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ABSTRACT

Approximately 300 pelites from Precambrian sediments

deposited on the Kaapvaal craton have been analyzed to study
secular geochemical changes of the mid~Archean to early
Proterozoic upper-continental crust. Pelites from the
pongola Supergroup (3.0 Ga) have mean REE and HFSE contents,
negative Eu anomalies (Eu/Eu*=0.69), and La/¥Yb ratios (~13)
that are similar to those of the Phanerozoic North American
Shale Composite (NASC). Cr/Zr ratios range from 1-3,
whereas concentrations of Ni (30-300 ppm) and Cr (100-800
ppm), as well as Th/U (3-4) and Th/Sc ratios (0.4-1.0) are
intermediate between those of NASC and pelites from the
Moodies successions (3.2 Ga). Deeply weathered pre-Pongola
paleosols, high pelite Cr/Ni ratios and Co-Mg depletion are
features that suggest a portion of these sediments were
derived from highly weathered komatiitic rocks. Overall
geochemical characteristics suggest an evolved (felsic-rich)
source for the Pongola relative to the more primitive
{mafic-rich) signature exhibited by Moodies pelites.

Pelites from the Witwatersrand Supergroup (2.8-2.7 Ga)
are depleted in REE and HFSE, and enriched in Ni, Cr and Co
relative to NASC. Proportions of granite, basalt and
komatiite increased upsection at the expense of tonalitic
sources for these sediments. Contributions from basalt and
komatiite peaked during deposition of Booysens pelites as

evidenced by enriched Ni (200-700 ppm), Cr (400-1600 ppm)




(xv)

and MgO (5-12 %) contents, and elevated Cr/%r ratios (4-186).
Contributions from granitic rocks increased upwards
through deposition of the K8 pelite unit. These pelites
have high REE and Th (~10 ppm) contents, La/¥Yb ratios (~14),
as well as NASC-like Eu anomalies (Eu/Eu*=0.67). Elevated
contributions from both felsic and komatiitic sources in the
upper Witwatersrand coincide with deposition of paleo-
placer gold and uranium ores, suggesting a dual provenance
{granite and komatiitic greenstones) for these deposits.
Pelites from the Ventersdorp Supergroup (~2.6 Ga) are
unusual, 1in that they exhibit well-developed negative Eu
anomalies (Eu/Eu*=0.61) and high La/Yb ratios (20), yet
retain high Ni (-~300 ppm), Cr (600 ppm) and MgQ (~5%)
concentrations. These nelites are similar to the
Witwatersrand-Booysens unit 1in that they appear to be
derived from large proportions of both granite and
komatiite, Transvaal sediments {(~2.3-2.1 Ga) record the
progressive erosion of increasingly evolved crustal regions.
Lower Transvaal pelites have high Bu/Eu* (0.73-0.85) and
Cr/Zr (3-4) ratios, high Ni (100-300 ppm) and Cr {(~400 ppm)
contents, and relatively low La/¥Yb ratios (7-12), features

wnich reflect significant contributions from primitive

sources. Pelites from upper Transvaal, Waterberg (~1.8 Ga)
and Soutpansberg sequences (~1.8-1.7 Ga) have NASC-like
Eu/Eu* (~0.65), La/¥Yb (13-21) and Cr/Zr (0.4-1.1) ratics,

low N1 (30-90 ppm) and Cr (110-180 ppm), and high Th ({16-22




(xv1i)

ppm} contents, 1ndicating derivation from evolved sources
containing large proportions of granite.

A minimum of three primitive to evolved crustal cycles

are recorded in the compositions of Kaapvaal pelites. Each

sedimentary cycle reflects evolution of exposed crust, from

mafic- and komatiitic-rich to relatively felsic-rich
components (chiefly granite). Initiation of each cycle
coincides with major deformational events along the

perimeter of the Kaapvaal c¢raton. Such a correspondence
suggests a cause and effect relationship between arc or
(microcontinent accretion and Kaapvaal sedimentary cycles.
Following each deformation event, new mafic-komatiitic
sources were exposed 1in accreted terranes, leading to the
initiation of a new sedimentary cycle. Continued uplift of
these regions progressively unroofed granitic rocks leading
to more felsic signatures in derivative sediments.
Alternatively, these cycles may be related to pulses of
granitic magmatism associated with evolution of the Kaapvaal
craton. Individual sedimentary cycles also are super-
imposed on a long-term (3.2-2.1 Ga) primitive to evolved
crustal transition. These observations suggest that the
upper Kaapvaal crust evolved 1in a complex series of

punctuated events over a time span greater than 1.1 Ga.




(1)

INTRODUCTION

Notable increases in rare earth (REE) and large ion
lithophile element (LILE) contents, negative Eu anomalies,
and Th/U ratios are proposed to occur in sediments across
the Archean-Proterozoic boundary (Taylor and McLennan,
1981). These changes are interpreted to reflect fundamental
differences in the composition of exposed upper-continental
crust caused by voluminous additions of granitic magma
during the late Archean (McLennan and Taylor, 1982, 1988;:
Taylor and McLennan, 1983). These changes may reflect a
transition from an exposed Archean crust, which overall is
of a more mafic composition than the post-Archean upper
crust. The shift 1in sediment composition related to the
Archean-Proterozoic boundary, while episodic regionally, is
proposed to occur over a protracted period worldwide
{(3.2-2.5 Ga; McLennan et al., 1983). In South Africa, the
break in sedimentary REE patterns reflecting this crustal
transition may occur at about 3.0-2.8 Ga (McLennan and
Taylor, 1988). Gibbs et al. (1986) suggest that these
crustal transitions are an artifact of a tectonic sampling
bias, whereby the majority of Archean sediments examined are
representative of mafic-rich greenstone successions and
post-Archean samples are largely from continental margin or
intracratonic successions. By reversing the typical

sampling pattern, and comparing pelites from Proterczoic




greenstones with Archean continental margin sediments, these
authors note that reversed age-composition sedimentary
relationships can be documented.

The transition from primitive to evolved upper-
continental c¢rust 1s Dbelieved to be diachronous between
different cratons (Hunter, 1974; Taylor and McLennan, 1983;
Nesbitt, 1987). Thus, to examine the evolution of cratons,
a study should be made from a single geographic region which
contains a continuum of well-preserved strata occurring
across the Archean-Proterozoic boundary. The southern
African Kaapvaal craton 1is unique in this respect because
cratonic platform sediments (sandstones + .shales +/-
carbonates) are deposited here in close proximity, over a
time span ranging from 3.2 to 1.7 Ga (Fig. 1). The
sediments are generally well~exposed, relatively undeformed
and subjected to maximum regional metamorphic conditions
characterized by mid-greenschist facies.

Clastic sediments provide an important source of
information on the composition, tectonic setting and
evolutionary growth of the early continental crust. Pelites
or shales are preferred for geochemical provenance studies
due to their homogeneity and impermeability. Quartzites are
less desirable for provenance studies due to their low
trace element contents, pre=lithified permeability, and

hydraulic segregation of sand-sized particles during

transport. However, to evaluate the overall effects of




Figure 1. Simplified Precambrian stratigraphy and
chronology of the Kaapvaal, Zimbabwe and Limpopo provinces,

couthern Africa. Modified after Tankard et al. (1982).
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element fractionation in the sedimentary cycle, quartzites
must be considered together ’with pelites. This study
examines the composition and mineralogy of mid-Archean to
mid-Proterozoic pelites and quartzites from the Kaapvaal
craton in southern Africa. Data from approximately 300
pelite and 50 quartzite samples are compared with existing
sedimentary data from the region and used to critically
evaluate current ideas on crustal evolution. The principal
objective of this study is to evaluate the composition of
the Kaapvaal craton during the early Precambrian and discuss
results 1in reference +to changes across the Archean-
Proterozoic boundary. 1In addition, results are discussed in
terms of tectonic setting, paleoweathering, Ni-Cr distri-
butions in Archean sediments, element transport and fract-
ionation in the sedimentary cycle, and Witwatersrand gold
genesis. Sample locations, collection, analytical methods
(including preperation, detection limits, accuracy, pre-
cision and peak identification parameters) and geochemical

results are given in Appendices A-C.
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GECLOGIC SETTING

PRE-CRATONIC HISTORY OF SOQUTHERN AFRICA
Early Archean basement complexes of southern Africa's

Limpopo, Kaapvaal and Zimbabwe provinces represent some of

the oldest preserved fragments of the Earth's early
continental crust (Fig. 2). Crustal segments of the Limpopo
basement gneiss (3.3 Ga; Armstrong et al., 1987), Limpopo

supracrustal Beit Bridge assemblage (£ 3.3 Ga), and Ancient
Gneiss Complex (3.6-3.5 Ga; Kroner and Todt 1988) represent
some of the earliest protocontinent remnants of the Kaapvaal
craton. The Ancient Gneiss Complex 1is composed of
tonalitic gneiss, amphibolite, and interlayered microcline
gneiss and metasediment (Hunter et al., 1978). Gneisses
appear to have developed in response to partial melting of
hydrous basaltic lithosphere and are succeeded by widespread
development of greenstone volcanics and sediments (Hunter,
1974; Tegtmeyer and Kroner, 1987; Kroner and Compston,
1988). Early greenstone episodes are represented by 1linear
accumulations of the Barberton, Murchison, Pietersburg and
Giyani greenstone belts (3.5~3.2 Ga) on the Kaapvaal craton,
and Sebakwian (3.5 Ga) and Bulawavan greenstones (2.9-2.7
Ga) on the Zimbabwe craton (Anhaeusser, 1973; Nesbitt et
al., 1981). These greenstones probably developed in
tectonic environments analogous to modern island arc and/or

continental rift environments (Anhaeusser, 1973; Hunter,

1974y . Volcanic rocks from the Barberton greenstone
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typically are mafic to komatiitic in composition, but may
include intermediate to felsic tuffs and breccias.
Sediments include thick seguences of greywacke, with lesser
chert, pelite, quartzite and conglomerate (Anhaeusser, 1873;
Fig. 3).

Early thin, primordial crust underwent progressive
thickening and stabiliztion at 3.2-3.0 Ga ago, allowing
accumulation of the first cratonic sedimentary succ¢essions.
Cratonic thickening may result from arc or sediment
accretion along convergent continental margins, tonalite
underplating, and/or widespread intra-crustal melting and
emplacement of granites into the upper-continental crust
(Anhaeusser, 1973; Davies and Allsopp, 1976; Condie, 1981;
Taylor and McLennan, 1985). Grénitoid emplacement in the
Kaapvaal craton exhibits marked periodicity with magmatic
cycles at 3.5, 3.2-3.0 and 3.2-2.5 Ga (Anhaeusser and Robb,
1981; Fig. 1). Intrusive events on the Zimbabwe craton are
not well documented, but also appear to be episodic with
major intrusions at 3.5-3.3, 2.9 and 2.6 Ga ago (Nesbitt et
al., 1981; Fig. 1). Episodic granitic intrusions on both
the Kaapvaal and Zimbabwe cratons may be related to
primitive Wilson-Cycles, with periodicity caused by repeated
collision and/or separation of land masses between 3.4-2.5
Ga (Light, 1982). Alternatively, these intrusive episodes

may be related to mantle plume induced rifting episodes

associated with greenstone-belt formation (Hunter, 1974}).




Figure 3. Generalized geologic map and stratigraphic

section of the Swaziland sequence, Barberton greenstone

belt, southern Africa. After Anhaeusser (1973) .




1739 INOLSNIIYD NOLHIAHVYS
a1y
——— +
® 0 o o

HWeH

+ + [0¢61] 12 18 3ipuas iy RO T uBalin Pus usnla sty

{enpnp:nd ] !
+ D \ 0 M) SEARY B pLr e BE S e e N6
Y MU en) / d pe 1y
9 Juite sawg * [ - e— nees [ -_!M,ﬁ____:.a::: ﬂ D wee
or0 s copoop e 1) Py - pun SN A " + & g T o, [T——. D LILTLT]
11019 Mgy wembst ol / pur srosons o) sgjm 3 InHicpurg
T ne
+ f 1127 TRowAR YL pIpUR] / -S:-..__._ _.w._u TRHIPN SOD m |||||
+ \ savavous o s grw [7 £ C T e
r N0 PR woepd
e 00Nt KOUT LD s:.:.:ﬂ >pem _HMu ! § dsasgy mn
umew 0§ T o di TR
+ sheuiat wops g [T L AT R e e g LRI
E ]
romind / PUT IS 00N (1IN 13 m
wpn¢ 11 / txmyd ey sursh @
. ( e v
Anwed srooemey U MY INIWINTS
neeh xuirdg) SANIYIONY
s " gy seoutonn) pagury \ e
nily "I rewadaang Pa—— \\\\
] wnisuar pepurq ke ey wong / k]
e e ipues ping / S
L . n prog aneg rlerie
I s 2 | / T 1 ! === / > npyey
TToTTTTTS HE At deah AHYINTRIIS LLLEUT T Gk XX vori PN g
ppeartie [P W ] s Taomal
. G L ot LTI QTR o ceeeeas \ . o
q.,_.u verrunn / / xt.;_m_mm..\. A
T ] omsay L mu.uau,_m.h ¢ 0l u__ ..<z
- I SR, \ paerl w190 Ol WS \ Brtto0g:]
niand pirmuwop Rupert ok
weps \ y ; L] )
wmpsereey |7 e ] OIRUR REER L
ity U oy / I\ \I!'ll.ll ty2ratuooyyg /
i PO uls Fong Juniour dovurenrg :_2\\. . s..a_-s.ﬂa / i worat
ey 3 P
" ioty” et o S S R BEST vt Ll s=onr R 7w 777 B
uy / S
gl TETA
aududg eyaun aupuig ipun aulpuig 2anqrion
1PUAg Byauny HIUAS 1puniny lduig qzio1g S )
nnnnnnnnnnnnnnnnn werzel
dNOYS SIIAOO0W - dNOYO ITUL OId

aupudg Biaquuosy pue al1d1IUY JYsEMIIALED
dNOYD LHOVMHYIANO

FONINOIS ANVTIZYAMS FHL JO NWNTO0D DIHdVYHOILYYLS




The present study is concerned with the onset of modern
continental crust and basin development, beginning approx-
imately 3.2 Ga ago, when the crust thickened sufficiently to
permit the first accumulation of platform-type sediments of
the Moodies Group. These sediments lie conformably to
unconformably on older greenstone sequences and are composed
of a 1.5-3.6 km thick section of conglomerate, gquartzite,
sub-graywacke, pelite, volcanics, and banded iron formation
(Fig. 3). The Moodies Group is interpreted to be deposited
in alluvial and marginal marine environments (Eriksson,
1977, 1978, 1979, 1880). Proportions of granitic rock
fragments and K-feldspar increase upsection within the
Moodies sediments, apparently recording increased exposure
of granitic source rocks (Condie et al., 1970; Eriksson,

1980; Reimer et al., 1985).

PONGOLA SUPERGROUP

Scattered outcrops of the mid-Archean Pongola Super-
group are exposed along a 240 km north-south by 70 km
east-west belt in eastern South Africa and Swaziland (Fig.
4) . A minimum depositional area of 32,500 km?%* is inferred
for this sequence by Button (1981), who notes that much of
the original basin may be 1lost to erosional or igneous
processes, oOr 1is overlain by younger sediments. Strati-

graphic thicknesses increase from 2.5 km in the southern

Wit-Mfolozi River inlier, to 14 km in the northern part of




FPigure 4.

Generalized geoclogic map and stratigraphic

columns of the Pongola Supergroup. Alsc shown are outcrops

of both pre- and post-Pongola intrusionsg. Gecloygy after

Button (198la}). MPR, Mozaan Piet Retief pelites; MWM,

Mozaan Wit-Mfolozi pelites; NMP, MNsguze Mpongoza River

pelites; NUWM, Nsuze Upper Wit-Mfolozi pelites; NLWM, Nsuze

Lower Wit-Mfolozl pelites; NVS, Nsuze Vitshundi pelites.

reference

continent.

shows the 1location of the Pongola Dasio Lo

to  the Kaapvaal craton and the southern African
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the basin (Matthews, 1967; Armstrong et al., 1982).

