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A Major Archean, Gold- and
Crust-Forming Event in the

Kaapvaal Craton, South Africa
Jason Kirk,1* Joaquin Ruiz,1 John Chesley,1 John Walshe,2

Gavin England3

The 2.89- to 2.76-gigayear-old conglomerates of the Central Rand Group of South
Africa host an immense concentration of gold. The gold and rounded pyrites from
the conglomerates yield a rhenium-osmium isochron age of 3.03� 0.02 gigayears
and an initial 187Os/188Os ratio of 0.1079 � 0.0001. This age is older than that of
the conglomerates. Thus, the gold is detrital and was not deposited by later
hydrothermal fluids. ThisMiddle Archean goldmineralization event corresponds
to a period of rapid crustal growth in which much of the Kaapvaal craton was
formed and is evidence for a significant noble metal flux from the mantle.

South Africa’s Witwatersrand Supergroup
(WSG) gold deposits have produced over
48,000 metric tons of gold and have account-
ed for about 40% of the world’s total historic
production (1). Attempts to date WSG gold
mineralization remain equivocal, yielding a
complex geochronology with ages that reflect
multiple disturbances (2–9). Here, we deter-
mine the age of the gold mineralization to
improve our understanding of the processes
responsible for the changing styles and mag-
nitudes of gold deposition.

The WSG, located in the Kaapvaal craton
of South Africa (fig. S1), composes an �7-
km-thick sequence of detrital terriginous sed-
iments (2, 10) derived from the erosion of
older granite-greenstone belts in fluvial del-
taic settings (11). The WSG is divided into a
lower West Rand Group and an upper Central
Rand Group (CRG), with gold production
largely confined to the quartz pebble con-
glomerates of the CRG (1). A maximum age
for deposition of the CRG of 2.89 gigayears
ago (Ga) has been obtained from the young-
est detrital zircons found in the lower CRG
(12), and a minimum age of 2.76 Ga was

determined based on the oldest authigenic
xenotime Pb ages in the CRG (9).

Geochronology of the WSG provenance in-

cludes U-Pb ages on detrital zircons and mon-
azites, which yield an age range from 3.3 to 2.8
Ga (fig. S1). U-Pb and Pb-Pb isotopic ages
from rounded uraninite (3) and pyrite grains
(4), as well as Os isotopic model ages from
osmiridium grains (5) and gold grains (6), are
all between about 3.5 and 2.9 Ga, and thus these
phases have been interpreted as being of detrital
origin (fig. S1). U-Pb and Pb-Pb ages on py-
rites, uraninites, hydrothermal zircon, rutile,
and xenotime, as well as K-Ar ages on clays
and micas, are between about 2.7 and 2.0 Ga (1,
2, 7, 9). These younger ages have been used to
define a series of at least five tectonothermal
events that may have introduced and/or mobi-
lized gold (fig. S1).

The superimposed metamorphism on the
conglomerate hosts of the WSG has led to
contentious debate on the age and origin of
gold, centered around placer and epigenetic
models. In placer models, gold and associated
rounded pyrite are detritus from unidentified
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Fig. 1. Re-Os isochron diagrams for WSG samples. In all isochrons, errors are represented by crosses
or are smaller than the symbols used. Errors were determined by using the greater of either the 2	
counting error (2SD
n) or by varying the Os blank between measured values of 1 to 2 pg. All
isochrons were calculated using Isoplot (25). (A) VR gold samples. (B) VR gold and rounded VR
pyrites. Filled squares represent pyrite samples; filled diamonds represent gold samples. (C) SR
rounded pyrite samples. (D) VCR euhedral pyrites.
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source rock(s) older than the age of host con-
glomerate deposition (13, 14). Epigenetic mod-
els propose that gold was introduced into the
host conglomerates after deposition by hydro-
thermal/metamorphic fluids derived from the
upper continental crust (15–17). Between these
two end-member models, modified placer mod-
els incorporate detrital gold and modification
by later hydrothermal fluids (1, 2). The clearest

discriminator between these models is the age
of the gold mineralization.

