restored paleopole lies directly atop
southern China, documenting here for the first time a polar paleogeography of the SCB.
Unfortunately, the age of this pole is not well constrained. It is dissimilar to all previously
reported Phanerozoic poles, except in broad proximity to the pre-fold result from Early
Ordovician sedimentary rocks in Yunnan (Fang et al., 1990; “O1” in Fig. 10), discounted
as anomalous by Zhao et al. (1996), and a two-polarity result of lesser reliability from
Precambrian-Cambrian boundary strata in Guizhou (Wang et al., 1994; pole at 17°N,
059°E, not shown in Fig. 10). If those results were real, then component “B” from this
study may have been acquired around Cambrian time; however, it should be cautioned that
other Cambrian poles of questionable reliability exist for the SCB (reviewed by Zhao et al.,
1996), and that the platform-carbonate-dominated succession throughout the early
Paleozoic of southern China (Wang et al., 1996) would argue against such a high

paleolatitude at that time.
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Alternatively, the “B” pole may be applicable to Sinian time, sometime within the

200-Myr interval between Liantuo deposition at 748 +12 Ma and the Cambrian Period. A
uniformitarian view of the latitudinal ranges of carbonate vs. glaciogenic sediment
deposition would suggest that the “B” component would have been acquired during the
Nantuo ice age, whose deposits disconformably overlie the Liantuo Formation. This is
inconsistent, however, with the results of Zhang and Piper (1997), which demonstrate
consistency of the A1/A2 remanence in both the Chengjiang (probably Liantuo equivalent)
and the overlying Nantuo Formations. The Nantuo diamictites may be greatly diachronous
across southern China, deposited during the apparent polar wandering from “A” to “B.”
On the other hand, strict uniformitarianism may not be applicable to Neoproterozoic
paleoclimate, for at least one glacial deposit of that time period appears to have formed in
cold conditions at sea-level, near the Equator (Williams et al., 1995). Given these
uncertainties, I interpret the “B” pole to be of Sinian age, perhaps or perhaps not related to
the late stages of the Nantuo ice age. On the *Q’ scale of reliability (Van der Voo, 1990),
the “B” pole rates a five, failing the categories of field stability tests and the presence of
reversals.

The “C” pole associated with low thermal stability and secondary greenish
coloration in the rocks, is located prior to tilt-correction near previously determined
Jurassic-Cretaceous poles from the SCB (and in fact all of China; Zhao et al., 1996). The
location is near poles derived from a widespread overprinting episode affecting Paleozoic
sedimentary rocks in the Three Gorges region (Kent et al., 1987), and distinct from the
present rotation axis. Upon correction for the tilt of bedding, the “C” pole becomes distinct
from the existing group of late Mesozoic poles, suggesting that “C” was acquired soon
after Indosinian tilting, in Jurassic-Cretaceous time. The “C” pole has reliability Q=4,

lacking field stability tests and dual polarity, and showing similarity to late Mesozoic poles.
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Discussion

A primary age for the “A” component implies a depositional paleolatitude of 33.8
+1.8° for the Liantuo Formation. Most regional stratigraphic syntheses present a
disconformity between the Liantuo Formation and the overlying Nantuo or Gucheng
glaciogenic sediments. General consistency between the “A” pole from this study with
results from both pre- and syn-glacial sediments in Yunnan (Zhang and Piper, 1997; see
above), however, suggests that if the correlations are valid, then the intervening
disconformity is not of great duration. Stratigraphic correlations with southeastern China
are disputed, thus the Liantuo may correlate either with strata conformably above (Wang,
1986) or disconformably below (Lu et al., 1985; Li et al., 1996) the Chang’an glacial
deposits. Even if the ~34 +2° paleolatitude of the Liantuo Formation applies to one or both
of the Chang’an or Nantuo ice ages, the result is neither high nor low enough to negate one
of the existing models of Neoproterozoic glaciations (e.g., Harland, 1964; Williams, 1975;
Meert and Van der Voo, 1994). If the “B” component could be identified confidently with
the late stages of the Nantuo glaciation, however, this would refute the high-obliquity
hypothesis of Williams (1975).