The Pongola Supergroup is divided into the Nsuze
(formerly Insuzi) and overlying Mozaan Groups (Fig. 4). The
Nsuze Group rests nonconformably on 3.2-3.0 Ga granitic
basement (homogenous hood granites), scattered remnants of
greenstone belts, and the Ancient Gneiss Complex (3.6-3.5
Ga). Southern basement contacts are with freshly eroded
biotite-microcline granite, whereas northern Nsuze strata
rest on a well-developed paleoregolith composed of sericite,
quartz, vermiculite and microcrystalline quartz {(Matthews
and Scharrer, 1968; Armstrong et al., 1982). This horizon
apparently was produced during Archean weathering of pre-
Pongola basement. The Wit-Mfolozi Nsuze segquence attains a
maximum thickness of 1.9 km (Matthews, 1967). At this
location, it commences with a thin basal layer of quartz
arenite, conglomerate and arkose, which is overlain by lower
and upper sequences of amygdaloidal and locally pillowed
basalt, separated from each other by pelite, quartz arenite,
calcareous sandstone and stromatolitic dolomite (Fig. 4).
A 6-9 km thick section of Nsuze sediments and volcanics is
exposed in the northern Piet Retief region, where basal
sediments cocmposed of arkosic arenite and quartz wacke are
succeeded by gquartz arenite and minor conglomerate.

Overlying these sediments are subaereal to locally sub-

aqueous lava and tuff, ranging in composition from mafic to

felsic, with minor intercalated gquartz arenite and pelite




N

(Watchorn and Armstrong, 1880; Armstrong et al., 1986).

The contact between the Mozaan and Nsuze Groups 1s
gradational in the north (Watchorn, 1978), while the Mozaan
section unconformably truncates successively lower Nsuze
units when traced to the scutheast (Button, 188la). The
Meozaan Group 1s 4-5 km thick in northern outcrops, while
only 700m of strata are preserved in the Wit-Mfolozi section
(Matthews, 1967; Armstrong et al., 1982). This sequence 1is
composed of alternating layers of pelite and guartz
arenite, with minor banded iron formation and conglomerate
(Fig. 4). Sediments from both the Nsuze and Mozaan Groups
are interpreted to reflect deposition in fluvial as well as
tide~dominated, near-shore marine. environments (Von Brunn
and Hobday, 1976; wWatchorn, 1980%a).

The Pongola Supergroup is only mildly deformed into a
number of gentle domes and basins, with folding apparently
assoclated with intrusion of granites located to the east
(Fig. 4; Button, 198la). Most margins of the Pongola basin
have been destroyed by intrusive activity; however, pene-
contemporaneous normal and left-lateral strike-slip faulting
and associated basin subsidence are reported in southern
Pongola exposures (Matthews, 1967;: Dix, 1984).

Various models are proposed for the tectonic evolution
of the Pongola basin. Hegner et al. (198l) interpret the

Pongola sequence as developing in a graben-like setting,

representing the remnants of a failed greenstone belt.
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Tankard et al. (1982, p. 74) suggest a volcanic arc setting

for the Pongola volcanics, noting that granitic basement and

basal arenites of the Nsuze Group favor a continental-type
arc system. Bimodal silica contents of Nsuze volcanics,
rapid lateral variations in thickness and character of
sediments, shallow-water depositional environments, and
basement-derived arkoses and conglomerates led Burke et al.
{1985a) to suggest that the Pongola Group represents a
continental rift succession. Age constraints from
underlying Nsuze volcanics and Usushwana complex intrusives
indicate that the >4600m of Mozaan sediments in the Piet
Retief area (Matthews and Scharrer, 1968) were probably
depcsited in a time interval of <60 my. These results imply
minimum Mozaan sedimentation rates of 0.08 m/1000 years, a
value which 1is similar to that tabulated by Schwab (1986)
for ancient aulacogen, rift-valley, foreland and successor
basins. Actual rates of sediment accumulation may be
greater because the upper portion of the Mozaan Group is
eroded and because Mozaan sedimentation probably ceased
prior to the Usushwana intrusive episode. Major and trace
element studies of Nsuze volcanics indicate a compositional
range from basalt to rhyolite with an abundance of lavas of
intermediate composition (Armstrong et al., 1986; Crow et
al., 1988). These data, as well as the absence of alkaline
volcanism led Armstrong et al. (1986) to dispute the rift

hypothesis, suggesting instead that the tectonic setting of




the Nsuze Group does not compare favorably with any

Phanerozoic plate tectonic setting.

DOMINION GROUP

Dominion erosional remnants cover an area of ~16,000 km
in the southwest Transvaal and western Orange Free states
of South Africa (Fig. 5). Sedimentary and volcanic rocks of

the Dominion Group rest nonconformably on 2900 +/- 150 Ma

granitic basement (Nicolaysen et al., 1962) and are
interpreted to represent the protobasinal phase of the
overlying Witwatersrand Supergroup (Watchorn, 1980b, 1981;
Tankard et al., 1982; Fig. 6). The Dominion Group is
divided, from oldest to youngest, into the Rhenosterspruit,
Rhenosterhoek and Syferfontein Formations. These sequences
are interpreted to be deposited in continental rift,
continental arc and foreland basin tectonic settings (Burke
et al., 1986; Tankard et al., 1982; Crow and Condie, 1987,

respectively).

The Rhenosterspruit is composed of <120m of feldspathic
to sericitic quartzite and basal comglomerate deposited as
a valley-fill sequence over eroded basement surfaces (Fig.
6: Watchorn, 1980b). Gold and wuranium have been mined
intermittently in the past from basal conglomerates, which
show mineralogical and depositional similarities to the more
famous Witwatersrand deposits. These sediments differ from

the Witwatersrand in having higher contents of Co, As, Ta

and REE (Reimer, 1987). Conglomerate lithologies are
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dominated by well-rounded quartzite pebbles set in a

chloritic matrix. Heavy mineral detritus is enriched in

pegmatitic minerals such as uraninite, monazite, zircon,
cassiterite and columbite/tantalite as well as chromite,
pyrite, zircon, cassiterite, various sulfide minerals and
garnet (Viljoen et al., 1970; Reimer, 1987). Gold typically
is authigenic and enriched in Cu and Ni. Deposition of
these immature conglomeratic sediments 1is interpreted to
have taken place predominantly in shallow braided dendritic
stream systems occasionally dominated by emphemeral sheet
wash (Tankard et al., 1982). Reimer (1987) estimates a
source provenance for these sediments consisting of 80-85%
granite and alkali-rich gneisses,llo—lS% mafic to ultramafic
greenstones, and <10% reworked arenites.

The Rhenosterhoek gradatioconally overlies the Rhenos-
terspruit and is composed of >1 km of subaerially deposited
andesite, basaltic andesite lava, tuff and breccia, with
lesser felsic porphyry and intercalated sediment (Fig. 6).
Paleosols indicative of periodic exposure and weathering are
described in the section by Button and Tyler (1981) and
Grandstaff et al. (1986). The Syferfontein Formation
conformably succeeds underlying Rhenosterhoek volcanics and

is composed of ~1.5 km of quartz-feldspar porphyries with

lesser basalt, andesite, felsic tuff and breccia.
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WITWATERSRAND SUPERGROUP

The Witwatersrand Supergroup 1is deposited in an
arcuate, oval shaped, 42,000 km?® northeast-trending basin,
which is fault-bounded along its northwestern margin
{(Pretorius, 1981la, 1981b; Fig. 7}. The Witwatersrand
sequence 1is divided into the lower West Rand and upper
Central Rand Groups (Fig. 8), the former of which
conformably overlies volcanics of the Dominion Group and
nonconformably overlaps Archean basement granites. Strat-
igraphic thicknesses increase (830-7500m) towards the
northwestern margin of the basin for the West Rand Group,
whereas maximum thicknesses (2880m) of the Central Rand
Group occur in the center of the basin, a pattern consistent
with southeastern migration of the basin axis with time
(Pretorius, 1976, 1981b). The Witwatersrand section
exhibits two generations of open folds and is cut by late
high-angle and thrust faults, some of which were reactivated
as transcurrent faults (Pretorius, 198lb; Roering, 1986).

Extensive Au-~ and U-bearing sediments in the Wit-
watersrand Supergroup have been the subject of numerous
studies (Pretorius, 1976, 198la; Tankard et al., 1982).
This deposit 1is generally interpreted as a paleoplacer

({Pretorius, 1976) with mineralization occurring chiefly in

conglomerates located in the upper half of the succession.

The conglomerates and associated quartzites represent a more




Figure 7. Seneralized oeologic map of the Wwitwatersrand
T e T il

(After Robh and Mever, 1983). Also ghown are outcrops

major

of opre-yJitwatersrand granite-gresnstone

sediment transport directicons into the Witwatersrand Dbasin,

collection. inset map shows the

and areasg of

locstion of the Witwatersrand basin in reference to the

Kaapvaal craton and the southern african continent.

Figure 8. {(following page) Simplified stratigraphic column

=
o

=n

of the Witwatersrand Supergroup, southern Africa {after

Kent, 1980b; Robb and Heyer, 1285%. Pelite horizons

analyzed in this study also are noted.
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proximal high energy facies environment than uhderlying
finer~grained West Rand sediments. Pebble compositions are
dominated by gquartz and chert with lesser quartzite and
quartz porphyry in a matrix of muscovite and chlorite
(Pretorius, 1976). Witwatersrand gquartzites range from
subgreywacke to mature gquartz arenite compositions and are
interpreted to be deposited in fluvial to shallow-marine
fluvial fan settings, with extensive tidal and storm
reworking (Eriksson et al., 1981). Pelites also are an
important component of these sediments, comprising approx-
imately 30% of the supergroup, and an even greater
proportion of the West Rand Group (Pretorius, 1976).

In terms of tectonic setting, continentai rift,
periphrial foreland basin, and wrench-fault basin models are
proposed for the Witwatersrand Basin (Pretorius, 1976;
Burke et al., 1986; Stannistreet et al., 1986). Of these
models, the foreland basin (+/- wrench-faulting) model is
favored in terms of the abundance of quartzites and shales
in the Witwatersrand Supergroup, a subduction-zone geo-
chemical signature that characterizes volcanics of the
underlying Dominion Group and overlying Ventersdorp
Supergroup, and continent collisional episodes recorded in
<2.9 Ga deformational events in the Limpopo belt to the
north {(Light, 1982; Schweitzer and Kroner, 1985; Crow and
Condie, 1987). Compressional block faulting and folding of

sediments in the Welkom goldfield are interpreted to be

s
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similar to features characteristic of Laramide compressional
events in western North America (Callow and Meyers, 1986).
These deformation patterns support a foreland basin model
for the Witwatersrand basin. Thrusting along the northern
Witwatersrand basin margin is characterized by northward and
eastward directed thrusts (Roering, 1986; Callow and Myers,
1986), a direction opposite to that which would be expected

if the Witwatersrand formed as a result of compressional

stresses generated in the Limpopo belt.

VENTERSDORP AND TRANSVAAL SUPERGROUPS

The Ventersdorp and Transvaal Supergroups occur in
northeast-southwest trending basins covering areas greater
than 200,000 and 500,000 Xkm?* , respectively, in northern
South Africa and southern Botswana (Fig. 9). The
Ventersdorp sequence 1is up to 5 km thick, and is divided
into the Klipriviersberg, Platberg and Pniel Groups, whereas
the Transvaal Supergroup is divided into the Wolkberg,
Chuniespoort and Pretoria Groups (Fig. 10). The largely
volcanic Klipriviersberg and Platberg Groups, the chemical
sediments of the Chuniespoort Group, and Transvaal aged
sediments of the northern Cape region were not examined in
this study.

The Pniel Group disconformably overlies older

Ventersdorp strata and is divided into the sedimentary

Bothaville and volcanic dominated Allanridge Formations
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(Fig. 10). The 400m thick Bothaville Formation is
characterized by c¢yclic, upward fining units of conglom-
erate, quartzite, pelite and carbonate (Button, 1981b).
Tankard et al. (1982) favor an alluvial plain depositional
setting for these sediments. The Ventersdorp basin is
interpreted in terms of a continental rift setting, with
rifting initiated during collision o¢f the Kaapvaal and
Zimbabwe cratons (Fig 2; Burke et al., 1985b). An abundance
of marine quartzite, pelite and dolomite suggests that the
Transvaal sequence represents a continental margin or

platform setting.

The Transvaal Supergroup 1is best developed in the
northeast portion of the basin where a 12 km thick section
is exposed (Tankard et al., 1982). Deposition of the basal
Wolkberg Group was strongly influenced by paleotopography,
with maximum thicknesses of 2 km preserved in paleovalleys.
Lower Wolkberg sediments represent the proto-basinal stage
of Transvaal sedimentation and are composed of fluvial to
shallow-marine feldspathic and subgreywacke quartzite,
arkose, siltstone, pelite and conglomerate, as well as
subaereal to subaqueocusly extruded basalt (Button, 1973a).
Lobate distributions of arenaceous sediments suggest a
fluvio-deltaic progradation into shallow water with sediment
sources lying to the north and east (Button, 1973a).

Distal sedimentation is dominated by thick accumulations of

Selati Formation pelites which were deposited in the rapidly
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subsiding Selati trough. Clendenin et al. (1987) suggest
that the Selati trough formed in response to interarc
spreading along zones of weakness aligned with the Murchison
greenstone belt.

Black Reef quartzites show both conformable and locally
unconformable relationships with lower Wolkberg sediments
(Fig. 10), while they also transgress older units such as
the Ventersdorp and Witwatersrand Supergroups {(Button,
1973a, 1981b; Clendenin et al., 1987). Up to 500m of Black
Reef mature fluvial and marine cross-bedded guartzite as
well as 100m of bésalt are preserved in the Selati trough.
Elsewhere, this unit is usually <30m thick and is composed
largely of mature cross-bedded quartzite, basal conglomerate
and upper intertidal pelite and carbonate (Button, 1981b) .
Paleocurrents in the vicinity of the Selati trough indicate
sources for the Black Reef sediments lying predominantly to
the east, whereas in the Cape and northeast Transvaal
regions sources appear to lie to the north, with a
subordinate southern source noted during deposition of basal
units (Button, 1973a).

A regional angular wunconformity, marked by a chert-
pelite breccia separates the Pretoria from the underlying
Chuniespoort Group. The Pretoria Group is composed of
marine tidal quartzite and pelite, with lesser carbonate and

volcanics (Fig. 10). Glaciomarine and fluvio-glacial

sediments are preserved in the Timeball Hill Formation in
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the Cape region. Subaereal to submarine wvolcanic units
typically show erosional contacts with underlying and/or
overlying strata, indicating periodic exposure of these
units to erosional forces. Pretoria Group sediments are
interpreted to be derived from sources to the north and
northeast (Button, 1975), with sedimentation controlled by
uplift in the Limpopo area (Tankard et al., 1982).
Preserved coarse, terrigenous-fluvial sediments are rare,
possibly due to uplift and erosion of northern basin
margins, while distal fine-grained and chemically pre-

cipitated sediments are abundant in southern regions.

WATERBERG AND SOUTPANSBERG GROUPS

The Waterberg and Soutpansberg Groups represent the
earliest continental red-beds and youngest Precambrian
sequences preserved in southern Africa. Northern Transvaal
exposures of the Waterberg and Soutpansberg Groups are
distributed over areas of 25,000 and 8000 km?* , respectively
(Fig. 11). The central basin of the Waterberg is divided
into two main units, the early Alma trough and the late
Waterberg basin (Jansen, 1981). The Alma trough is further
divided into the Swaershoek and overlying Alma Formations,
whereas the late Waterberg basin is partitioned into the

Skilpadkop, Aasvoelkop, Sandriviersberg, Cleremont and

Vaalwater Formations (Fig. 12). A composite section up to 7

km thick is preserved in five sub~basins which
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progressively and uncomformably overlap northward with time.
Cheney and Twist (1986) suggest that the section probably
never exceeded 5 km in thickness in any one locality due to
the unconformable relationships of sub-basins. The
Waterberg basin probably formed by subsidence of the
underlying crust, with centers of deposition shifting to the
north with time. The succession is composed mostly of
intracratonic arenaceous and conglomeritic sediments with
<10% finer-grained siltstone, shale and volcanic rock (De
Vries, 1968; Vos and Eriksson, 1977). Conglomerate pebbles
include rounded to subangular felsite, quartzite and jasper,
with lesser chert, ifon~formation, guartz and dgranophyre
clasts (Tankard et al., 1982). Sandstones are mostly
arkosic to 1lithic arenite and feldspathic to lithic
greywacke compositions with monocrystalline quartz, felsite,
quartzite, chert, siltstone, K-feldspar, pyroxene, sphene,
and magnetite framework grains. Mature gquartz arenite also
occurs in the Waterberg sequence, but is not as abundant as
other types of sandstones. These arenites may result from
stabilization of alluvial fans and tidal reworking in
shallow water. Cross-bedded sandstone formed in transverse
aeolian dune environments also are reported from the eastern
Waterberg basin (Meinster and Tickell, 1976). Planar and
trough cross~bedded alluvial-fan sediments indicate

transport predominantly from sources to the north, northeast

and east (Eriksson and Vos, 1979: Jansen, 1981), with
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deposition taking place primarily in fluvial, shallow water
and aeolian conditions. Transport directions indicate
sediment sources mainly in the southern and central portions
of the Limpopo belt, and thus Waterberg sediments may have
been derived from the same granitic and metamorphic terrains
that provided detritus for Transvaal sediments.

