


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































321

Overprints from sites:
OLC, OLB, QVG1-3, OLVW1-2,
OLVN1-2, OLK, OLKD, OLVP1-2

ChRMs from sites:

OLC; OWS1,2; OVP; OLB;

0OVG1,2,3; OLVW1.2; —
OLVN1,2; OLK; OLKD;

OLVP1.2,3,4; OLR2; OLL1

D =346.7°, | =-63.6°
k=136 N=13
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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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