A primary paleomagnetic pole from the SCB at 748 +12 Ma permits evaluation of
several paleogeographic models of the Rodinian supercontinent. Whereas most workers
prefer to reconstruct South China adjacent to Australia during Neoproterozoic time, the
precise location and relative orientation is unclear. Figure 11 shows three proposed
reconstructions of the SCB and Australia, from Li et al. (1995, 1996; panel a), Zhang and
Piper (1997; panel b), and Kirschvink (1992a; panel ¢). Unfortunately, the paleomagnetic
database for mid-Neoproterozoic Australia, and all of East Gondwanaland, is very poor
(Powell et al., 1993); however, if the paleogeographic models are extended to include
reconstructions of Australia against Laurentia, then the Liantuo “A” pole may be compared

with more reliable poles from that paleocontinent.
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Figure 11 (next page). Hypothesized reconstructions of the South China block
relative to Australia, East Antarctica, and Laurentia, and comparisons of the rotated “A”
pole with 725-750-Ma poles from Laurentia. (a) The “missing link” model approximated
from Li et al. (1995, 1996), generated by a right-handed Euler rotation of (21.6°N,
160.0°E, 4+90.7°) from South China to Australia. (b) Alternative reconstruction by Zhang
and Piper (1997), achieved by an Euler rotation of (11.0°N, 146.5°E, +68.5°). (c¢) Third
possibility proposed by Kirschvink (1992a), with an Euler rotation of (05.8°N, 111.0°E,
+162.82°). (d) Comparison of the “A” pole from this study, rotated to North American
coordinates according to the “missing link™ model of Li et al. (1995, 1996; Australia to
Laurentia Euler rotation of 34.6°N, 134.6°E, +126.9°), with approximately coeval poles
from Laurentia. (e) Same as panel (d), but showing the Zhang and Piper (1997) and
Kirschvink (1992a) South China-Australia reconstructions and rotating them to Laurentia
according to Dalziel (1997; Euler parameters of 28.9°N, 126.0°E, +132.1°). FD = Franklin
dikes pole (Christie and Fahrig, 1983), NB = Natkusiak basalts pole (Palmer et al., 1983),
Rapitan Group components “R2” and “R3” (Park, 1997) respectively equated with
components “Z” and “X” isolated by Morris (1977; means not shown). Panels (d) and (e)

are equal-area projections.
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The comparably aged Laurentian poles come from two lithological groups: basic

igneous rocks precisely dated at 723 +4/-2 Ma (Heaman et al., 1992) from the Franklin-
Natkusiak magmatic episode, and glacial/interglacial rocks in synrift strata of the Rapitan
Group of the Mackenzie Mountains in northwest Canada (Eisbacher, 1985). According to
unpublished data cited in Ross et al. (1995), a Rapitan diamictite contains a granitic clast
with U-Pb zircon age of 755 18 Ma. Elsewhere in the Canadian and U.S. Cordillera,
Rapitan-correlative deposits are associated with ~700-750-Ma volcanism (Link et al.,
1993). The poles from the Rapitan Group (Park, 1997; similar to results obtained by
Morris, 1977) are in the vicinity of those from the Franklin-Natkusiak episode, supporting
a ~700-750-Ma age for glaciation in northwest Canada and permitting the lithostratigraphic
correlation of the basal Sinian and Raptian units (Li et al., 1995). Although the choice of
which Rapitan pole is primary is debatable (Park, 1997), either will suffice for the first-
order comparisons made below.