Deposition of upper stratigraphic units of the
Soutpansberg Group post-date those of the Waterberg as
indicated by unconformable stratigraphic relationships in
the western Soutpansberg basin (Tankard et al., 1982}). The
5500m thick Soutpansberg Group is composed of subaereal
amygdaloidal Sibasa Formation basalt and overlying Musekwa
Formation subarkosic arenite, lithic arenite, conglomerate
and volcanic rock (Fig. 13). These units are succeeded by
Ngwanedzi Formation basaltic 1lava, ash flow tuff and
epiclastic sediments, and Nzhelele Formation sandstone,
siltstone, tuff and shale. Soutpansberg sediments occur as
distal braided-alluvial and shallow water deposits which
accumulated in a graben setting formed on basement rocks of
the Limpope Province (Fig. 2). Paleocurrents indicate
sediment sources +to the north of the basin (De villiers,
1%67; Barker, 1979). The Soutpansberg trough developed on a
permanent zone o0f weakness marked by westward spreading
rifting and downwarping (Jansen, 1981). This tectonic style
contrasts that of the northward migrating Waterberg basin.

Graben development and basin-margin faulting have led to

proposals that the Soutpansberg basin represents an
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aulacogen (Jansen, 1975, 1976a, 1976b). Barker (1976, 1979)
suggests that the Soutpansberg formed as a yoked basin
during asymmetric faulting of the stabilized craton. He
cites an absence of marine sedimentation and transport
directions normal to the basin axis (sediment transport in
an aulacogen 1is generally parallel to the graben axis) as

evidence supporting a continental rift setting.

AGE RELATIONSHIPS

The Moodies Group represents the stratigraphically
uppermost Swaziland Supergroup member of the Barberton
Greenstone belt. A minimum age of 3210 +/- 3 Ma is provided
for this unit by the intrusive Kaap Valley pluton (York,
1988) . Felsic wveolcanics of the Nsuze Group yield a
conventional U-Pb zircon age of 2940 +/- 22 Ma, which is
consistent with a Nsuze Sm-Nd whole rock errorchron date of
2934 +/- 114 Ma (Hegner et al., 1984). A maximum age for
the Pongola Supergroup is constrained by a Rb-Sr whole rock
isochron of 3028 +/- 14 Ma for the underlying granitic
Mpuluzi (Lochiel) batholith (Barton et al., 1983). A
minimum age is provided by a 2871 +/- 30 Ma Sm-Nd mineral
isochron and a 2876 +/- 45 Ma average Rb-Sr whole-rock
isochron from the post~Pongola, Usushwana intrusive complex
(Hegner et al., 1984; Layer et al., 1988). Thus, it appears

that deposition of the Pongola succession occurred during a

time interval of <150 Ma.
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Conventional U-Pb zircon ages from felsic volcanics in
the Dominion Group indicate deposition of this unit at ~2830

Ma (Van Niekerk and Burger, 1969). This age also

effectively constrains the earliest deposition of the
conformably overlying Witwatersrand Supergroup. A 3060 Ma
ion microprobe age from Dominion zircons (Minter et al.,
1988) contrasts the previously given age determined for
Dominion lavas. The cause of this discrepancy is uncertain,
but may result from the older age reflecting a relict
basement provenance age for the lavas. Ion-microprobe
zircon dates of 2750-2700 Ma from Ventersdorp-
Klipriviersberg lavas provide a minimum age of Witwatersrand
deposition (Armstrong et al., 1986; R. Armstrong, personal
communication reported in Phillips, 1986a; R. Armstrong and
W. Compston, personal communication reported in Minter et
al., 1988). Combined Dominion and Klipriviersberg zircon
ages suggest that deposition of the Witwatersrand Supergroup
occurred over a time interval of <130 Ma.

Quartz porphyry rocks of the Ventersdorp-Makwassie
Formation yield conventional U~Pb zircon ages of 2634 +/- 14
Ma and 2643 +/- 8 Ma (A. Kroner, personel communication,
1986; Van Niekerk and Burger, 1978), and a U-Pb ion
microprobe zircon age of 2699 +/- 16 Ma (Armstrong et al.,
1986). These ages suggest that Bothaville sediments, which

unconformably overlie the Makwassie Formation, are probably

late Archean 1in age. In combination with the previously




listed Klipriviersberg ages, these data suggest that
Ventersdorp deposition took place between 2.75-4£2.6 Ga.

Volcanic rocks of the Transvaal-Hekpoort Formation
yield Rb-Sr whole-rock isochron ages of 2224 +/- 21 Ma (D.
Crampton, gquoted in Button, 1981b). Post-Transvaal Bushveld
granites have a Rb~8r whole~rock isochron age of 2085 +/-
24 (Hamilton, 1977) and post-Transvaal volcanics in the
Griqualand West region have a Rb-Sr whole-rock isochron age
of 2070 +/- 90 Ma (Crampton, 1%974). Thus, Transvaal
sedimentation probably took place from~2.3-2.1 Ga. An
extensive erosional interval is recorded between deposition
of the Ventersdorp and Transvaal Supergroups. Rb-Sr systems
of Ventersdorp rocks were reset during this prolonged
period of erosion, possibly indicating the occurrence of a
major regional metamorphic event which ended between
2400-2300 Ma ago (Barton et al., 1986).

Deposition of the Waterberg Group post-dates intrusion
of 1913 +/- 30 and 1920 +/- 40 Ma Bushveld granites and
their subsequent exposure due to erosion (Rb-Sr whole-rock
isochrons; Davies et al., 1969; Coertze et al., 1978),
whereas upper Waterberg sediments also post-date emplacement
of the Palala Granite (1770 +/- 60 Ma) and subseguent
faulting of this pluton (Walraven et al., 1983; Barton and
McCourt, 1983). Coeval porphyry lava flows in the southern

Waterberg basin have a conventional U-Pb zircon age of 1790

+/- 70 Ma (Oosthuyzen and Burger, 1964; Hunter, 1974).
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Intrusive alkaline rocks dated at 1420 +/- 70 Ma provide a
minimum age of Waterberg deposition (Oosthuyzen and Burger,
1964; conventional U-Pb zircon). Sedimentary units of the
upper Soutpansberg Group locally overlie Waterberg sediments
with an wunconformity, indicating that Soutpansberg depo-
sition probably continued after Waterberg deposition had
ceased (Jansen, 1976b). Deposition of the Soutpansberg
Group also appears to have begun after an 1800 +/- 50 Ma
thermal metamorphic event recorded in gneissic basement
rocks (Rb-Sr whole-rock isochron; Barton, 1979). A Rb-Sr
whole rock isochron from basal Soutpansberg-Sibasa lavas of
1769 +/- 34 suggests a similar age for the Waterberg and
Soutpansberg Groups. It appears that Waterberg deposition
probably began ~ 1800 Ma ago and ceased prior to 1400 Ma as
well as prior to the end of Soutpansberg sedimentatiocn.
Soutpansberg basin development began 1770 Ma ago with the
extrusion of basal Sibasa lavas and is considered to be
coeval with the middle to upper portions of of the Waterberg

Group (Coertze et al., 1980).
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PELITE RESULTS

MINERALOGY

X-ray diffraction analyses (Appendix B.4) of Pongola
pelite samples indicate that the major mineral species
present are muscovite (illite) and chlorite, with minor
amounts (<10%) of pyrophyllite, K-feldspar, kaolinite
(probably secondary), mixed-layer illite/smectite (probably
secondary), calcite and hydromagnesite (Table 1}). Quartz
also 1s present 1in most samples. Pelites from the Nsuze
Group have relatively constant mineral distributions, with
mean and one standard deviation values of 70+/-20% muscovite
and 30+4/-20% chlorite. Mozaan mineral contents are more
variable, with 40+/-40% muscovite and 60+/-40% chlorite.
Both Fe~ and Mg-rich chlorites are present, with Fe-rich
varieties dominating in both Groups. These mineralogic
results complement those of Hunter (1963) and Beukes {1973y,
who identified andalusite, pyrophyllite, sericite and
quartz from Al-rich pelites and chlorite, magnetite,
tremolite-actinolite, quartz and spessartite from Fe-rich
pelites. Watchorn and Armstrong (1980) also report
chloritoid in basal clastics of the Nsuze Group.

Pelites from the Witwatersrand Supergroup are composed
principally of muscovite (illite) and chlorite. Chlorite is
the most predominant mineral 1in Booysens, Roodepoort,
Promise and Parktown Formation pelites (Table 1), whereas

muscovite and pyrophyllite are most prevalent in K8 pelites.
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Table 1. Semi-quantitative mineral analyses of Kaapvaal craton pelites.

o o ————— et o — — - S

Unit Sample Il1lite/ Chlorite Pyroph- Mixed-Layer Other-
Muscovite yliite 1/8 Trace

TRANSVAAL

-gilverton D 70 8O 10 nd 10 -
D 72 20 80 nd <10 a
D 75 100 nd nd tr e
D 97 60 40 nd nd i

~gtrubenkop CDV1-4 90 nd pPr 10 -

~-Timeball C 19 60 40 nd <10 a,i
C 214 €0 nd nd 30 a,e,h
D 27 80 10 nd <i0 i
Cbvl-17 70 20 nd <10 i
CDV1-25 80 10 pr i0 i
MSF1-3 70 20 nd <10 -
MSF2-3 50 30 nd 20 a
MSF2-7 50 20 nd 30 a
WBK1-2 70 30 nd <10 e,i
WBK1-4 80 i0 pr <10 3

-Black Reef MEE {4 70 30 nd tr b
MEE 25 90 10 nd nd a,da
MEE 31 80 20 nd nd -
MEE 38 80O 20 nd nd b

VENTERSDORP

-Bothaville JWS-8-§ 60 40 nd nd b,f

WITWATERSRAND

-K8 MEE 1 100 nd pPr nd -
MEE 13 50 50 pr nd b
MEE 23 50 <10 pr nd b,d
MEE 38 100 nd pr nd -
MED 6 80 <10 pr nd b
MED 9 90 nd pr nd -

~Booysens MEE 5 70 20 nd <10 b,c
MEE 24 40 60 nd nd b,c,d
MEE 27 10 90 nd <10 b,c
SJ3-4 30 70 nd nd b,cC

-Roodepoort MED 17 nd 100 nd nd b
MED 18 <10 100 nd nd -

-Promise MED 13 30 70 nd tr -

-Parktown c 71 40 60 nd <10 -

PONGOLA

~Mozaan MW 170 <10 90 nd <10 -
MW 253 80 10 pr nd a,e
P 31 nd 100 nd nd -
P 34 100 nd nd nd -
P 50 nd 100 nd nd -
P 51 20 80 pr nd a,g

-Nsuze P 5 100 nd nd nd -
P 8 30 70 nd nd -
P 58 80 20 nd nd e
P 61 70 20 nd <10 e,f
P 62 80 20 nd nd e,f

Values in percent; Analyses in part-per-ten accuracy; tr, <1l% detected;
nd, none detected; pr, present but not guantitatively analyzed for; 1/S,
illite/smectite; a, kaolinite; b, quartz; ¢, paragonite; d, chloritoid;
e, K-feldspar; f, calcite; g, hydromagnesite; h, chromite; i,heulandite;
j, spodumene; k, apatite.




additionally, mixed-layer illite/smectite, paragonite and
chloritoid are detected 1in trace quantities and guartz is
present in most samples. Both Mg- and Fe~rich chlorites are
detectable in Witwatersrand pelites in approximately equal
amounts, however, Fe-rich chlorites dominate slightly in
Booysens pelites.

The single Ventersdorp pelite sample analyzed is
composed of muscovite (illite), Fe-rich chlorite and quartz
{Table 1). Pelites from the Transvaal Supergroup are
dominated by muscovite and chlorite, with both Fe- and
Mg-rich chlorites are present in approximately equal
amounts. Pelites from the Black Reef Formation also contain
trace quantities of chloritoid, while those from the
Pretoria Group contain variable amounts of pyropﬁyllite,
mixed-laver illite/smectite, kaolinite, vermiculite and
K-feldspar. Relatively abundanﬁ mixed-layer clays in the
Pretoria Group suggest that these sediments may be

classified as shales rather than pelites.

GEOCHEMISTRY

Major Elements

Both stratigraphic and geographic variations are
evident in the major element contents of Pongola pelites.
Mozaan Wit~Mfolozi (MWM) samples show the greatest range in
K20/Na20 ratios (0.3 to 160, Fig. l4a), while Mozaan Piet

Retief (MPR) pelites are less variable and exhibit the
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lowest K20/Na20 ratios (0.9-8.4). All Nsuze pelites show
noderate variations in ¥X20/Na20 and Si02/A1203 ratios, Most
pongola pelites have higher K20/Na20O ratios and absolute
K20 contents relative to Moodi;s pelites from the Swaziland
sequence (Taylor et al., 1986).

Relative to NASC, most Pongola pelites are depleted in
Mg0 (except NUWM and NLWM samples), CaO and Na20 {(Table 2}.
Mozaan pelites are enriched in MnO and Fe203T, and with the
exception of MPR and Nsuze Vitshundi River (NVS) pelites,
pongola pelites show K20 enrichment relative to Phanerozoic
shales. Upward stratigraphic increases of K20 and MnO and
decreases of MgO are apparent 1in pelites from the
Wit-Mfolozi inlier, where from oldest to youngest the NLWM,
NUWM and the MWM sections are exposed (Fig. 4; Table 2).

Major element concentrations in Witwatersrand pelites
are variable, even within some of the individual pelite
units (Table 3). The Hospital Hill Subgroup exhibits the
greatest compositional range with 41-65% 5i02 and 7-28%
Al203, This variation is due primarily to differences
between the lowermost Orange Grove (0G) pelite (1 analyses)
and overlying Parktown-Brixton (PBR) pelites. In terms of
Sin2/A1203 and K20/Na20 ratios, Booysens (BOY) and K8
pelites are similar to most Phanerozoic shales (Fig. 14b) .
0G, PBR, Promise (PRM), and Roodepoort pelites have higher

and more variable K20/Na20 ratios, exhibiting an overall

similarity +o the Pongola pelites. It is notworthy that
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witwatersrand pelites, unlike some published averages for
Archean pelites (Ronov and Migdisov, 1971:; Cameron and
Garrels, 1980, Taylor and ycLennan, 1985) do not exhibit
K20/Na20 ratios £ 1. This may reflect the fact that Archean
nelite averages include chiefly pelites from greenstones
rather than pelites from cratonic successions such as the
yitwatersrand pelites.

Relative to MNASC, most Witwatersrand pelites are
depleted in CaO, Na20 and K20 and with the exception of the
X3 pelites, also are depleted in TiO2 and Si02. In
addition, pelites from the PBR, RO and BOY Formations are
enriched in MgO, Fe203T and MnO compared to NASC. BOY
peiites and especially the K8 and OG pelites are strikingly
enriched in Al1203 compared to NASC and most Phanerozoic
shales. Compositional changes of Witwatersrand pelites as a
function of stratigraphic height indicate that the upper
pelites (BOY, RO and K8) and the lowermost OG pelite are
enriched in Na20, K20 and Al1203 and depleted in Fe?2037T, MgO
(K8 pelites only) and MnO compared to the PBR and PRM
pelites (Table 3).

In the Ventersdorp and Transvaal pelites, mean
Bothaville (BOT), Selati (SEL) and Black Reef (BR) K20/NaZo
ratiés and MgO and K20 (except 30T) contents are greater,
whereas concentrations of Na20 and A1203 are lower than
those of overlying Timeball Hill (TH) , Strubenkop (STR),

Silverton (SIL) formations and NASC (Fig. ld4c; Table 4).
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BOT-SEL-BR K20/Na20 distributions are similar to those of
pongola and West Rand Group pelites (RO-PRM-PBR formations;
Figs. lda, l4b}. Relative to NASC, TH-STR-SIL pelites
generally show an enrichment of Fe203T and Al203, and a
depletion of Ca0, MgO, K20 and Si02. These pelites have
mean Na20 and CaQ concentrations that are greater than or
equal to those of pelites from the Pongola Supergroup (Table
2), and lower than pelites from the HMoodies and Belt Bridge
Groups {(Taylor and McLennan, 1985;:; Taylor et al., 19806:
Condie and Boryta, 1989).