Re and Os are concentrated in sulfides and
metals (6, 18), thus allowing for the direct
dating of gold and pyrite using the decay of
187Re to 187Os. The initial Os isotopic compo-
sition of the gold also constrains the potential
source region(s). Crustal rocks will develop
elevated 187Os/188Os values rapidly because of

high Re/Os ratios relative to the mantle (18).
Gold with morphologies interpreted to be

of detrital and authigenic origin has been
recognized in the WSG (19). To constrain the
origin of the gold, we analyzed Vaal Reef
(VR) gold samples associated with carbona-
ceous material and mostly authigenic in ap-
pearance. We also analyzed pyrite grains in-
terpreted to be of detrital, diagenetic, and
authigenic origin (1, 2) from the VR, Steyn
Reef (SR), and Ventersdorp Contact Reef
(VCR) (20) (fig. S1, Table 1).

Data from VR gold define a linear array
on a Re-Os isochron diagram (Fig. 1A) and
yield an age of 3.01 � 0.11 Ga [mean square
weighted deviation (MSWD) � 1.9] and
have an initial 187Os/188Os value of 0.109 �
0.013. Rounded VR pyrites yield an isochron
age of 2.99 � 0.11 Ga (MSWD � 0.77) and
an initial 187Os/188Os value of 0.124 � 0.036
(6 ). Combining both VR gold and rounded
pyrite from the same hand sample gives a
more precise age of 3.03 � 0.02 (MSWD �
1.06) and an initial 187Os/188Os value of
0.1079 � 0.0001 (Fig. 1B).

Rounded SR pyrites are consistent with
the �3.0-Ga VR gold and pyrite isochron,
yielding an age of 3.49 � 0.90 Ga (MSWD �
69) (Fig. 1C). The Os isotopic composition of
the compact rounded and porous rounded SR
pyrite separates is within the range of SR
rounded pyrites not separated by morpholo-
gy, but the porous pyrites have higher Os
concentrations than the compact variety. Pho-
tomicrograph images of porous pyrites show
authigenic pyrite and gold within the porous
round pyrite grains (20). These gold inclu-
sions may explain both the higher Os concen-
trations of the porous SR pyrites and the
relatively larger scatter in the SR pyrite data.

The data obtained in this study indicate
that VR gold is older than the host CRG
conglomerates (2.89 to 2.76 Ga). The round-
ed VR and SR pyrite samples also predate
their host. These ages are strong evidence that
the gold and rounded pyrite mineralization
predate deposition of the conglomerate host
and are thus originally detrital.

Authigenic pyrites from the VCR were
examined to test for possible effects of
hydrothermal alteration on gold and round-
ed pyrite. The voluminous, relatively im-
permeable flood basalts of the Ventersdorp
Supergroup overlying the VCR make it ar-
guably the most intensely hydrothermally
altered conglomerate host of the WSG (1,
7 ). The cubic VCR pyrites analyzed are
epigenetic in origin, and therefore the Os
compositions of the VCR pyrites reflect the
Os composition of the epigenetic fluids
responsible for their precipitation.

Re-Os data for authigenic VCR pyrites (20)
are relatively scattered on an isochron diagram.
The data plot between 2.4 and 0.3 Ga reference
isochrons and yield an age of 672 � 510 mil-

Fig. 2. Re concentra-
tion versus Os concen-
tration data from gold
and pyrite data from
this study, (6), and (21).
Circles represent analy-
ses of gold from the
Western Areas Gold
Plant (�70:30 mixture
of Upper Elsberg and
Ventersdorp Contact
Reefs from the Carle-
tonville Goldfield); dia-
monds represent VR
gold; plus symbols rep-
resent VR rounded py-
rites; squares represent
VCR cubic pyrites; tri-
angles represent Steyn
Reef rounded pyrite
samples; and X’s and
dashes represent SR
porous rounded pyrites and compact rounded pyrites, respectively. Sulfur-rich komatiite field is from
(26). Filled hexagons represent two estimates of average continental crust (27, 28).

Table 1. Re and Os concentrations and isotopic compositions. cpt-rd: compact round pyrite; por-rd:
porous round pyrite; rd-pyr: rounded pyrite of both porous and compact morphologies.