The model by Li et al. (1995, 1996), depicted in Fig. 11a, includes not only the
South China-Australia connection, but also their reconstruction against Laurentia in the
“missing link” hypothesis modified from SWEAT (Moores, 1991). Figure 11(d) shows
the “A” pole from this study rotated to Laurentia according to the reconstruction by Li et al.
(1995). It falls far from the Laurentian poles, apparently negating the reconstruction. The
“missing link™ model could be modified to match the poles if the SCB were rotated ~90°
about a local vertical axis, but then the continents would overlap substantially.

The South China-Australia reconstruction by Zhang and Piper (1997), shown in
Fig. 11b, was recognized by those authors not to conform with ~720-750-Ma poles from
Laurentia via the SWEAT hypothesis (Fig. | le; updated rotation parameters from Dalziel.
1997). Instead, the reconstruction was based on a swathe of previously determined late
Neoproterozoic-Cambrian poles. By arguing that this paleogeography should have been
valid for earlier times such as 750 Ma, they used the incompatibility of their “A 1™ pole with

coeval Laurentian poles to invalidate the SWEAT connection. However, the Chinese
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paleomagnetic database upon which their argument is built is rather poor, thus their

reconstruction is non-unique.

The global Vendian-Cambrian paleogeography proposed by Kirschvink (1992a)
provides an additional reconstruction of the SCB and Australia to be tested (Fig. 11c¢).
That reconstruction was based on Cambrian biogeography (Burrett and Stait, 1986) and
magnetostratigraphic results from the Precambrian-Cambrian boundary (Kirschvink,
1978a,b; Fang et al., 1988/9) and Cambrian-Ordovician boundary (Ripperdan, 1990;
Ripperdan and Kirschvink, 1992) on both continents. Upon restoring the “A” pole from
this study to Australia according to Kirschvink (1992a) and then to Laurentia via SWEAT
(Dalziel, 1997), it falls fairly near to the Laurentian dataset. This evidence alone would
support the first-order validity of the Kirschvink recontruction for the interval 750-500 Ma.

The first-order lithostratigraphy of the Late Neoproterozoic in southern China and
northwest Australia, however, creates problems for the above model. For example, the
Nantuo/Gucheng/Chang’an glacial units in southern China are commonly considered to be
entirely older than 700 Ma, although this is partly based on a probably unreliable whole-
rock Rb-Sr age of 700 £5 Ma on shale from the upper part of the Doushantuo Formation
(Ma et al., 1984). In the Kimberley region of northwest Australia, the ages of several
discontinuously exposed glacial deposits have been debated, but recent correlations
(Plumb, 1996; Corkeron et al., 1996) suggest that they may be Marinoan (estimated at
~600 Ma) and younger (immediately pre-Ediacaran, perhaps ~560 Ma). If all of the above
correlations are correct, then the absence of ~750-Ma glacial deposits in the Kimberley
region and of ~600-550-Ma glacial rocks in the SCB would tend to discredit the
extrapolation of Kirschvink’s (1992a) reconstruction back to 750 Ma.

In conclusion, more reliable paleomagnetic poles are needed from South China,
Australia, and Laurentia, before the paleogeographic models can be assessed fully. In
particular, the SCB lacks high-quality poles from the interval 700-500 Ma (Zhang and

Piper, 1997); Australia lacks reliable poles for the period 800-650 Ma (Powell et al.,
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1993), and Laurentia lacks good results for the time span of 700-600 Ma (Torsvik et al.,