Major element contents of the single Waterberg shale
sample analyzed are similar to NASC except for greater K20
and lower Mg0Q, Ca0 and NaZz20 concentrations (Table 5).
Shales from the Soutpansberg Group have majof element
contents which are quite variable, with mean concentrations
showing enrichments of Ti02 and Al1203 and depletions of
$i02, MgO, Ca0, Na203, and K20 relative to NASC. Low mean
concentrations of K20 in some Soutpansberg shales are

surprising considering the arkosic nature of Waterberg

sandstones. However, both K20 contents of shales and
X-faldspar concentrations of sandstones are noted to
increase stratigraphically upsection within the

Soutpansberg Group.
The single Waterberg shale sample is enriched in K20
and depleted in MgO and Ca0 relative to most Pongola-

Witwatersrand-Ventersdorp-Transvaal pelites. Soutpansberyg
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shales have higher mean Ti02, Al203 and P205 contents and

1ower Fe203T and MgO contents relative to older Kaapvaal

craton sediments (Table 5). .

Large-Ion Lithophile Elements {LILE)

Compared to NASC, Pongola pelites have similar or
greater concentrations of K, U and Rb (Table 2). Ba and Th
contents are equivélent to or slightly less than those of
NASC, whereas Sr is strongly depleted in Pongola samples.
Wwith the exception of MWM and NLwWM pelites, Cs contents are
similar to, or lower than NASC concentrations, and Th/U,
Th/Sc, and K/Rb ratios in Pongola pelites are generally
greater than those of NASC.

LILE in most Pongola pelites are enriched relative to
pelitas from the Witwatersrand (~2.8 Ga) and the Beit Bridge
(~3.3 Ga) successions in South Africa {Table 3; Taylor et
al., 1986; Condie and Boryta, 1989). Relative to pelites
from the Moodies Group (~3.2 Ga; McLennan et al., 1983),
Pongola pelites have greater concentrations of Th and U:
however, most other LILE concentrations are similar in the
two successions.

‘A great deal of variability exists in the contents of
LILE from Witwatersrand pelites {Table 3), due perhaps to
the mobility of these elsments during weathering, diagenesis
and low-grade metamorphism. Compared to NASC and most

Phanerozoic shales, Witwatersrand pelites are depleted in X,
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Rb, Ba, and Sr and, with the exception of the 0G and K8
pelites (and BOY pelites for Pb only), also in Th, U and Pb.
It is noteworthy that the relative enrichment of K, Th, U
and Pb in the upper three pelites parallels an enrichment in
U and Au 1in stratigraphically equivalent quartzites and
conglomerates (Feather and Koen, 1975). K8 pelites also
exhibit a dramatic increase in both Th and U relative to
underlying Witwatersrand units. Compared to NASC, Wit-
watersrand pelites exhibit lower K/Rb and Th/Sc ratios and
higher Ba/Sr and Rb/Sr ratios (Table 3}). Th/U ratios are
alsc 1low 1in the PBR, BOY, and K8 pelites. The 0G, BQOY and
X8 pelites are enriéhed in K, Sr and Pb and have lower Rb/Sr
and higher Ba/Rb ratios than other Witwatersrand pelites.
0G and K8 pelites also are strongly enriched in Th and U
relative to other Witwatersrand pelites. Relative to
Pongola sediments, Witwatersrand pelites are slightly
enriched 1in (s, whereas BOY and X8 pelites are enriched in
Sr. Most Witwatersrand pelites are depleted in K, Rb, Th
and U (except K8-Th and U) relative to the Pongola sequence.

With few exceptions, mean LILE (Rb, Ba, Cs, Sr, Pb, Th,
U) contents of TH-STR-SIL pelites are greater and K/Rb,
Rb/Sr and Ba/Sr ratios are lower than those of BOT-SEL-BR
pelites. Relative to NASC, TH=STR=-SIL pelites are enriched,
and BOT-SEL-BR pelites are depleted in Th and U, whereas
all Ventersdorp-Transvaal pelites have similar or lower mean

5r and Ba contents as well as Th/U and K/Rb ratios. Except
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for K and Rb, most TH-STR-SIL pelites are enriched in LILE
relative to the Beit Bridge, Moodies, Pongola and Wit-
watersrand sequences (Tables 2-4; Taylor and McLennan, 1985;
Taylor et al., 1986; Condie and Boryta, 1989). Th, U, Pb
and Ba contents of TH-STR-SIL pelites are notably enriched
relative to older Kaapvaal craton pelites. Compared to the
Witwatersrand, TH-STR-SIL pelites are enriched in Ba and Th,
and have U contents which are similar to those of
Witwatersrand-K8 pelites. Th and U contents of BOT-SEL-BR
pelites are similar or lower than those of the Beit Bridge,
Moodies, Pongola and Wwitwatersrand pelites. BOT-SEL-BR
pelites have K and RD contents which are similar to those of
the Pongola and enriched relative to the Witwatersrand
pelites.

Rb, Ba and Cs contents of Waterberg shales are greater
than those of NASC, whereas NASC concentrations of these
elements are typically greater than those of the Sout-
pansberg Group (Table 5). Th and U contents of both
waterberg and Soutpansberg shales are enriched relative to
NMASC, and similar to those characterizing the Transvaal-
Pretoria Group (TH-STR-SIL) and Witwatersrand—-K8 pelites
{(Tables 3 and 4). Similarly, LILE contents from the
Waterberg Group are generally greater than previously
deposited Kaapvaal craton pelites. Soutpansberg shales are

enriched in Ba, Sr and Pb relative to older Kaapvaal

pelites. Waterberg and Soutpansberg Th/U ratios are
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similar, whereas K/Rb ratios are typically lower than those

characteristic of NASC.

Rare Earth Elements (REE)

Although REE distributions 1in Pongola pelites are
somewhat variable, overall features are similar to those of
NASC (Table 2, Fig. 15). Light=REE range from 50-170 x
chondrite and heavy-REE from 8-15 X chondrite. Except for

NVS pelites, negative Eu anomalies (Eu/Eu* = 0.64-0.70) have

similar mean values as NASC (Eu/Eu* = 0.66}), while
light-REE enrichments (La/Yb = 9.7+16) are similar to, or
greater than NASC (La/Yb = 10). Prominent negative Eu

anomalies, light~REE enrichment, and high REE contents of
the Pongola pelites are similar to the K8 (Eu/Eu* = 0.67)
and Roodepoort pelites (Eu/Eu* = g0.71) of the upper
Witwatersrand Supergroup, and pelites from the Beit Bridge
Group (Eu/Eu* = 0.69), while they contrast sharply with REE
distributions in the Moodies (Eu/Eu* = 0.92) and lower
Witwatersrand successions (Eu/Eu* = 0.78; Table 3; McLennan
et al., 1983; Condie and Boryta, 1989).

REE distributions in Witwatersrand pelites are also
variable, although chondrite-normalized patterns are
parallel for the various pelite units (Fig. 16). Light-REE
range from 40-200 x chondrite and heavy—-REE from 6-20 x
chondrite. A1l of the pelites have small to moderate

negative Eu anomalies (Eu/Eu* = 0.67-0.80). Pelites of the
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PBR, PRM and BOY units are depleted in all REE relative to
NASC. Only the 0G, RO and K8 pelites have both absolute and
relative REE distributions (including a significant
negative FEu anomaly) similar to NASC and other Phanerozoic

shales (Fig. 16, Table 3}. On the whole, Witwatersrand

™

pelites show an increase in total REE content with

4

stratigraphic height. The PBR and PRM pelites have mean
l1ight-REE coﬁtents of 40 x, RO and BOY pelites 70 x, and K8
pelites 150 x chondrite. The only excepticn to this
systematic increase in REE 1is the one sample from the 0OG
pelite at the base of the West rRand Group, which has a
light-REE content of 200 x chondrite {(Fig. 16).

With the exception of the OG and K8 units, Wit~
watersrand pelites exhibit total REE distributions which are
similar to the Fig Tree and Moodies Groups (X 3.2 Ga) of
southern Africa. Witwatersrand pelites differ from these
older wunits by possessing relatively large negative Eu
anomalies. Pelites from the Witwatersrand-RO and K8 units
have negative Fu anomalies which are similar to those of the
Pongola Supergroup (Tables 2 and 3), while La/Yb ratios of
all Witwatersrand pelites are similar to those of the
Pongola sequence.,

Eu/Eu* ratios (0.61) from the vVentersdorp-BOT pelites
are similar to those of NASC (0.66), while within the
Transvaal Supergroup, mean Eu/Eu* ratios progressively

decrease upsection in the SEL (0.85), BR (0.73}, and




Figure 17. Chondrite-normalized REE  distributions in
pelites from the Ventersdoro and Transvaal Supergroups
arrangsed in ascending stratigraphic order. Lines represent

pled areas repregent ranges of one sigma

i

Bu/Eu¥®, europium anomaly; n, number of samples
ugsed to calculate mean. Shown for comparison is the REE
distribution of WASC, Horth American Shale Composite (Gromet

et al., 1934},
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pretoria Group (average for 3 formationsa0.65; Fig. 17).
Light-REE contents of BOT-TH-STR-SIL pelites are greater
than those of NASC and SEL;BR pelites, whereas heavy-REE
contents of TH-STR-SIL pelites are similar to NASC and
greater than BOT-SEL-BR pelites (Table 4). Ventersdorp-
Transvaal 1light-REE contents range from 45~150 x chondrite
and heavy-REE from 8-14 x chondrite (Fig. 17). SEL-BR
pelites have mean L.a/¥b ratios of‘7.l and 12, respectively,
whereas TH-STR-SIL pelites have mean La/Yb ratios ranging
from 14 to 18. La/Yb ratios of all ventersdorp~ Transvaal
pelites (except SEL) are greater than those of NASC.
BOT-TH-STR-SIL mean light-REE contents and La/¥Yb ratios
are greater than or equal to, and Eu/Eu* ratios less than
or equal to those of most southern african Archean platform
pelites (Tables 2 and 3; Taylor and McLennan, 1985; Taylor
et al., 1986; Condie and Boryta, 1989). Light-REE contents

and La/Yb ratios of SEL-~BR pelites are similar to or less

than, and Eu/Eu* ratios are similar or greater than those of
Archean platform pelites from southern Africa. Heavy-REE
contents of TH-STR-SIL pelites are similar to or greater
than those of the Beit Bridge, Moodies, Pongola and
Witwatersrand pelites, whereas BOT-SEL-BR heavy-REE contents
are less than those of the Beit Bridge, Pongola and upper
Witwatersrand, and greater than than those of the Moodies
and lower Witwatersrand pelites.

Light-REE contents of both the Waterberg and
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Soutpansberg shales exceed those of NASC and most Archean
southern Africa pelite assemblages, whereas heavy-REE tend
to be similar to NASC. Light—?EE contents range from 50-200
« chondrite and heavy-REE range from 7-19 x chondrite (Fig.
18). Both the Waterberg and Soutpansberg shales have
Eu/Eu* ratios which are similar to NASC, Pongola,
Wwitwatersrand-K8, Ventersdorp-BOT and Transvaal-Pretoria
Group ratios (Table 5). Mean La/Yb ratios of Soutpansberg
shales are similar to NASC, whereas the La/Yb ratio of the
single Waterberg shale sample is similar to that of
ventersdorp-BOT pelites and greater than that of NASC and
‘most other southern African pelite assemblages examined in

this study.

High Field Strength Elements {HFSE)

Pongola pelites show local geographic variations in the
distribution of HFSE (Y, 2r, Ti, Nb, Hf and Ta). MWM, MPR
and NMP pelites have HFSE contents that are equivalent to or
greater then those of NASC, whereas NVS pelites have HFSE
contents that are consistently lower than NASC {Table 2}.
NUWM and NLWM pelites have variable HFSE contents that are
slightly depleted in Y, 2r, Ti and Hf and slightly enriched
in Ta and Nb relative to NASC. Compared to average Archean
upper-continental crust (Taylor and McLennan, 1985) and
most Archean pelites from quartzite-pelite associations,

Pongola pelites are strongly enriched in Y, 2r, Nb, Ta and

Hf. Mozaan pelites have Ti/Zr and Zr/Nb ratios similar to,




Figure 16. Chondrite-normalized REE distributions in shales
tne  Waterbery and Soutpansberg Groups. Lines
represent mean values for sediments. Tu/Bu*, europium
ancmaly: n, number of sanples. Shown for comparisen is the

REE distribution of HNASC, North American Shale Composite

{from Gromet et al., 1884y,
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and Zr/Y ratios greater than NASC. Except for the NVS
section, Nsuze pelites have 2r/Y and Zr/Nb ratios that are
less than or equal to, andﬁTi/Zr ratios that are greater
trhan or equal to NASC.

With the exception of the 0G and K8 units, pelites from
the Witwatersrand sequence have concentrations of HFSE (Y,
zr, Ti, Nb, Hf, Ta) that are lower than NASC and most other
phanerozoic pelites (Table 3). 0o¢ and K8 pelite HFSE
contents are similar to NASC. Ti/zr, Zr/Y and Zr/Nb ratios
of Witwatersrand pelites are comparable those of Phanerozoic
shales. With the exception of the single OG pelite sample,

there is a tendency for contents of HFSE to increase with

stratigraphic height with the greatest concentrations
occurring 1in the K8 pelites. 7zr/Nb ratios also show an

overall increase in the upper three subgroups. Witwaters-
rand pelites are typically depleted in most HFSE relative to
Pongola pelites, although the HFSE concentrations of K8
pelites are often similar to those of Pongola pelites
(Tables 2 and 3).

Concentrations of Zr, Hf, Nb and Ta are greater in
TH-STR-SIL pelites, relative to BOT-SEL-BR pelites (except
SIL Zr-HE contents; Table 4). Contents of Y are similar
between most Ventersdorp-Transvaal pelites and NASC, whereas
Zzr and Hf contents of ventersdorp-Transvaal pelites (except
STR) are less than those of NASC. NASC Nb and Ta contents

are less than those of TH-STR-SIL and greater than those of




BOT-SEL-BR pelites, TH-S3TR-BR Ti contents are similar to,
and BOT contents are depleted relative to NASC.

HFSE contents of TH-STR-SII, pelites are similar or
enriched relative to pelites from the Beit Bridge, Moodies,
Pongola and Witwatersrand pelites (except for Y and Nb in K8
pelites; Tables 2-4; Taylor and McLennan, 1985; Taylor et
al., 1986; Condie and Boryta, 1989), whereas BOT-SEL-BR
pelites have similar or depleted HFSE contents relative to
the above listed southern Africa Archean platform pelites.

HFSE contents of Waterberg shales are similar to,
whereas Soutpansberg concentrations slightly exceed those of
NASC (Table 5). An exception to this trend is the Ta and
Nb contents of Waterberg and Soutpansberg shaleslwhich are
enriched 30-60% relative to NASC. These shales have overall
HFSE contents which are similar to Witwatersrand-K8 and
Pongola pelites. Waterberg 2r/Y and Ti/Zr ratios are
similar to those of NASC, whereas Soutpansberg Zr/Y, Ti/Zr

and Zr/Nb ratios exceed those of NASC.

Transition Metals
High Ni and Cr concentrations in Archean pelites were

first documented by Danchin (1967) and McLennan et al.

(1983). Pongola pelites show a 250~350% enrichment in Ni
and Cr, relative to post-Archean shales (Fig. 19), while

these elements are depleted 35-50% relative to pelites from

the Witwatersrand, Fig Tree and Mocdies Groups (Tables 2 and




Figure 19. Distribution of Ni and Cr in pelites amj%‘
quartzites from the Pongola Supergroup. Early Archean, late§;
Archean and post-Archean pelite fields after Taylor and,

McLennan (1985).
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3; McLennan et al., 1983). Assertions that Nsuze pelites
have higher Mg, Cr, xi and V contents relative to the Mozaan

pelites (McLennan et al.., 1983)‘are not substantiated when
2

a sufficiently large sample population is examined, as 1is
the case with the present study. Ni and Cr contents in
pongola pelites are similar to those reported for Archean

pelites from southwest Montana, USA and from the Beit Bridge

Group in South Africa (Gibbs et al., 1986; Condie and
poryta, 1989). Most Pongola samples differ from other
Archean pelites in having high Cr/Ni ratios (Table 2; Fi9.
19) and positive Cr anomalies on NASC-normalized diagrams
(Fig. 28).

In contrast to Ni and Cr, SC and V contents of Pongola
pelites are generally equivalent to or slightly greater than
those of NASC, whereas CoO and Mg are generally depleted
relative to Phanerozoic shales (Table 2). Ni/Co, Cr/V and
cr/%Zr ratios are greater than NASC ratios and lower than
corresponding ratios in Witwatersrand, Fig Tree and Moodies
pelites (Table 3; McLennan et al., 1983). V/Ni ratios are
less than those of NASC, but greater than those of southern
African pelite sequences mentioned above. Co/Th ratios are

highest in MPR, MWHM and NUWU pelites, while NLWM, NMP and

NVS ‘pelites have lower Co/Th ratios, which are also less

than NASC ratios.