Sample name Re (ppb) Os (ppb) 187Re/188Os 187Os/188Os

Vaal Reef
VR-Au-1* 9.86 4162 0.0116 � 0.0168† 0.10848 � 0.00004†
VR-Au-2* 2.47 73.1 0.151
VR-Au-5 10.3 8.02 6.66 � 0.06 0.45429 � 0.00243
VR-Au-6 11.2 5.42 10.72 � 0.10 0.66020 � 0.00431
VR-Au-7 11.4 4.05 15.46 � 0.33 0.89166 � 0.01531

VR-rd-pyrite-1* 1.72 0.68 14.00 � 0.28 0.84 � 0.01
VR-rd-pyrite-2* 2.20 0.30 48.54 � 1.60 2.55 � 0.08
VR-rd-pyrite-3* 2.60 0.30 60.08 � 2.29 3.20 � 0.11
VR-rd-pyrite-4* 2.80 0.26 87.31 � 3.25 4.68 � 0.17

Ventersdorp Contact Reef (Footwall)
VCR-FW-pyr-1 0.33 0.018 119.04 � 7.98 2.16 � 0.13
VCR-FW-pyr-2 0.13 0.012 69.75 � 3.63 2.40 � 0.12
VCR-FW-pyr-3 0.23 0.016 91.73 � 3.21 2.28 � 0.08
VCR-FW-pyr-4 0.41 0.009 393.47 � 30.3 5.88 � 0.44
VCR-FW-pyr-5 0.39 0.020 124.16 � 2.98 2.64 � 0.06
VCR-FW-pyr-6 0.29 0.019 120.11 � 4.56 4.74 � 0.18
VCR-FW-pyr-7 0.13 0.018 45.78 � 1.24 1.77 � 0.05

Steyn Reef
SR-rd-pyr-1 10.5 0.43 649.95 � 16.3 34.43 � 0.86
SR-rd-pyr-2 8.79 0.44 258.84 � 2.85 13.01 � 0.14
SR-rd-pyr-3 7.79 0.44 209.54 � 2.30 11.19 � 0.12
SR-rd-pyr-4 6.25 0.32 367.31 � 8.63 22.30 � 0.52
SR-rd-pyr-5 4.87 0.29 391.18 � 12.5 29.76 � 0.95
SR-rd-pyr-6 11.2 0.48 442.34 � 3.54 22.63 � 0.18
SR-por-rd-1 17.9 0.77 659.26 � 4.15 37.64 � 0.24
SR-por-rd-2 2.91 0.18 157.23 � 3.14 7.98 � 0.16
SR-cpt-rd-1 1.40 0.06 254.72 � 19.1 8.01 � 0.60
SR-cpt-rd-2 1.41 0.08 187.42 � 11.1 8.67 � 0.51

*Data are from (6). †Errors were calculated using the greater of either 2	 instrumental error (2SD
n) or by varying
the Os blank between measured values of 1 to 2 pg (187Os/188Os � 0.181). Highest source of error in the 187Re/188Os
ratio for VR-Au-1 was from varying the Re blank between measured values of 10 to 15 pg.
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lion years (MSWD � 112) with an initial
187Os/188Os value of 1.6 � 1.5 (Fig. 1D). The
VCR pyrites have low Os concentrations (9 to
20 parts per trillion); therefore, their Os isotopic
compositions are more prone to being altered
through interactions with later Os-bearing flu-
ids than VR gold and pyrite with higher Os
concentrations. The scattered distribution of the
VCR pyrite Re-Os data likely has no age rele-
vance, but rather reflects postdepositional dis-
turbance or averaging of different authigenic
generations of VCR pyrite.

VR gold and pyrite have much larger Os
concentrations than the VCR pyrite (Table 1),
suggesting a deposition mechanism different
from the epigenetic precipitation of the VCR
pyrite. The higher Os concentrations of the VR
gold and pyrite would also imply that their
geochronologic information is more unlikely to
have been disturbed by later precipitation or
mobilization of Os by hydrothermal fluids.