1996). These long intervals with little or no kinematic constraints must be filled with
reliable paleomagnetic data before the Rodinian supercontinent’s paleogeography can truly

take shape.
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One of the most fundamental enigmas of the Earth’s palaeoclimate

concerns the temporal and spatial distributions of Precambrian glaciations.
Through four billion years of Precambrian history, unequivocally glacial

deposits have been found only in the Palaeoproterozoic and Neoproterozoic

record!. Nonetheless, some of these deposits are closely associated with

tropical--rather than just polar--palaeolatitudinal indicators such as carbonate

rocks, red beds, and evaporites!-2. These observations are quantitatively

supported by palaeomagnetic results indicating a ~5° latitude for

Neoproterozoic glaciogenic rocks in Australia3-3. Similarly reliable
palaeolatitudes for the older, Palaeoproterozoic glaciogenic rocks have not yet
been obtained, as such deposits commonly suffer from poor preservation and
secondary magnetic overprinting. The Archaean-Palaeoproterozoic ‘Transvaal
Supergroup’ on the Kaapvaal craton in South Africa is, however,
exceptionally well preserved and is thus amenable to palaeomagnetic
determination of depositional palaeolatitudes. Within this supergroup the ~2.2

billion-year-old Ongeluk lavas are a regionally extensive, largely undeformed

and unmetamorphosed, extrusive volcanic succession®, which conformably
overlies glaciogenic deposits (the Makganyene diamictite). Here we report a
palaeomagnetic estimate of 11+5° depositional latitude for the lavas, and hence
for the underlying contemporaneous glacial rocks. The palaeoclimate enigma
is thus deepened; a largely ice-free Precambrian world was apparently
punctuated by two long ice ages, both yielding glacial deposits well within
tropical latitudes.

The Ongeluk Formation comprises ~500-1,000 m of extrusive, basaltic-andesitic lavas
deposited in the marine facies succession of the Transvaal Supergroup’, exposed in the

Griqualand West region of the Northern Cape Province (Fig. 1). A correlative volcanic unit,
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Figure 1 (next page). Regional map (left) and schematic stratigraphic overview of the

Transvaal Supergroup in the Northern Cape Province’ (right). (BIF, banded iron formation.)
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the Hekpoort Formation, occurs in the Chuniespoort region to the northeast (Fig. 1). Isopach
trends® indicate that the two volcanic units were deposited in a single, contiguous basin across
the Kaapvaal craton®. The Ongeluk lavas have been Pb/Pb-dated at 2,222 + 13 Myr old 10,
and the Hekpoort Formation has a recalculated Rb-Sr age! 1,12 of 2,177 + 21 Myr. Studies
using the U-Pb system in zircon give ages of 2,432 = 31 Myr for the underlying Griquatown
Iron Formation!3 and ~2,050 Myr for the Bushveld complex 14 which intrudes the Transvaal
sequence; these results firmly bracket the age of the Ongeluk-Hekpoort Formations between
about 2.4 and 2.1 Gyr. The Hekpoort andesites were studied palacomagnetically by Briden!?,
who obtained near-present-field directions by alternating-field demagnetization of samples from
only four sites. Of all other penecontemporaneous rocks (2.0 - 2.4 Gyr) on the Kaapvaal
craton, only the Bushveld complex has palacomagnetic constraints, yielding a range of
palaeolatitudes from ~25° to ~60° (ref. 16).

Palaecomagnetic investigations of other Palaeoproterozoic successions have not
conclusively demonstrated primary magnetic remanence. For example, the partly glaciogenic
Huronian succession (2.45-2.22 Gyr) in North America has been the object of several
palacomagnetic studies! 7-19, but those results vary greatly, and a more recent study of the
2.22-Gyr Nipissing diabase and other early Palaeoproterozoic intrusive rocks of the Superior
craton casts doubt upon the established apparent polar wander path for the Huronian
interval20. Huronian palaeolatitudes thus remain unresolved, partly because of greenschist- or
higher-grade regional metamorphism, multiple magnetic components within and among
sampling sites, and a lack of unequivocal tests for determining the ages of those components.