Witwatersrand pelites are also greatly enriched in Ni

20) .

and Cr relative to phanerozoic shales (Table 3, Fig.




Figure 290.

Distribution of Ni and Cr in pelites from the

Witwatersrand Supergroup. Early Archean, late Archean ang

post-Archean pelite fields after data from Taylor and

McLennan (1985).
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In addition, Witwatersrand pelites exhibit much higher Ni/Co
and Cr/v ratios and lower V/Ni ratios than Phanerozoic
shales. V contents are comparable to those of Phanerozoic
shales, while compared to NASC, Sc and Co are enriched only
in RO, BOY and K8 pelites. RO-RBOY-KB pelites are also
enriched in all transition metals relative to PBR—-PRM
pelites (Table 3). Cr, Ni, Sc and Co contents reach maximuam
values 1in the BOY pelites, paralleling similar changes in
MgO contents of these pelites. witwatersrand pelites have
ge and V concentrations which are similar to those of the
Pongola pelites. Cr concentrations of Central Rand Group
pelites, as well as Co and Ni contents of all Witwatersrand
pelites are enriched relative to Pongola pelités. Cr/ni
ratios of Witwatersrand pelites {(1.7-2.5) are generally
lower than those of the Pongola sequence {(1.9-5.0}.

BOT-BR pelites have Ni and Cr contents which are
greater than those of TH-STR-SIL pelites and NASC, and
similar to most other early Archean pelites. TH=-STR-SIL
Ni-Cr contents are similar to typical post-Archean pelites
and shales, whereas SEL pelites are intermediate between
Archean and post-Archean pelites (Fig. 21). Co contents are
greatest for thé BOT-BR-STR pelites, while Sc and v
contents are similar in most Transvaal and Ventersdorp
pelites. All Ventersdorp-Transvaal pelites (except BOT)
have higher concentrations of Sc and V relative to NASC,

while Co contents ara enriched relative to MASC for only
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30T~-BR-STR pelites. cr and Ni contents of TH-STR-SIL
pelites are lower than those of the Pongola and Wit-
watersrand pelites (Tables 2-4).

Transition metal contents of most Waterberg and
Soutpansberg shales are similar to or slightly less than
those of NASC. @Sxceptions to this trend are elevated Sc and
v contents of Soutpansberg and elevated Cr contents of
wWaterberg shales. Soutpansberg Cr and Ni contents are
similar to those of NASC and the Transvaal-Pretoria Group
pelites and less than those which typify most southern

Africa Archean platform assemblage pelites (Fig. 22}).




Figure 2 Distrib ]
Jure 22, Distribution of ¥i and Cr in pelites from the
. LI A A L2 L 14 11e2
by l" - - T g - -y ey g e . 2
wWwaterberg and Soutovansbery Groups. Barly Archean, late
. [t Vo oALLneEqAn, ATE

Archean and post-Archearn ik i
nd  post-Archean velite £fields after data from

bryl P S o nE T M
Tavlor and McLennan {1985).
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QUARTZITE RESULTS
PETROGRAPHY AND DETRITAL MODES
Quartzites from the Pongola Supergroup are meta-
morphosed equivalents of quartz arenites, gquartzwackes and
subarkosic to arkosic wackes using the classification system
and nomenclature of Pettijohn et al. (1973).* Although
metamorphism hés recrystallized the clay matrix of most
quartzites examined, most detrital framework grains are
still identifiable in thin section. Nsuze and Mozaan
quartzites exhibit similar mineralogies, being dominated by
monocrystalline quartz, with lesser polycrystalline quartz,
K-feldspar, and trace amounts of muscovite, - zircon,
plagioclase, chlorite, magnetite, sedimentary-lithic and
volcanic-lithic fragments (Table 6, Appendix E.1-2). Mozaan
quartzites are typically enriched in detrital K-feldspar
(including sericitic epimatrix) relative to Nsuze
quartzites. Orthomatrix, composed principally of sericite
and chlorite, comprises 8% of Nsuze and 2-30% of Mozaan
quartzite matrices. Petrographic identification of up to
15% K~-feldspar in Mozaan gquartzites from the Wit-Mfolozi and
Piet Retief areas is significant, in that this 1is the first
reported occurrence of detrital feldspar 1in the Mozaan
sequence (Table 6).
* The term ''quartzite'' is used as a field description
which defines arenacecus sediments that fracture through,
rather than around constituent grains. Quartzite 1s not

intended to imply any specific mineralogic composition other
than a sedimentary rock dominated by quartz.




Table 6. Framework grain mineralogies of Kaapvaal craton guartzites

Unit Sample ot Ft L om
Soutpansberg
Nzhelele C 188 67.9 20,8 10.6 45,9
Nzhelele c 177 90.2 9.8 0 77.3
Ngwandzi C 184 65.3 32.5 2.2 52.1
Musekwa C 160 100 0 0 98,2
Mutshindi C 124 99.3 0 0.7 88,3
Waterberg
Vaalwater C 100 81.6 17.9 0.5 72.7
Cleremont C 9¢9 99.3 0.7 0 99,1
Sandrvshbg. C 98 100 0 0 100
Skilpadkop C 96 99.6 0.2 0.2 [
Swaershoek C 89 100 0 G 75.6
Transvaal
Rayton C 56 100 0 0 97,7
Silverton C 207 82.9 6.5 0 92,7
Daspoort MSF-2-10 99.5 0 0.5 95,1
Timeball C 15 99.8 0 0 97.8
Rooihgoote C 76 100 0 0 100
Black Reef C 201 100 0 0 100
Black Reef D 34 100 0 0 96.6
Selati D 3% 74.0 25.8 0 63.7
Sekororo D 46 88. 0.5 10.6 72.3
Godwan D 53 100 0 0 99.3
Ventersdorp
Bothaville C 6 88.6 0 11.5 62,7
Witwatersrand
VCR JWS-8-~40 97.4 0 2.6 79.9
Mondoer C 73 99.4 0 0.6 89,0
Elsburg D8 99.2 0 0.8 59.¢
Marisberg C 74 99.1 0 0.9 80.8
Government D 21 99.3 0 0.7 82.1
Brixton c 70 99.3 0 0.7 91.8
Orange Grv. D 15 100 0 G 100
Orange Grv. C 67 100 0 0 98.8
Dominion BSF-1-18 67.7 32.3 0 57.3
BBS~3-19 80.3 19.7 0 53.0
Pongola
Mozaan P 33 84.0 15,2 0.7 g2.1
Mozaan P 45 97.4 2.6 0 92.2
Mozaan P 63 100 0 0 98.5
Nsuze P 4 99.9 0.2 0 92.5
Nsuze P 7 100 0 0 100
Ysuze P 12 B6.7 13.3 0 83.6
Nsuze P 26 99.5 0 0.5 94.5

Abpreviated column headings given in Table E.1-1; individual point count
results in Table E.1-2; petrographic descriptions of individual samples
given in Appendix E,.2; All values in percent
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Quartzites from the Doainion Group are predominantly
composed of monocrystalline quartz, K-feldspar and poly~
crystalline quartz with an average of 16% orthomatrix
material (Table 6). These metaquartzites may be classified
as arkosic wackes and subarkoses. Trace amnounts of
plagioclase, zircon, muscevite, chlorite, authigenic calcite
and ﬁremolite, as well as granitic «c¢lasts containing
quartz, biotite, muscovite and K-feldspar also occur in
these sediments. Quartzites from the Witwatersrand
Supergroup vary from mature quartz arenite to quartzwacke
with detrital feldspars conspicucusly absent (Table &).
Framework grains of West Rand Group quartzites are dominated
by monocrystalline quartz, with lesser polycrystalline
quartz and traces of volcanic-lithic, sedimentary~lithic,
muscovite and zircon grains. Quartzites from the Central
Rand Group are dominated by monocrystalline and poly-
crystalline quartz, with minor sedimentary-lithics and trace
amounts of muscovite, volcanic-lithics, sphene and
hornblende (Ventersdorp Contact Reef only). 1In the West
Rand Group samples examined, orthomatrix contents increase
stratigraphically upwards from 2.7% in the Orange Grove, to
6.6% for Brixton, and 28% for Government Reef quartzites.
Overlying Central Rand Group quartzite orthomatrix contents
also are highly variable, but unlike their West Rand Group

counterparts, do not show any systematic variation with
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stratigraphic height (Appendix F). Mondeor and Maraisburg
quartzites are the most texturally mature, with 1.6 and 10%
orthomatrix content respectively. Elsburg and VCR quartz=-
ites are more I1mmature, with 23 and 36% orthomatrix,
respectively.

Detrital minerals indicate that quartzites from the
ventersdorp-Bothaville and Wolkberg {(Selati and Sekororo
rormations) are metamorphic equivalents of lithic grey-
wackes, while Black Reef, Gondwan and Pretoria Group samples

are quartzwackes and quartz arenites. Framework grain
detrital modes for éothaville quartzites are dominated by
subangular monocrystalline and polycrystalline quartz with
lesser porphyritic mafic-volcanic and sedimentary—- lithics

and minor magnetite (Table 6, Appendix F}. Quartzites from

the Selati Formation contain an abundance of monocrystalline

quartz, lesser K-feldspar, polycrystalline quartz and
volcanic-lithic clasts, as well as trace amounts of
muscovite, chlorite, sedimentary-lithics and zircon.

Quartzites from the Black Reef Formation and Pretoria Group

are composaed mostly of well-rounded monocrystalline quartz,
with minor polycrystalline quartz, and trace amounts of
zirébn, K-feldspar and muscovite. Overall patterns suggest
that Bothaville and Selati quartzites are enriched in
polyecrystalline quartz and 1lithic fragments relative to

overlying Pretoria gquartzites. Granitic detritus in

o



gilverton Formation quartzites contains quartz encapsulated
muscovite, biotite and ¥-feldspar crystals. Sericite and
chlorite matrix contents of vVentersdorp-Transvaal guartzites
examined in this study show progressive stratigraphic
decreases upsection (Bothaville, 36%; Selati, 22%; Black
Reef, 10%; and Pretoria Group guartzites, 5%). Matrix for
the Bothaville quartzites is enriched in silt-sized gquartz
grains relative to Transvaal quartzite samples. These
grains show evidence of sedimentary layering and are
interpreted to be detrital in origin.

Arenaceous Waterberg Group sediments are quartzwackes
and arkosic wackes whereas arenites from the Soutpansburg
Group exhibit wvaried compositions ranging £from arkosic
wacke, quartzwacke, subarkose and quartz arenite. Both the
Waterberg and Soutpansberg samples are dominated by
well-rounded monocrystalline and polycrystalline quartz
grains (Table 6, Appendix F). Soutpansherg samples also
contain abundant detrital K-feldspar (12%), whereas
Waterbarg samples are characterized by minor K~feldspar
concentrations (3%). Both sequences also contain minor
plagioclase, sedimentary-lithic, volcanic-lithic, muscovite,
chlorite and zircon framework grains. Orthomatrix contents
for the Waterberg and Soutpansberg units average 21 and 17%

respectively.




GEOCHEMISTRY

Major and trace element contents of individual Pongola
quartzites are highly variable (Table 7}, vet, mean values
for the Nsuze and Mozaan Groups are similar. In comparison
to Phanerozoic passive-margin sandstones (Hirst, 1962;
cullers et al., 1979; Bhatia, 1983; Bhatia and Crook, 1936},
Pongola quartzites are enriched in Ni and Cr, and depleted
in Ti0o2, 8r, Th, V, Nb, Ta,r 7+ and Hf. S5i02/A1203,
K20/Na20, La/¥Yb (13-19) and Eu/Bu* ratios (~0.78) are also
generally greater than those of Phanerozoic sandstones
(La/Yb=8~12; Eu/Eu*#0.63). Pongola quartzites have low Sc,
vy, ©Ni, ¥, ©Nb, Ta, Hf and REE contents relative to
associated Pongola pelites. Individual quartzite samples
with the greatest matrix proportions are genexrally also
enriched in U, Sc, Co, 2r, Hf and light-REE, whereas samples
with high proportions of K-feldspar tend to be enriched in
X¥20, Rb, Sr, Ba and Cs.

Quartzites from the Dominicn and Witwatersrand
sequences also exhibit a great deal of compositional
variability (Table 8). pelative to Phanerozoic passive-
margin sandstones, Dominion samples are enriched in Al1203,
Rb, ' Ba, Ni and l1ight-REE, and depleted in TiO2, V, Z2r, NDb
and Ta. Witwatersrand quartzites are enriched in T102, Cr,
Ni and Co, and depleted in Rb, Ba, Sr, Zr, HI, Nb and Ta

relative to Phanerozcic sandstones. Dominion quartzites
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also are enriched in LILE, REE and Al1203 relative to Pongola
and Witwatersrand samples. Th and U concentrations in
pDominion and Witwatersrand-Central rand Group guartzites are
similar to those of the Pongola sequence and enriched
relative to West Rand Group quartzites.

Major and trace element contents of Ventersdorp and
Transvaal quartzites also are highly variable {(Table 9.
Most of the variations correlate with K20 and A1203
contents, and thus may be related to detrital feldspar and
clay mineral contents, respectively. As with samples from
the Pongola sequence, gquartzites with high proportions of
K-feldspar also are enriched in K20, A1203, Rb, Sr, Ba and
Cs. In comparison to Phanerozoic passive-margin sandstones
(Hirst, 1962; Cullers et al., 1979; Bhatia, 1983; Bhatia and
Crook, 1986), quartzites from the Ventersdorp-Transvaal
sequence are depleted in HFSE, Rb, Ba and Sr. Samples from
the Pretoria Group are enriched in Th‘and U relative to
other Ventersdorp and Transvaal quartzites, whereas Black
Reef samples are enriched in Rb, V, and Co, and Bothaville
quartzites are enriched in MnO, U and Ni.

Arenites from the Waterberg Group have overall compo-
sitions which are similar to Phanerozoic passive-margin
sandstones. These sandstones differ from their Phanerozoic
analeogs by having enriched Al203, Fe2037 and Th, and

depleted Ta, ¥b and Zr contents (Table 10a). Arenites from

the Soutpansberg Group are enriched in Fe203T7T and depleted
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in Rb, Ba, Zr, Nb and Ta relative to Phanerozoic platform

sandstones (Table 10Db). Compared +to the Soutpansberg,
Wwaterberg sandstones are enriched in A1203, X2C, Ba, Cs, Th,

REE and Rb, and depleted 1in MgO, Ca0, Sc, V and Mb.

waterberg samples also have higher mean La/¥b ratios (21)

and larger negative Eu anomalies {Eu/Eu*=0.66) than

Soutpansberg sandstones (La/¥Yb=14; Eu/Eu*=0.73).




Individual anal

yses of quartzites from the Soutpaneberg Group.
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DISCUSSION

FACTORS CONTROLLING THE COMPOSITION OF PELITES

Although the chemical composition of pelites may be
used to constrain source-area composition, several important
and often overlooked factors contribute to the distribution
of elements in pelites and other terrigenous sediments.
The effects of =ach of the following factors must be taken
into consideration when evaluating the provenance of
terrigenous—-clastic sediments:
1) Hydraulic sorting effect. The hydraulic sorting of
grains during weathering, erosion, transport and deposition
separates them by size, shape, mineralogy and density and
may influence the chemical composition of terrigenous
sediments.
2) Adsorption of ions by clays and other fine—grained
particulate matter. Adsorption of ions may occur during
weathering and erosion, as particles settle in seawater, or
during the early stages of diagenesis.
3) Mobilization of elements during diagenesis and meta-
morphism.
4) Degree of chemical weathering of the source rock, wihich
in turn is dependent on climate and rates of tectonic
uplift.
5) Bulk composition of the source terrane.

5} Tectonic setting and its influence on composition of the

{

gsource terrane and sedimentary procaesses.
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These factors intaract with each other and it is not an
easy task to separate thelr cumulative effacts when
interpreting the geochemistry of pelites. Fortunately, some
elemants are affected by one factor more +han another,
allowing groups of elements to Dbe useful in evaliuvating
individual geologic processes. Pelites often have besan used
as provenance indicators with little discussion of the

other factors listed above. Since we are not yet at a nolint
It

where we can rigorously distinguish the effects of each of
rnese factors, it is important to use caution in
interpreting the composition of terrigenous sediments in

ms  of source-area composition or any other individual

ot
16

=~
=1

factor. The following discussion reviews each of these gix
factors as they relate +to the geochemistry of Kaapvaal

craton sediments.