A mantle or mantle-derived mafic/ultra-
mafic rock source for the WSG gold and round-
ed pyrite is indicated by initial 187Os/188Os
values of 0.109 (VR-Au isochron) and 0.108
(VR-Au and Pyr isochron), corresponding to
the estimated Os isotopic composition of the
mantle at about 3.0 Ga (6). Supporting evi-
dence for a mantle origin of WSG gold is
provided by the higher Os concentration of the
WSG gold relative to the VCR pyrite, the gold
and pyrite from other hydrothermal gold depos-
its, and the younger (�2.2 Ga) Moeda Forma-
tion paleoplacer deposit (Fig. 2) (21, 22). Min-
erals from these younger deposits have low Os
concentrations and high Re/Os ratios similar to
those of evolved crustal rocks. The WSG gold,
and to a lesser extent rounded pyrites, have high
Os concentrations and low Re/Os ratios more
similar to those of mantle rocks and primary
S-rich komatiites (Fig. 2).

The age of the VR gold and pyrite may
reflect the age of the mineralization event in the
source rock(s) they were derived from, whereas
the initial 187Os/188Os value constrains the
source area of that rock. When plotted together,
the VR gold and pyrites yield a precise age of
3.03 � 0.02 Ga with a homogeneous, unradio-
genic (mantle-like) initial value and may indi-
cate that both gold and pyrite mineralization are
cogenetic. This age is similar to the 3.08-Ga
peak in WSG detrital zircon ages (2). Zircons of
this age reflect an increasing evolved granitic
crustal input, as well as an increase in basaltic/
greenstone components delivered to the WSG
sediments. These components are possibly de-
rived from erosion of 3.08-Ga basalts of the
Dominion Group and the 3.07- to 2.97-Ga
Murchison greenstone belt (2, 23). Although the
Dominion Group is not a likely source of large
amounts of gold, contemporaneous subaqueous
expressions of mafic magmatism in the form of
gold-rich sulfide-facies exhalites may have been
a potential source (24). The Murchison green-
stone belt and possible equivalents along the

Thabazimbi-Murchison lineament are candi-
dates for the source of gold to the WSG (23).
The initial 187Os/188Os value of WSG gold
(0.109) is consistent with gold emplacement
into the crust by mantle-derived basaltic/green-
stone magmatism at �3.0 Ga.
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Deformation on Nearby Faults
Induced by the 1999 Hector

Mine Earthquake
Yuri Fialko,1* David Sandwell,1 Duncan Agnew,1 Mark Simons,2

Peter Shearer,1 Bernard Minster1

Interferometric Synthetic Aperture Radar observations of surface deformation
due to the 1999 Hector Mine earthquake reveal motion on several nearby faults
of the eastern California shear zone. We document both vertical and horizontal
displacements of several millimeters to several centimeters across kilometer-
wide zones centered on pre-existing faults. Portions of some faults experienced
retrograde (that is, opposite to their long-term geologic slip) motion during or
shortly after the earthquake. The observed deformation likely represents elastic
response of compliant fault zones to the permanent co-seismic stress changes.
The induced fault displacements imply decreases in the effective shear modulus
within the kilometer-wide fault zones, indicating that the latter are mechan-
ically distinct from the ambient crustal rocks.

Stress and strain transfer within seismogenic
fault systems is a well-documented yet poorly
understood phenomenon. It is known that earth-
quakes can activate nearby (or, sometimes, dis-

tant) faults, causing variations in local seismic-
ity rates or triggering aseismic fault slip (1–3).
Detailed studies using Interferometric Synthetic
Aperture Radar (InSAR) data from several
large strike-slip earthquakes, including the 1992
Mw7.3 Landers earthquake (where Mw is the
moment magnitude) (4), the 1999 Mw7.6 Izmit
earthquake (5), and the 1999 Mw7.1 Hector
Mine earthquake (6, 7), revealed ubiquitous
displacements on pre-existing faults in the vi-
cinity of the mainshock rupture. In some in-
stances, the sense of fault motion has been

1Institute of Geophysics and Planetary Physics,
Scripps Institution of Oceanography, University of
California San Diego, La Jolla, CA 92093, USA. 2Seis-
mological Laboratory, Division of Geological and Plan-
etary Sciences, California Institute of Technology,
Pasadena, CA 91125 USA.

*To whom correspondence should be addressed. E-
mail: fialko@radar.ucsd.edu.
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