In the Northern Cape Province, autochthonous sedimentary rocks of the Transvaal
Supergroup are better preserved. Warped into broad, open folds with bedding dips usually
less than 5°, the Ongeluk Formation is exposed in several structural troughs in this area. From
the mineralogy of the underlying Kuruman Iron Formation, maximum metamorphic
temperatures of <170°C were estimated21. All localities discussed herein are road-cut

exposures of fresh, fine-grained, massive or pillowed, green-grey lava, except for two sites
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(“OLL”) whose coarse grain size may indicate that these rocks are intrusive, perhaps feeder
dykes for subsequent flows. The remarkably low degree of deformation, low metamorphic
grade, and fresh exposures of the Ongeluk lavas provide an ideal opportunity for preservation
of primary magnetic directions from the Palaeoproterozoic.

The stratigraphic succession in the Griqualand West region was widely misinterpreted
for many years0:22 because a large thrust fault was not recognized. In its place, some chose to
assign unconformities between virtually all of the formations to account for their juxtapositions;
this view has been rejected by subsequent observations and geological syntheses23 that
incorporate the thrust fault and only one major unconformity within the Transvaal sequence,
between the Ghaap and Postmasburg Groups (Fig. 1).

We present the following field evidence in support of the results outlined by Beukes
and Smit23, that no significant hiatus separates the Ongeluk lavas and the underlying,
glaciogenic Makganyene Formation. First, although thicknesses of individual members of the
Makganyene Formation vary considerably, this is to be expected in a glacial deposit24, where
thickness variations may be due to original facies variability rather than subsequent removal by
erosion. Indeed, the lower sections of the Makganyene Formation have widely variable
lithology, as seen in boreholes23. Second, the Hekpoort andesite is intercalated with the
underlying Boshoek Formation, partly glaciogenic and correlative with the Makganyene
Formation, at several localities26. Third, we and other workers29:27 have observed, in
borehole cores, apparently conformable contacts with no palaco-weathering between the
diamictite and the Ongeluk lava. Fourth, volcanic shards are abundant within the upper strata
of the Makganyene Formation2>, indicating that volcanism had already commenced during
late-stage glacial times. From the above arguments we contend that no significant plate motion
could have occurred between deposition of the diamictite and the lava, and that palaeolatitude
estimates of the latter should apply equally to the former.

Visser28 demonstrated a glacial origin for the Makganyene diamictites, citing abundant

striated and pockmarked clasts in the Griqualand West region. In addition, during our field
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work we found cobbles with multiple polished facets and several directions of striations from
Makganyene-derived colluvium. Such textures are unlikely to have formed within nonglacial
debris flows, but are common in subglacial or glaciomarine environments24. The glacial units
are fluvial-deltaic throughout the Chuniespoort region, whereas glaciomarine conditions existed
in the Griqualand West region?. In the latter region, rafted pebbles within mudstone imply a
distal environment with input from floating icebergs, and sandstone beds between diamictite
bodies are interpreted as subaqueous debris flows23, The sub-Makganyene unconformity
involves gentle warping of the lithosphere, less than 1° in the Griqualand West region, which
was followed by sheetlike sedimentation over virtually all of the Kaapvaal craton (Fig. 1).
Sedimentary indicators all across the craton point to a continental (northeastern or eastern)
source for the deposits, ultimately the Limpopo belt or some other subsequently rifted craton?;
thus the Makganyene Formation cannot be ascribed to local alpine glaciation sourced from
either an advancing (offshore to the present west) mountainous terrain or the so-called
“Vryburg arch”8 which is a post-Transvaal anticlinal flexure now separating the once-
contiguous Griqualand West and Chuniespoort ‘sub-basins’ (Fig. 1). The vast regional extent
of the Makganyene and equivalent formations in the Chuniespoort region also suggests
proximity to a continental ice sheet rather than a local montane source.

Twenty flow-units of the Ongeluk lavas were sampled from twelve localities in the
Griqualand West region. Virtually all of the Ongeluk specimens exhibited two magnetic
components (Fig. 2). The first to be removed, at the low alternating-field and thermal steps, is
directed moderately-to-steeply up and north, coincident with the present local field (PLF) at the
sampling sites (Fig. 3a). The coercivity/unblocking spectrum of this component, which is
undoubtedly of Recent age, suggests that it is held partly as a viscous-remanent magnetization
by multidomain grains, and partly as a chemical-remanent magnetization by goethite. which is
visible along fractured surfaces within a few of the samples.