HYDRAULIC SORTING EFFECT

geveral studies have shown that hydraulic sorting of
sediments by grain size and density can significantly
influence their chemical composition (Reimer, 1985; Cullers
et al., 1987, Cullers, 19238b; Nesbitt and Young, 18987y, TFor
axample, wvariable flocculation rates of clays may cause
frac;ionation of elements in sedimentary systems ({Gibbs,
1977; Stanley and Liyanage, 1986). Although resistate
phases such as zircon, magnetite and garnet are concentrated

chiefly within silt and sand-sized fractions, some may and

up in shales and be responsible for minor variations in the
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concentrations of REE and HFSE in these sediments (Gromet et
al., 19384). One way of minimizing the influence of these
processes on sedimentary provenance studies is to compare
sediments of approximately the same grain size and
tectonic-sedimentary environment. Fine-grained pelites and
shales tend to be more homogenous than coarser sediments
such as quartzites and may be the most representative
sediments for source-area studies. Element ratios such as
La/Th, La/Sc and Th/Sc also can minimize the effects of
mineral fractionation (Taylor and McLennan, 1985).

Some variations in Pongola pelite compositions may be
related to mineral fractionation in the sedimentary
environment. In the Wit-Mfolozi section of the Pongola
Supergroup, absolute REE contents decrease from the NLWM to
the overlying NUWM section, and then increase again in the
MWM section (Fig. 15). REE contents of these pelites are
paralleled by Al203 concentrations, suggesting that the
amount of «clay minerals originally Vcontained in these
sediments may have controlled their REE distributions.
La/Yb and Eu/Eu* ratios show only modest corresponding
changes, and may be more representative of their sources.
Minor irregularities in the distribution of LILE in pelites
may also reflect element fractionation during sedimentary
transport. For example, elevated concentrations of K, Rb and
iV in most Xaapvaal ©pelites and lower concentraticns in

associated quartzites (Tables 2-10) suggest that X, Vv and Rb

are strongly fractionated into clay minerals such as
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illite. Compositions of some Kaapvaal arenites also appear
to be controlled by mineral fractionation in the sedimentary
cycle. For example, higher matrix (and Al203) contents of
Waterberg arenites relative to Soutpansberg arenites, are
paralleled by enriched K20, Ba, Cs, Rb, Th and REE
concentrations (Tables 6, 10a and 10b). Thus, higher LILE
contents of Waterberg samples may reflect the accumulation
of clay minerals in these sediments.

Relatively high contents of Zr in Witwatersrand-OG and
K8 pelites (Table 3) are paralleled by high concentrations
of Hf and Y and may reflect detrital zircon enrichment in
these pelites relative to other Witwatersrand pelites.
Elevated REE contents of the OG and K8 pelites may also be
due to resistate phases such as zircon and monazite.
Positive 1linear correlations between the contents of A1203
and both light~ and heavy-REE in Witwatersrand pelites (with
correlation coefficients of 0.82 and 0.72, respectively)
also suggest that transport of REE and especially 1ight-REE

are dominated by clay minerals.

ADSORPTION EFFECT

Clay minerals and other particulate matter can adsorb
REE and metals from seawater and weathering solutions
(Roaldset, 1973; Nesbitt, 1979; Balistrieri and Murray,

1984). The importance of such adsorption in controlling

trace element distributions in pelites and shales has not
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been fully evaluated. Element adsorption and desorption
onto particulate matter may be related to the pH of the
fluid medium (Roaldset, 1973). Balashov et al. (1964)
suggest that heavy-REE are preferentially transported in
solution compared to 1ight-REE because they form more
soluble bicarbonate and organic complexes. Studies of Fleet
(1984) support those of Balashov et al., by indicating that
light-REE are more readily adsorbed onto particulate matter
than the heavy-REE.

Mineral adsorption effects can be evaluated by
comparing bi-element Pearson correlation coefficients from
pelite assemblages (using statistical computer programs;
Appendix F.l}. An ideal suite of samples for correlation
study should have a constant source-area composition and
depositional setting so as not to mask any transport
features with provenance effects. Pongola pelites are ideal
in this regard because of their relatively constant
source-area composition and the large number of samples
analyzed. A comparison of major and trace element
correlations c¢an be used to identify the mineral species
responsible for trace element transport. Correlation
coefficient tables also can be compared to coefficient
tables from weathering profiles and coarse-clastic sediments
(Ogura et al., 1987; Dissanayake, 1987; Bhatia and Crook,
1986). These comparisons may offer important insights into

the roles of weathering and transport on the distribution of
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elements within the sedimentary cycle.

Correlation coefficients for Pongola pelites indicate a
moderate to strong positive linear correlation between Al
and Ti, K, S¢, V, Y, Nb, Ta and the REE (Table 11).
correlations between Al and Ti may be evidence for the
adsorption of anatase onto c¢lay surfaces and subsequent

co-deposition of these mineral phases (Weaver and Pollard,

1973). vV, Ta and Nb also may be incorporated in anatase,
and hence, deposited with the clay-mineral fraction. Strong
Al-Ti correlations in laterites (Dissanayake, 1987) suggest
that these element associations may have developed 1in
weathering profiles of the source rocks. A moderately
strong correlation between Al and K, Ta and Nb further
suggests that 1illite (with adsorbed anatase) may be the
primary clay mineral responsible for this relationship.
Strong to moderate correlations between K and Rb, as well as
Na and Sr, suggest that illite and smectite, respectively,
may have dominated the transport of Rb and Sr in the Pongola
sedimentary cycle. Vv and Sc also show moderate corre-
lations with each other and Al suggesting other possible
clay mineral transport mechanisms for these elements.
Strong Al-V correlations 1in laterites (Dissanayake, 1987)
suggest that these relationships also may have developed in
weathering profiles of source rocks. Comparisons of HFSE
and REE indicate a strong linear correlation between the REE
and Y, Ta, Nb and Hf. Associations of Y and the REE are

not surprising considering the similar chemical properties
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of Y and the lanthanide elements. Ta-Nb and REE

correlations may result from adsorption of Ta-Nb enriched

anatase and REE onto clay mineral surfaces. The association
of Hf with the REE (especially heavy-REE) is unexpected
unless detrital zircon 1is called wupon to control the
distributions of these elements. This speculation, however,
is not supported by weak correlations between Zr and many
of the REE in Pongola sediments. th and U also show
moderate correlations with A1203, Ta, Nb and some REE. These
associations suggest that Th and U may be transported, at
least in part, by clay mineral species.

Kaolinite flocculation 1is noted to cause clay mineral
segregation in the Amazon River delta (Gibbs,. 1977) ;
however, Kronberg et al. (1986) conclude that Pleistocene
muds from the Amazon do not show significant major or trace
element variations as a function of distance from the river
mouth towards the sea. Witwatersrand and Transvaal pelites
were sampled along 20-30 km traverses normal to basin
margins, yet systematic variations of trace or major element
abundances are not observed 1in the data. Similar REE
distributions in Witwatersrand and Transvaal pelites (Figys.
16 and 17) suggest that if clay mineral adsorption is
important in producing these distributions, it acted in a
similar manner for all of the pelites. Furthermore, the
overall similarity of REE patterns in lower Witwatersrand
pelites to those estimated for average upper Archean crust

(Taylor and McLennan, 1985) suggests that fracticonation of
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REE by adsorption does not mask provenance input. Thus,
clay mineral segregation by flocculation processes doas not
appear to have had a significant influence on the
composition of Kaapvaal pelites.

Enrichment of +transition metals 1in Kaapvaal pelites
relative to associated quartzites and conglomerates {by
factors of 5-25; Pretorius, 1976; Tables 2-10) probably
reflects selective adsorption of these metals on clay
minerals or other particulate matter. Positive linear
correlations also exist between the contents of Al and both
light- and heavy-REE (with correlation coefficients of 0.82
and 0.72, respectively) in Witwatersrand and Pongola
pelites. This correlation suggests that REE and especially
light-REE are dominantly contained 1in clay minerals.
parallel distributions of RER, LILE, Ni and Cr in pelites
and quartzites (Tables 2-10) also suggest that transport of
these elements in the sedimentary cycle is controlled

principally by clay minerals.

DIAGENESIS AND METAMORPHISM

Diagenesis and low-grade metamorphism may cause
mobility and redistribution of LILE and some major elements
{Frey et al., 1968} cullers et al., 1975; Fleet, 1984;
Merriman et al., 1986). REE and HFSE are generally least
susceptible to remobilization during secondary processes

(Chaudnhuri and Cullers, 1979; Ludden et al., 1982; Taylor

and McLennan, 1985). Mobility of elements during diagensesis
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and metamorphism also 1is dependent wupon a number of

pnysio-chemical conditions, including pH, Eh, temperature,

pressure, sediment permeability and carbonate mineral
contents. Comparisons of NASC and metamcrphos=d  NASC

(Appendix E; Wildman and Haskin, 1973; Gromet et al., 13534}
show that variation between the two composites is <15% for
REE, Co, Rb, U, S5i02, Ti0G2 and Al1203, and 15-25% for Zr, Cs,
Ba, Hf, Ta and Th. The similarities of both composites
suggest that element mobllity resulting from metamorphism
and diagenesis has had a minimal effect on these pelites.
Other studies of mwmetamorphosed pelites ranging up to
amphibolite grade indicate that major and trace element
changes are minimal (Shaw, 1954, 19567 Cullers et al., 1974;
Hower et al., 1976; Condie and Martell, 1933). These
studies suggest that diagenesis and low-grade metamorphism
do not greatly affect the composition of shales and pelites.
However, element mobility of even generally immobile RER
may be recorded under low pH weathering conditions or in
sequences with interbedded carbonates and pelites (Nesbitt,
1979; Schieber, 1388).

Mineral assemblages in volcanic and sedimentary rocks
from all successions in this study are characterized by
zeolite to greenschist facies metamorphic conditions.
pongola pelite mineral compositions are consistent with the
exposure of these sediments to a maximum of mid-greenschist
facies metamorphism. The presence of pyrophyllite in Hozaan

sediments {Table 1) 1imits maximum regional metamorphic
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temperatures to 410-430 °C at pressures of 2-4 kb {Hemley,
1967; Kerrick, 1968). Mafic and felsic volcanic rocks from
rhe Nsuze Group have metamorphic mineral assemblages that

are typical of volcanic rocks exposed to a maximum of

=

lower-greenschist facies conditions (Table 12; Watchorn and
Armstrong, 1980). Higher grades of metamorphism are locally
developed in the Pongola sequence aiong the Namagua thrust
pelt to the south and with intrusive rocks along the basin
margins (Fig. 4; Hunter, 1963; Matthews, 1967; Beukes,
1973). vermiculite in pre-Pongola paleosols (Matthews and
Scharrer, 1968) also indicates that some parts of the
Pongola basin were metamorphosed to a maximum of upper-
zeolite to lower-greenschist facies conditions.
Witwatersrand regional metamorphic grades are char-
acterized by greenschist-facies conditions (Pretorius,
1981b} . The presence of pyrophyllite in K8 pelites also
limits maximum metamorphic conditions to mid-greenschist
(Phillips, 1986a, 1986b). Results from this study confirm
the presende of pyrophyllite in the K38 pelite unit (Table
1. The coexistance of chlorite and muscovite in all
Witwatersrand pelites and the presence of chloritoid in BOY
pelites furthermore suggest that upper-greenschist facies
regibnal conditions were not exceeded for any portiocn of the
Witwatersrand sequence. Locally higher metamorphic grades
cccur adjacent to granitic intrusions and the Bushveld

Complex. Mineral assemblages from volcanic and sedlimeantary




Table 12. Metamorphic mineral assemblages from Precambrian sediments on

the Kaapvaal craton, southern Africa.

Soutpansberg

Soutpansberg
Sibasa
Formation

Transvaal
Pretoria
Group

Transvaal
Pretoria
Group

Transvaal
Black Reef
Formation

ventersdorp
Allanridge
Formation

Ventersdorp
Bothaville
Formation

Ventersdorp
Klipriversherg
Group

Ventersdorp
Klipriversberg
Group

Witwatersrand
K8 unit

Witwatersrand
Booysens
Formation

Witwatersrand
west Rand Group

Dominion Group
Rhenosterhoek
Formation

Dominion Group
Rhenosterspruit
Formation

Pongola
Mozaan Group

Pongola
Nsuze Group

Pongola
Nsuze Group

Pre-~Pongola

Rock Type

vugs in quartzite

mafic lava

shale

mafic volcanic

pelite

mafic lava

pelite

mafic lava

mafic lava

pelite

pelite

pelite

mafic lava

vugs in quartzite

pelite

mafic lava

felsic lava

paleosol

Mineral Assemblage

3 T oy oy i e o o e

prehnite + calcite

pumpellyite
+ chlorite
+ quartz

+ epidote

+ sericite

mixed layer 1/8 clay

tremolite/actinolite
+ chlorite

+ epidote

+ plagioclase

+ calcite

muscovite
+ ¢hlorite
+ chloritoeid

actinolite
+ chlorite
+ epidote

muscovite
+ chlorite

pumpellyite

tremclite/actinclite
zoisite/clinozoisite
+ chlorite

+ epidote

+ albite

+ calcite

pyrophyllite

chloritoid

muscovite
+ chlorite

tremolite/actinclite
+ chlorite

+ epidote

+ albite

+ carbonate

tremolite
+ calcite
+ guartz

pyrophyllite

zoisite/clinozoisite
tremolite/actinolite
+ chlorite

+ albite

+ guartz

zolisite/clinozoisite
+ sericite

+ albite

+ guartz

+ biotite

vermiculite

P

e e e B




low-pressure zeolite

low-pressure zeolite

upper zeolite

upper greenschist

mid- to upper greenschist

mid-greenschist

mid- to upper greenschist

low-pressure zeolite

lower greenschist

mid-greenschist

upper greenschist

mid~ to upper greenschist

lower greenschist

upper greenschist

mid-greenschist

lower greenschist

lower greenschist

uppér zeolite

This study

Barker (1979}

This study

Button (1973b)

This study

Crow {1988)

This study

Tyler (1979)

McIver et al. (1981)

This study
Phillips (198%8a)

This study

This study

Crow and Condie (1987)

This study

This study

Watchorn and Armstrong
{1980)

Watchorn and Armstrong
(1580)

Matthews and Scharrer (1568)
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rocks of the underlying Dominion Group also have mineral
assemblages which are suggestive of mid- to lower-
greenschist facies metamorphism (Table 12; Crow et al.,
1988). Laver et al. (1988) describe paleomagnetic and clay
mineralogic temperature constraints which confirm that the
Witwatersrand and Dominion basins were subjected to mid~ to
upper~-greenschist facies temperatures approximately 2050-
1950 Ma ago. The authors suggest that this metamorphic

event occurred in response to heating during the intrusion

of the Bushveld Intrusive Complex or doming of the Vredefort
area.

Ventersdorp~BOT metamorphic conditions are constrained
to a maximum of wupper-greenschist facies by coexisting
chlorite and muscovite in pelites. Mineral assemblages in
Klipriviersberg and Allanridge lavas suggestive a maximum of
lower-greenschist facies metamorphism, although pumpellyite
in upper Klipriviersberg lavas also suggests that higher
pressure (>3 kb) zeolite facies metamorphic conditions may
have been locally prevalent (Table 12; Tyler, 1979; Mclver
et al., 1981; Crow et al., 1983). Oxygen isotope
geothermometric studies indicate temperatures of 200-400 °cC
and‘npressures of 1.5 kb (Cornell, 1978), supporting the
temperature-pressure interpretations from mineralogic
investigations.

Mixed-layer illite/smectite clays in the Pretoria Group

suggest that these sediments may be classified as shales
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rather than pelites (Table 6). Pressure—-temperature
conditions characteristic of zeolite facies were probably
not exceeded for these sediments (Frey, 1970, 1978;
Thompson, 1970). Chloritoid and coexisting muscovite-
chlorite suggest a maximum of upper-greenschist facies
metamorphic conditions for BR pelites, while mineral
assemblages in Transvaal volcanics indicate a lower-
greenschist grade (Table 12). Locally higher grade contact
metamorphic zones are noted in the Bushveld area (Button,
1973b).

Prehnite in Soutpansburg quartzites limits metamorphic
conditions for these sediments to upper-zecolite facies.
These findings support those of Barker (1979) who suggests
zeolite to lower-greenschist metamorphism based on mineral

assemblages in lower Soutpansberg Sibasa lavas (Table 12).

SOURCE-AREA WEATHERING
Weathering Past and Present

The weathering horizdn acts as an interface between
terrestrial rocks and the atmosphere and is a chemically
active zone with weathering rates dependent upon a complex
interplay between mechanical erosion, physio-chemical
conditions of chemical weathering, source-rock composition
and rock mineralogy (Nesbitt, 1979%; Basu, 1981; Holland,

1984; mTaylor and McLennan, 1985; Fritz, 1988; Cullers,

1988a). Easily weathered minerals are readily broken down
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and elements liberated are converted into clay minerals or
leached from the weathering profile. Readily leachable
elements include Ca, Sr, Na, Cl and Mg, while immobile
elements include Al, Ti, Ga, 2r, Hf, ¥, Sc, Th, Nb, Ta and
most REE (Goldich, 1938; Taylor and McLennan, 1985). REE
may become fractionated in highly weathered modern bauxitic
soils characterized by extensive acid leaching (Ronov et
al., 1967; Nesbitt, 1979; Topp et al., 1984; Reimer, 1985;
Kronberg et al.,, 1987). Light-REE/heavy—-REE ratios are
noted to decrease with depth in these soil profiles
apparently because heavy-REE form more stable (and thus more
soluble) aqueous carbonate complexes (Wheelwright et al.,
1353; Balashov and Khirov, 1967; Nesbitt, 1979). Thus, the
overall trend 1is one where heavy-REE are preferentially
concentrated 1in lower soil horizons during the weathering
process. First row transition metals tend to be immobile,
although some Ni and V mobility is apparent under extreme
weathering conditions (Kronberg et al., 1979). Elements
which characteristically exhibit multivalent states under
surficial conditions (Fe, Mn, U) either tend to be
concentrated as residual weathering products, or are leached
from weathering horizons and deposited along redox front
boundaries.

Weathering during the Archean may have differed
significantly from modern weathering due to different

atmospheric, biologic or tectonic conditions. Since the

Earth's early atmosphere probably contained a greater amount
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of CO02 relative to the present-day atmosphere ({Holland,
1984), associated rain water would contain greatser con-
centrations of carbonic acid, and hence would be more acidic
rhnen modern rain water. Highly acidic water, in turn,
leads to greater rates of chemical leaching in surface
rocks. An absence of REE fractionation in four intensely
weathered late Archean paleosols is documented by Kimberley
and Grandstaff (1986). The authors attribute the lack of
fractionation to erosion of upper soil layers prior to their
ultimate Dburial by overlying sediments. A more plausible
explanation for these soil trends may be the paucity of soil
piota and associated acidic ground waters during the
Archean. Dissolved CO2 in present-day soil water is one to
two orders of magnitude greater than that in associéted rain
water, largely because the decay of vegetation in " modern
soils effectively increases the pCO2 relative to atmospheric
levels (Holland, 1878). These secular variations in
elemental mobility in soils attest to the importance of
organic activity in the weathering process.

Kimperley and Grandstaff (1986) note strong depletions
of Na in Archean soils, a pattern which is similar to that
of modern weathering horizons, yet Archean profiles do not
show any mobilization of other alkali-alkaline earth
elements. Holland (1984) notes that significant losses of
Fe occurred in Precambrian weathering profiles, while the
rate of Fe depletion 1is proportional toO the total Fe

concentration of source-rocks. Paleosols dsvelcped on
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Fe-poor rocks such as granite, show no detectable losses of
Fe during the Precambrian. These authors also note that Mg,
gc, Ti, Hf, Th, ¥i and Sc are stable in ancient weathering
profiles, while ¥Mn, U, Co and Cr are mobile.

Depletions of Ce, relative to La and Sm are noted in
some Pongola-Piet Retief and Transvaal~Silverton samples
(Appendix B; Pongola samples P41, P 47, P50, and  Transvaal
samples C 58, D 82, D 83, D 84, D 86, D 88, D 37 and D 99).
pongola and Transvaal Ce depletions may reprasent a
modern-day weathering effect, since only samples collected
from surface outcrops exhibit this pattern. Subsequently,
Ce analyses from these samples were not included in
chondrite normalize REE plots (Figs. 15 and 17). This
depletion pattern may be related to the redox chemistry of
Ce (Middelburg et al., 1988). Upon weathering, Ce+3 is
oxidized to ce™ and becomes immobilized and fractionated
from other REE in the weathering profile. The exact

mechanism of fractionation is uncertain, but may be related

to mobilization of other 1light-REE relative to Ce.

Chemical Index of Alteration (CIA)

A method of quantifying the degree of source-area
weathering is to use the chemical index of alteration (CIA)
proposed by Nesbitt and Young (1982]). The CIA value is

calculated by the general formula:

{Al203+Cal+Ma20+K20)




whare Ca0 1is the amount of Ca incorporated into 3ilicate
minerals only. Non-silicate CaO contributions from apatite

and carbonates are calculating and subtracted from the

e

rotals by using appropriate amounts of Ca0 reguiread to
palance pelite P205 and MNaz0l contents, respactively
{Appendix C). Resultant values are a measure of the
proportion of relatively immobile Al203 wvs. the labile
oxides in the sample. Typical CIA values range from 50 for
unveathered rocks and glacial sediments, to 100 for
vaolinite and laterite weathering horizons (Nesbitt and
Young, 1982}).

Although uncertainties exist in interpreting CIA values
vecause of possible diagenetic or metamorphic mobility of
alkali and alkaline earth elements, the CIA data appear to
record moderate to intense chemical weathering of source-
rocks during deposition of the pongola sequence (Eriksson
and Soegaard, 1985). cIA data for most Pongola pelites
(except MPR) generally range from 71-81 (Fig. 23a; Table 2).
These values are greater than those of most Moodies
pelites (CIA=60-62). Relative to modern samples, most
Pongola pelites have CIA values which are similar to or
slightly higher than average Phanerozolc shales. An
exception to this trend is the MPR and some MWM pelites
which have scattered CIA distributions (CIA=79-99) which are
higher than most other Pongola pelites. These pelites have

CIA values similar to Amazon cone muds and residual cilavys,




Figure 23. Freguency histogram indicating Chemical Index of
Zlteration {CIa) o©of Haapvaal pelltes compared to various

sediments and average Archean shield. B5Bcale kars to lsitc

.

g

indicate number of samples in respective histograns. CLa

o

index caloulated as 21202/ ({A1203+Ca0+Naz03+K20) 1100,
oxides as molecular values. This index is calculated using

Cal in silicate minerals only {(Appendix C).

al CIA distributions of Pongola pelites, various sediments

and average Archean shield. All Pongola samples are
collected from surface eXpOBUres. Data sources: Pongola

: s T B . ooe - - % N e -7 oy “
pelites~Takle 2: Moodies pelites, McLennan et al. {1983}y

crustal scurces and modern-day sediments in lower porticn of

9]

diagram, Mesbitt and Young {(1%82).

by CIA distributions of Witwatersrand, Ventersdorp,

Transvaal, Soutpansberg and Waterberg pelites. Sampies

ractangles represent drilli-core samples, open rectangles

indicate surface samples, Data sources: Witwatersrand

pelites-Table 3;

and Transvaal pelites-Table 4:

and Soutpansheryg shales-Table 5. After Nesbitt
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pcssibly indicating more intense chemical weathering in
northern Pongola source-regions relative to southern scurces.
Nsuze Wit-Mfolozi pelites have CIA values that decrease
stratigraphically upwards. Initially high values from the
NLWid sequence (CIA=77-81l; Fig. 23a) may reflect erosion of a
deeply weathered source terrane during deposition of basal
Pongola sediments. with increasing tectonic activity,
relatively unweathered source material may have entered the
pongola basin, resulting in a decrease of CIA values in the
HUWM  section  (CIA=72-77}. Supporting this interpretation
are deeply weathered paleosols underlying basal Pongola
sediments in northern sections (Matthews and Scharrer, 19638;
Armstrong et al., 1982; Grandstaff et al., 1986), and
penecontemporaneous faulting in the Wwit-Mfolozi areé during
deposition of upper Nsuze sediments (Matthews, 1967; DiXx,
1984). The relatively unweathered source-material patterns
in NUWM pelites also may be augmented by deposition of
tuffaceous or carbonate sediments (Matthews, 1967).
Compositions of Witwatersrand pelites appear to reflect
moderate to intense source weathering with CIA values
chiefly in the range of 70-100 and most means from 80-90
(Fig. 23b). Witwatersrand pelites have CIA values which are
more variable than those exhibited by Pongola pelites and
appear to have the highest overall values from the Kaapvaal
craton. Witwatersrand CIA values overlap those of
Phanerozoic shales, Amazon river muds and residual laterite

clays. The high Al1203 contents and CIA values of some
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wWitwatersrand pelites (Fig. 23b; Table 3} may record intense
weathering in the source—-areas of these sediments {Reimer,
1985) . Although average K8 and BOY pelites don't show a
striking depletion of alkali elements {Table 3}, samples
with high CIA values (>90) also have the lowest K20 and Naz20
contents (Table C.1-2). Thus, only some K38 and BOY pelites
appear to be derived from intensely weathered sources. The
range of CIA values exhibited by samples from the X8 and
other Witwatersrand pelite horizons may reflect variations
in climatic zones, rates of tectonism, flocculation- induced
seggregation of <c¢lay minerals, or hydrothermally altered
source regions. Variable Witwatersrand CIA values relative
to Pongola pelites also may result from larger sampling
region, and hence a potential for a more varied climatic
regime. Provenance-composition effects and remobilization
of elements during metamorphism are probably of less
importance in contributing to this variation (Section V.4).
Relatively small CIA ranges within the PRM and OG-PBR
pelites probably reflect a small sample population.

CIA values of Ventersdorp pelites have a limited
distribution (CIA=77-80), with values intermediate between
those of Phanerozoic shales and Amazon cone muds (Fig. 23b).
By contrast, pelites from the Transvaal sequence have CIA
values which are quite variable. SIL-TH pelites exhibit the
greatest range of variation, with CIA values between 60 and

85 and means from 75-80 (Table 4). This range correlates
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with modern CIA values from a diverse suite of sediments
including glacial clays, Phanerozoic shales and Amazon c<ons
muds (Fig. 23b}). CIA values for most Wolkberg pelites are
generally low to moderate (5EL=65-67 and BR=75-31), with a
small group from each population having CIA values >90,
Mean CIA values for most Ventersdorp-Transvaal pelites
{CIA=75-80}) are similar to those of the Pongola (egcept MPR)
and less than those of the Witwatersrand sequence (mean
CIA=30-50). An exception 1is the B8TR and some BR-SEL

tic of

[43]

pelites, which have high CIA values more characteri
sediments derived from chemically weathered sources (>85).,
Large standard deviations in CIA wvalues for most
Transvaal pelites (Table 4; Fig. 23b), may indicate that
variable «c¢limatic conditions existed during deposition of
these sediments. The larger sampling region of the
Transvaal, relative to the Witwatersrand and Pongola units
also may have caused the sampling of a varied climatic
regime. Some of this wvariability also may result from
element mobility during present-day weathering. For
example, ﬁodern weathering may influence the CIA values of
TH pelites, where samples collected from surface outcrops
have higher values (CIA = 78~86) than drill-core samples
(CIa- = 61-85). This variability, however, is relatively
minor ccmpared to the overall range of values expressed by
these sediments. As with the Pongola and Witwatersrand

3,

pelites, diagenesis and low-grade metamorphlic conditiocons are
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believed to have relatively minor effects on the major

element compositions of these sediments.

Alkali and Alkaline Earth Element Distributions

The effect of variable degrees of weathering may be
important in influencing the vertical distribution of alkali
and alkaline earth elements in soil profiles (Nesbitt et
al., 1980; Reimer, 1985; Schau and Henderson, 1983; and
Grandstaff et al., 1986). Element fractionation trends
developed 1n soils may be transferred into the sedimentary
record, with 1little modification, during erosion of upper
soil profiles. Thus, distributions of alkali-alkaline earth
elements 1in sediments may record the weathering and
tectonic histories of their source-rocks. Cations with
relatively large ionic radii, such as Cs, Rb and Ba, are
often fixed in weathering profiles by preferential exchange
and adsorption on clays, while smaller cations such as Na,
Ca and Sr are selectively leached from weathering profiles
(Nesbitt et al., 1980). A graphical representation of this
trend 1is portrayed in Figure 24 and compared to modern and
ancient shales. Element concentrations are normalized to
average upper-~continental crust (Taylor and McLennan, 1985)
on the vertical axis in order to express chemical variations
in weathering profiles 1n reference to an average
source-rock. Elements are grouped by valence and ionic

radius on the horizontal axis in order to test their




FPigure 24. Normalized element distributions in average

Witwatersrand pelites compared to various weathering
rroducts  (Modified after McLennan et al., 19831. Con-
centrations normalized to average upper-continental crust
(Taylor and McClennan, 19285). Elements grouped by valence
and arrvanged in order of increasing ionic radius from left

to right within =sach valence group.

o

VProgressively weathered samples of the Toorrongo Jgrano-

&l

diorite (data from Wesbitt st al., 19%30).

biParticulate matter from rivers in different climatic zones

and  tectonic environments fdata from Martin and Mevybeck,

Yy WASC and  PAAS  shale compositicons {data from Gromet &t

al., 1984; Tavior and lMcClennan, 1985)., MASC, North
American Shale Composite. PAAS, Post—-Archean Average Shale.

d)Average pelites from the Witwatersrand Supergroup. PBER,

Parktown~frixton; PRM, Promise: RO, Roodepoort: ROY,
Pooysens: KB, X8 npelites. To eliminate the effects of

modern weathering, only drill-core and underground mine

samples ave used in averages.
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‘relative mobilities in relation to atomic size. In a study

of progressive weathering of the Toorongo granodiorite of

east-central Victoria, Australia,

Nesbitt et al. (1980)

noted that univalent and divalent cations show progressive

depletion with decreasing ionic size, and as a functicn of

depth in the weathering profile

may reflect selective adscrption

radii alkali and alkaline earth
smaller radii elements on clays in
Mg is an esxception to the divalent

which probably reflects the common

(Fig. 24a). This pattern

and retention of large
elements in prefersnce to
the weathering horizons.

cation trend, a feature

substitution of Mg*% for

A1+3 in relatively stable octahedral sites of clays (Bailey,

1584).

The degree of chemical weathering is chiefly a function

of climate and erosion rate, the latter of which varies

with the rate of tectonic uplift. The influence of

tectonism on alkali-alkaline earth element distributions in

particulate matter from three

Figure 24b (data from Martin

modern rivers is shown in

and Maybeck, 1979%). The

patterns for the Mekong and Congo Rivers, which lie in

tropical «c¢limatic regions with

little tectonic uplift,

exhibit extreme depletions in Na, Ca and Sr. The pattern

for the Ganges River (India) exhibits less depletion and

reflects limited chemical weathering in a region of active

tectonic uplift in the Himalayas.

Wweathering patterns shown in Piqures 24a and b may be
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gquantitatively transferred into sedimentary YoOCKsS. Thea
patterns, for Iinstance, from Phansrozoic composite shales,
as represented by NASC (Fig. 24c; Gromet et al., 1984) and
the Post Archean Average Shale (PAAS; Appendix D; Taylor and
McLennan, 1985) exhibit only moderate degrees of alkali-
alkaline earth element depletion, yet preserve the relative
shapes of weathering patterns seen in Figures 24a and b.
Recause these composites reflect a variety of climatic
conditions, and perhaps also different tectonic regimes,
these patterns represent those of an 'rayverage'' weathered
source of Phanerozoic shales. Apparent differences in Ca
concentration between NASC and PAAS are due to PAAS values
being calculated on a carbonate free basis. Carbonate
corrections have not been applied to Ca concentrétions of
NASC and Witwatersrand pelites (Fig. 24d).

patterns exhibited by the Witwatersrand pelites (Fig.
24d4) show strongly depleted alkali-alkaline earth patterns
for the PBR, PRM and RO pelites, and thus appear to reflect
the most intense chemically weathered sources. The BOY and
X8 pelites, which occur in the upper portion of the
jitwatersrand succession, show only moderate depletion of
smaller cations, and thus may represent moderate chemical
leaching of their source-areas. The single 0OG sample {not
shown) 1is strongly depleted in Ca and Mg, yet shows only
moderate depletion of Ba, Sr and the univalent cations.
Although diagenisis and metamorphism may be responsible for

the redistribution of some of these generally mobile
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elements {(Hower et al., 1976; Merriman et al., 1986), it 1is
interesting to note that this transformation from strongly
to moderately depleted alkali-alkaline earth patterns can be
correlated with the transformation from argillite-arenite
dominated sequences in the lower Witwatersrand successions,
to conglomerate-arenite dominated sequences (Robb and Meyer,
1985) in the upper two units. Thus, the change in element
distribution patterns of Witwatersrand pelites is inter-
preted to reflect the transformation from a low-lying source
with a well-developed so0il profile, to one which is
characterized by active tectonism and rapid arosion. This
interpretation 1is supported by the existence of well-
developed palecsols on an Archean terrane characterized by a
peneplaned surface (Pretorius, 1981b; Eriksson and
Soegaard, 1985) which directly underlies lower Witwaters-
rand strata and by penecontemporanecus faulting during
deposition of Central Rand sediments. Pelites from the
Pongola, Ventersdorp and Transvaal sequences exhibit
relatively limited inter-formational variability on alkali-
alkaline earth element plots (not shown). Lack of element
variability from these sequences suggests that alkali-
alkaline earth element changes are sensitive to only
dramatic changes in tectonic or climatic conditions. Cation
trends for the Pongola, Ventersdorp and Transvaal seguences
do not show any systematic stratigraphic variations. Thus

these element patterns may only be useful in distinguishing

dramatic tectonic or climatic variations.
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Weathering interpretations based on alkali-alkaline
earth element distributions contrast with CIA based
interpretations. For example, high CIA wvalues for K3 ‘
pelites suggdest intense weathering of source-regions, yet
relatively flat alkali-alkaline earth element distributions

suggest more rapid erosion of scurces for these sediments.