The higher-coercivity, high-temperature component, observed in 114 of 122 samples of

pillow lava or massive andesite, is westerly and of shallow negative (up) inclination (Fig. 3a).
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Figure 2 (next page). Representative sample demagnetization behavior. a. Sample
from in situ flow-unit. b. Sample from breccia clast. Orthogonal projection diagrams (top):
open (solid) symbols depict projection onto the vertical (horizontal) plane. Equal-area
projections (bottom): open (solid) symbols show projection onto the upper (lower)
hemisphere. AF, alternating-field level in mT; PLF, present local field; NRM, natural
remanent magnetization. Samples were either drilled in the field as 2.5-cm cores, or collected
as oriented blocks and drilled in the laboratory. Whenever possible, samples were oriented by
both magnetic and solar compasses. Cores were trimmed to 2.2 cm length. Measurement of
natural remanent magnetization was followed by alternating-field (AF) and thermal
demagnetization, typically measured at the following steps: 5, 10, 15, and 20 mT; 150, 200,
and 250 °C; and 30 - 80 mT with 10 mT intervals. Following the low AF steps, a few samples
were thermally demagnetized to 580 or 665 °C; demagnetization was halted when either

intensity dropped to zero or spurious magnetizations appeared.



319

e | | i +
2,062
ov 4Y = 0,096 =
TR 08 v
0.058
09 4v B
0,082
< + i WEN | M i i WHN
41d 41d
o 0
0.595
N N
(Nwo o 01) WY g Ok = SHBWIIL
3 (NwWa o 01) WY o 0} = SHIeW 3o
09 v REEERTE B
a.05z Ov3Y 08 4V
02 4v
0,052
.06
|BJUOZIIOH =
0¢ 4v [eolUeA O
M |EJUOZLIOH =
dn'N
9z 910 adwes J1 N0 ajdwes

q -



320

Figure 3 (next page). Summary of directional data. Large ellipses are 95%
confidence intervals around Fisher mean directions from individual sites (panels a-d), or the
mean palaeopole of virtual geomagnetic poles from all sites (panel e). a-d, Upper- hemisphere
equal-area projections. a, Site means of characteristic remanent magnetizations (ChRMs) and
overprints. Overprints are coincident with the present local field (PLF) at the sampling sites.
b, Individual sample ChRMs from the hyaloclastic breccia test, each sample from a distinct
clast. ¢, Reproducibility of discordant clast ChRMs. Internal consistency within each clast
shows that the large dispersion in b is not spurious. d, Individual sample overprints from the
breccia test. Good grouping about the present field direction at the sampling sites indicates the
expected failure of the breccia test of the Recent overprint, and it demonstrates that the wide
dispersion in b is not caused by errors in sample orientation. D, declination; I, inclination; k,
Fisher precision parameter; N, number of samples. e, Orthographic projection of virtual
geomagnetic poles calculated from site-mean ChRMs (pole from site OLL2 inverted).
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Five samples of the coarse-grained rock at a single site (“OLL2") are oppositely directed: as
this site may be intrusive to and slightly younger than the others, its opposite polarity is not
surprising. The broad, 30-80 mT coercivity of the westerlycomponent, as well as a narrow
~580 °C unblocking temperature spectrum, suggests that it is carried by single-domain
magnetite. Most samples yielded extremely stable, linear demagnetization behaviour (Fig. 2a),
conducive to principal-component analysiszg. For some of the samples which did not
demagnetize to the origin, the trajectories tended towards the present field direction, probably
indicating incomplete removal of a haematitic (coercivity > 80 mT) component of the Recent
chemical-remanent magnetization.

A palacomagnetic breccia test at one locality (“OVG”) places a constraint on the relative
ages of the magnetic components. The hyaloclastic breccia at this site is thought to have
formed by explosion of the partly solidified lava on entering shallow water30, The larger
clasts have the same megascopic lithology as the overlying and underlying pillowed and
massive lavas exposed in the same road-cutting, and in some instances can be identified as
fragments of chilled-rim pillows30. Thus, if the large volcanic clasts entrained in the breccia
show similar magnetic behaviour to our samples taken from in situ flows, then magnetization is
primary in the clasts if and only if it is primary in the flows.

As distinct from a conglomerate, whose rounded clasts imply tumbling into truly
random orientations, the explosion-induced hyaloclastic breccia is likely to show some
differential rotation but not completely random orientations among the clasts. Our breccia test
is a statistical modification of the standard palacomagnetic conglomerate test: instead of testing
against a truly uniform distribution, we compare precision of the suite of clasts with the
grouping from each of the in situ flows. If the precision of directions from a given magnetic
component is significantly lower among the clasts than the in situ samples, then the test is
positive and magnetization of that component probably occurred prior to brecciation.

Alternatively, if the precision among the clasts is similar to precision from each other site, then
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that component post-dates the brecciation and is not reliable for estimating depositional
palaeolatitudes.

Sixteen clasts from the breccia at locality OVG show considerable scatter of
characteristic remanent magnetization relative to the massive and pillowed andesite at the same
and other localities (Fig. 3b, Table 1). Individual clasts carry reproducible directions (Fig. 3c),
and the suite carries a well grouped PLF overprint similar to that found at other sites (Fig. 3d).
Relative precision parameters are scaled against an F-ratio distribution, to determine the
likelihood of indistinguishable precisi0n3 I. Common precision between the distribution of
each other site and that of the breccia suite can be rejected with >99% confidence for all flow-
units, except for site OLL2 (~80%), whose coarse grain size may effect different bulk magnetic
properties. The cluster of some of the clast directions toward the southwest may be due to
minimal rotation of these clasts during explosive brecciation, or subsequent heating by later
flows, or immediate hydrothermal alteration after brecciation. Notably, these samples are from
the same proximity in outcrop, with anomalously low magnetic susceptibilities; this may
indicate a chemical or mineralogical change due to immediate and localized hydrothermal
alteration after emplacement of the breccia'’. Considering the suite of clasts as a whole,
however, their wide dispersion rules out any pervasive, secondary remagnetization at locality
OVG, and the similarity of directions from in situ flows at OVG with other sites supports the
interpretation that the characteristic remanent magnetization components were all obtained
during deposition of the lavas.

This positive breccia test, in addition to a reversely directed site, implies that the high-
coercivity, high-unblocking-temperature, characteristic remanent magnetization component
from the in situ samples, is probably a thermal-remanent magnetization acquired by initial
cooling of the lava flows. Within-flow scatter of directions is small, typically smaller than
between-site scatter (Table 1), and the axially symmetric (Fisherian) distribution of virtual
geomagnetic poles (Fig. 3e) supports the model that site-means are thermal-remanent

magnetizations of geomagnetic secular variation about an axially geocentric dipole field. We
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Table 1. Mean characteristic remanence directions and virtual geomagnetic poles for the

Ongeluk Formation, Griqualand West region, South Africa.

Site/flow  South Lat. Eastlong. n/N GDec Glnc _k  TDec Tinc _k  PlayN) Plong(E)

OWSI 27°07 022°59° 5/7 239.6 -22.5 100 2385 -269 99.1 -198 2643
OWS2 27°07 022°59° 6/6 2462 -279 67.3 2451 -324 700 -127 2653
OVP 28°17.60° 023°19.68° 5/5 271.6 -26.0 89.8 271.6 -26.0 89.8 078 281.9
OLB 28°53.85" 022°48.52° 7/7 2578 -169 118 2578 -169 118 -064 279.2

OVGlI 28°53.80° 022°49.26° 5/6 266.7 -26.2 549 2675 -214 558 03.1 281.9
OovG2 28°53.80° 022°49.26° 6/6 2658 -299 103 2647 -254 103 019 2785
OVG3 28°53.80° 022°49.26° 6/6 261.5 -18.8 179 2609 -14.1 179 -044 282.1
Breccia 28°53.80° 022°49.26° 16/16 2565 -62.5 3.4 2555 -57.7 34 not used

OLVWI]  28°53.70° 022°50.20° 5/6 266.1 -05.8 345 266.1 -05.8 345 -02.0 2884
OLVW2  28°53.55" 022°51.51" o6/7 270.0 -08.0 13.0 270.0 -08.0 13.0 020 2893
OLVNI 28°53.55° 022°51.82° 6/6 2598 -253 251 2598 -253 251 -023 2763
OLVN2 28°53.55" 022°51.82" 6/6 2594 -219 159 2594 -219 159 -03.6 2778
OLK 28°53.60" 022°53.10" 6/6 261.3 -30.7 60.7 258.7 -243 594 -03.5 2773
OLKD 28°53.66" 022°53.30° 8/8 2642 -259 61.0 2642 -259 61.0 01.6 2782
OLVPI 28°53.62" 022°56.11° 4/4 2674 -249 365 2703 -334 365 090 2770
OLVP2 28°53.62" 022°56.11° 4/4 269.8 -29.6 89.5 273.6 -37.8 898 13.0 275.7
OLVP3 28°53.68" 022°57.02° 6/6 2668 -30.7 25.0 266.8 -30.7 250 052 2769
OLVP4 28°53.68" 022°56.65° 6/6 261.5 -163 12.7 2620 -22.1 127 -01.3 279.0
OLR2 28°53.59° 022°5745 6/6 256.6 -20.6 149 256.6 -20.6 149 -06.3 277.1
OLLI 28°53.61" 023°02.01’ 6/6 289.0 -03.7 149 289.0 -03.7 149 175 3008
OLL2 28°53.54" 023°02.77° 5/8 1100 -11.1 6.0 110.0 -1L.1 6.0 -146 1280

Mean of 20 sites (OLL2 inverted): 114/122 00.5 280.7
(K:=38.3,A;::=53%

n, number of samples used; N, total number of samples; GDec, mean geographic (in situ) declination; Glnc,
mean geographic inclination; k, estimate of Fisher precision parameter; TDec, mean tilt-corrected declination;
TInc, mean tilt-corrected inclination; Plat, pole latitude; Plong, pole longitude; K, precision parameter of site

means; Ays, semi-radius of 95% cone of confidence.
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find the tilt-corrected, normal-polarity palacomagnetic pole at 0.5°N, 280.7°E, implying a
depositional palaeolatitude of 11+5° for the Griqualand West region. On the seven-point ‘Q’
scale32 of reliability, this pole rates a perfect seven.

The low palaeolatitude of the Makganyene diamictite compounds the enigma of
Precambrian glaciations. Although glaciogenic deposits of generally Palaeoproterozoic age
occur on many cratons, our study provides the first direct and reliable determination of any of
these units. It is now documented that both of the broad intervals of Precambrian glaciation,
near the beginning and end of the Proterozoic Eon, include glaciogenic sediments deposited in
equatorial latitudes. This may indicate a global climatic system fundamentally different (due,
for example, to changes in Earth’s orbital 0b1iquity33) from that of the past 500 Myr, when
glacial deposits were restricted largely to the polar regions. Alternatively, the low-latitude
Precambrian glacial deposits could indicate severe, globally inclusive ice ages (a model called
the “Snowball Earth™34). In that case, our planet’s subsequent recoveries to more mild

temperatures would indicate a remarkable resilience to extreme perturbations in climate.
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