As previously discussed, coarse grain sediments and active

pasin margin faulting during Central Rand sedimentation
suggest that intense weathering of K8 pelite sources is
unlikely. Therefor weathering interpretations based on
alkali-alkaline earth element distributions are favored for
K8 pelites. High CIA values for these sediments may result
from hydrothermally altered sources which have undergone Al
enrichment and only minor cation depletion. Hydrothermally
altered granites located along the north to northwestern ‘
perimeter of the Witwatersrand basin are characterized by
sericitic, propylitic, albitic and carbonate alteration
(Robb and Meyer, 1987; Klemd and Halibauer, 1987). These
alteration processes could conceivably raise the CIA values
of these granites without seriously diminishing their

alkali-alkaline sarth element contents.

K20-Fe203T-A1203 Distributions
Paleoweathering conditions also may be examined with

XK20-F2203-A1203 ternary dilagrams where two subparallel
linear trends are apparent in the distributicn of Pongola

pelites (Fig. 2ba}. Trend-A pelites include the NMP and

¥—.—,




figure 25, K20-Fe203~A1203 distributions in pelites from
the Xaapvaal craton. Regions for shales and residual clays
from Reimer (1985). NASC, North American Shale Composite
(Gromet et al., 1984); GR, granite; TON, tonalite; TH,
Archean tholeiite; KOM, komatiite. Idealized compositions
for magnetite, chlorite, illite, muscovite and K~feldspar
indicated on diagram. a) Pongola pelites, trends a and b
discussed in text, b) Witwatersrand pelites, Pongcla trends
a and b are shown for reference, C) ventersdorp-Transvaal

pelites, Pongola trends a and b are shown for reference.




/Mug‘rlletite

! Als03 1

FepO3 «— Chlorite — J
NSUZE GROUP MQOZAAN GROUP
o Upper Wit Mfolozi (NUWM) a Wit Miolozi (MWM)
o Lower Wit Mfolozi (NLWM) o Piet Retief (MPR)

o Mpongoza River (NMP)
o Vitshundi River (NVS)

Q/ b
4:9/
o6 o a
A‘ ."+++:}“_+ +

F8203

o K8 4 Porktown- Brixton(PBR)
e Booysens(BOY) © Orange Grove(0G)

+ Roodepoort{RQO} & NASC

o Promise(PRM)

Muscovite
Illite
Residual
Clays
KOM
. o a4 WY, 2

4—0r;loritew—r Al203

o0 Silverton (SIL) »—= Black Reef (BR)

o-—-o Strybenkop (STR) a4 Selati (SEL)
o0 Timeball Hill (TH) o——- Bothaville (BOT)




(116)

NLWM sections, which define a tight compositional cluster
centered near NASC (Gromet et al., 1984; Appendix D). These
samples also fall along a mixing line defined by chlorite
and illite-muscovite end members. Enriched Al1203 contents
of trend-A pelites suggests that they are derived from mora
intensely weathered sources relative to trend-B pelites.
palites of trend-3 are composed of NUWM, MWM and some MPR
samples. These pelites are depleted in Al1203 relative to
pelites of trend-A while some Mozaan trend-B samples also
are enriched in Fe203T (Table 2). Trend-B pelites lie along
a mixing 1line defined by chlorite and muscovite {perhaps
mixed with minor X-feldspar) end members. Relatively
enriched X20 cohcentrations suggest that trend-B pelites are
derived from a tectonically or volcanically active‘ source,
where a large proportion of rapidly eroded rock 1is deposited
in the basin. CIA values of NUWM and MWM (CIA=70-77) are
generally the lowest overall for Pongola pelites and support
weathering interpretations based on KZO—FeZOBT—A1203 dis-
tributions. Thus, detritus may have changed from kaolinite
and 1illite-rich (trend-A weathered rock) to K~feldspar and
muscovite-rich (relatively unweathered trend-B granite and
matamorphic rocks) with time.

. Pelites from the Mozaan trend-B sequence with the
highest Fe contents are collected from areas strati-
graphically adjacent to banded iron formaticn. This
relationship suggests that co-deposition of terrigenous-

clastic sediments and Fe-rich chemical precipitates may have
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caused this Fe-enrichment trend (Watchorn, 1980a). Four
MPR pelites that plot in the residual <¢lay field are
interpreted to reflect K depletion during modarn weathering.
Distributions of Witwatersrand pelites on K2C0-Fe2037~
A1203 diagrams are more variable than most Phanerozolc
shales and Pongola pelites (Figs. 25a and b). Most pelites
from the West Rand Group (RO and especially PBR-PRM) are
enriched in Fe203T, while K8 and OG pelites are enriched in
A1203, having compositions similar to modern residual clays.
X8 pelites have the highest overall K20/A1203 ratios of
pelites £from the Kaapvaal craton, suggesting that these
sediments are derived from highly weathered or leached
sources. Most Witwatersrand pelites are depleted in K20
relative to pelites from the Pongola Supergroup.
Distripbutions of BOT-BR-TH-SIL pelites on K20~-Fe2037T-
A1203 diagrams are similar to those of Phanerozoic shales
and Pongola trend-A pelites (Fig. 25c). Unlike the Pongola
sequence, these pelites do not exhibit linear distributions,
suggesting that ventersdorp-Transvaal samples have a more
homogenous source, Were exposed to constant climatic
conditions, and/or are more thoroughly mixed than the
Pongola pelites. X20/A1203 distributions of most TH-SIL
pelites are slightly 1lower than those of Pongola trend-A
pelites, whereas BOT-BR pelites have K20/A1203 distributions
intermediate between those of Pongola trend-A and trend-B

pelites. SEL pelites have the greatest relative K20 or
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7e203T contents and STR pelites have the highest Al1203

contents relative to most other Ventersderp-Transvaal
pelites. X20/A1203 ratios of these pelites correlate well
with CIA values. SEL pelites with the highest XK20/A1203
ratios also have the lowest CIA values {CIA=65-67)

suggesting rapid erosion of their source~rocks. SEL pelites
with high-Fe c¢ontents also have high CIA values (>95)},
suggesting a possible correlation between the concentration
of Fe and depletion of alkali-alkaline earth earth elements
in these sediments or their sources. Pelites from the STR
sequence have the highest overall CIA values (86-94) and the
lowest K20/A1203 ratios of all Transvaal pelites. These
patterns suggest that STR pelites are derived from highly

waeathered sources.

Ventersdorp-Transvaal sediment distributions on log~X
verses log-Rb plots (Fig. 26) indicate that BOT-TH-STR-SIL
pelites are depleted in K, and have lower overall K/Rb
ratios relative to SEL-BR pelites. Sediments characterized
by large contributions from late-stage granites may have low

X/Rb ratios, but decreased ratios in these granites usually

result from addition of Rb rather than decreased K
concentrations (Taylor, 1965; Fig. 26). Decreasing K
concentrations of BOT-TH-STR~SIL pelites are unusual

considering the increased concentration of source granites
suggested for these sediments by REE, Th and U con-

centrations (Taple 4). A mechanism which can decrease

sedimentary K and hold Rb contents constant during a pericd




Figure 26. K~-Rb plot for pelites from the Ventersdorp and
Transvaal Supergroups (After Taylor, 1965). K/Rb=230 line
represents an average c¢rustal ratio. Weathering trend

calculated from data in Nesbitt et al. (1980), late-stage

granite field from Taylor (1965). Pelite data from Table 4.
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of 1increased granite exposure is an increase in weathering
intensity. Decreased K and slightly increased Rb con-
centrations are apparent in weathering horizons and
sediments derived from highly weathered sources (Nesbitt et
al., 1980; Wronkiewicz and Condie, 1987). The weathering
trend shown in Figure 26 can produce K-depleted sediments
from the same sources which produced SEL-BR pelites or
modify the composition of more granite-rich sources. Some
SEL pelites exhibit high Cr/Ni ratios and depleted
NASC~-normalized Co anomalies, features suggestive of a
weathered source terrane, yet do not show any K depletion.
Thus, some variations also may result from mobility of K
and/or Rb during metamorphism and diagenesis (Weaver and

Beck, 1971; Ludden et al., 1982; Merriman et al., 1986).

The Ni-Cr Problem

Most Kaapvaal pelites deposited prior to 2.2 Ga exhibit
an enrichment of Cr and Ni relative to NASC (Figs. 27-29).
High Ni and Cr concentrations in Pongola pelites has led to
the suggestion that these sediments are derived from
sources with substantial mafic or komatiitic components
{Laskowski and Kroner, 1985). This interpretation, however,
is not supported by Pongola pelite REE, HFSE and LILE
contents., Concentrations of these elements are similar to
those of NASC, suggesting a Pongola source-area which is

similar in overall composition to average Phanerozoic

upper-continental crust (Table 2). Pongola pelites also are
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depleted in Co and Mg relative to NASC, a pattern opposite
to that expected if these sediments were derived from
ultramafic-rich sources.

Hydraulic sorting of grains may be important in
influencing the composition of some sediments, however,
similar mean Cr/Ni ratios 1in both Pongola quartzites and
pelites (Fig. 28; Tables 2 and 7) suggests that separation
by grain size or density 1s not responsible for Ni-Cr
patterns in these pelites,

Archean oceans may have been enriched in Cr and Ni,
relative to modern oceans, due to ocean-ridge or back-arc
hydrothermal leaching of komatiite oceanic crust {(Condie and
Wronkiewicz, 1988). Clay-particle scavenging of Ni and Cr
in enriched Archean seawater could thus explain the high Ni
and Cr c¢oncentrations in some Kaapvaal pelites. Rapid
mixing of open ocean waters with cratonic basin waters is
required for this model in order to maintain high Ni-Cr
seawater concentrations. Problems with this model include,
1) relatively 1low Co concentrations in Pongola, Wit-
watersrand-RO and Transvaal-SEL pelites (Tables 2-4), since
modern oceanic c¢rust acts as a source for Co (Honnorez,
1983); 2) high Pongola, Witwatersrand-RO, Transvaal-SEL
Cr/Ni ratios (Figs. 19-21), since Cr-Ni fractionation is not
observed in modern ocean~-ridge hydrothermal systems; and 3)
an absence of hydrothermal fluid leaching of Ni and Cr from

modern oceanic crust (Humphris and Thompson, 1978; Mottl et

al., 1979; Seyfried and Mottl, 1982; Trocine and Trefry,
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(1988).

An alternate, and preferred model that can explain the
enriched Cr and Ni contents of Pongola, Witwatersrand-RO and
Transvaal-SEL pelites is intense chemical weathering of
komatiitic source rocks (Wronkiewicz and Condie, 1989a).
Studies of modern terrestrial weathering profiles indicate
that Cr and Ni can be enriched and fractionated from each
other 1in tropical weathering environments. For example,
enrichments up to ten~fold for Cr and three-fold for Ni have
been documented in modern laterite profiles developed on
mafic rocks in Australia and India {Ball and Gilkes, 1987;
Narayanaswamy and Ghosh, 1987). Deeply weathered
Precambrian soil profiles could have provided detritus for
some Kaapvaal pelites, in the way that weathered rocks from
the Andes Mountains and Brazilian Platform presently provide
detritus for the Amazon River system (Kronberg et al.,
1986). Thick paleoregoliths on pre-Pongola basement
(Matthews and Scharrer, 1968; Armstrong et al., 1982) also
support this interpretation. Modern upper-laterite profiles
developed on ultramafic rocks in Australia, South America
and Indonesia also are depleted in Mg and Co, slightly
enriched in Ni, and strongly enriched in Cr. These
compositional trends are similar to those exhibited by
Pongola, Witwatersrand-RO, and Transvaal-SEL pelites (Tables
2-4; Zeissink, 1971; Webber, 1972; Golightly, 1981).
Intense chemical weathering also may account for increased

Cr/Ni ratios of these pelites, in that studies of Cenozoic
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laterites indicate that Cr 1is retained in upper soil
layers in Cr-rich chlorite (penninite), chromite and
magnetite, whereas Ni is liberated during the breakdown of
olivine and pyroxene, or is leached from secondary clay
minerals (Zeissink, 1971; Webber, 1972). Progressive
downward migration of Ni in these laterites causes increased
Cr/Ni ratios 1in the upper layers. Erosion of wupper
portions of Precambrian laterite horizons developed on
komatiites <c¢ould thus account for the high Cr/Ni ratios
observed in some Kaapvaal pelites.

Parallel changes in Cr/Ni ratios and the CIA values in
Wit-Mfolozi area pelites also support models suggesting
enrichment of Cr and Ni during weathering. NLWM and MWM
pelites, which have the highest CIA indices, also have the
highest Cr/Ni ratios (~4.5; Figs. 19 and 23a). NUWM
pelites, which have 1lower CIA indices and appear to be
derived from a tectonically active source region, have Cr-Ni
distributions which are more typical of Precambrian
pelites. If correct, this model also predicts that residual
nickeliferous paleolaterites may exist in ultramafic
portions of the Kaapvaal <c¢raton basement, and offer an

exploration guide to nickel deposits in the region.

PELITE PROVENANCE

Pelites as Source-Area Composites

Because of their homogeneity and post-depositional

impermeability, shales and pelites are considered to be




representative samples for geochemical provenance studies.
Quartzites are less desirable due to their low trace element
contents, pre-lithified permeability, and hydraulic
segregation introduced heterogeneity. In order to evaluate
the overall effects of element fractionation in the
sedimentary cycle, quartzites however, must be considered

together with pelites.

Sedimentary Recycling Constraints

The role of recycling in the evolution of sediments 1is
difficult to evaluate. One way of approaching this problem
is to consider ratios of elements in pelites with strikingly
different incompatibilities such as the Th/Sc and La/Sc
ratios (Taylor and McLennan, 1985). In the absence of
sedimentary recycling, these ratios should reflect the
proportion of felsic components relative to mafic-ultramafic
components., If recycling 1is important, then changes in
these ratios should be buffered by the incorporation of
previously deposited sediments. Isotopic data from
sediments also may provide information on the likelihood of
sediment recycling. Sediments with crustal residence ages
approximately equal to their depositional ages are derived
from juvenile «crustal sources with the inclusion of little
or no recycled sediments. By <contrast, sediments with
crustal residence ages that are significantly older than
their depositional ages may have incorporated large amounts

of recycled sediments or may be derived from clder

first-cycle igneous or metamorphic sources. A final method




may be important.

Th/Sc and ©La/Sc ratios in pelites from the Pongola
supergroup show considerable overlap without consistent
stratigraphic wvariations (Table 2). These trends suggest
that ratios were either buffered during recycling of
sediments or that a compositionally constant Pongola
source-area remained exposed during deposition of the entire
sequence. Nd isotopic data indicate that Pongola sediments
are dJderived from sources with crustal residence ages that
are virtually indistinguishable from Pongola depositional
ages (Miller and O'Nions, 1985). This observation suggests
" that sediment recycling did not significantly influence the
composition of the Pongola sequence., The limited occurrence
of polycrystalline quartz (-~3%) and the near absence of
lithic-sedimentary clasts in Pongola quartzites also support
this interpretation (Table 6).

The lower three subgroups of the Witwatersrand
Supergroup have relatively invariant Th/Sc and La/Sc ratios
(Table 3; except for the high La/Sc ratio.in 0G), suggesting
that these ratios either are buffered by recycling or
source-area compositions remained relatively constant.
Minor Th/S¢ <changes in BOY pelites and large increases in
both” ratios for K8 pelites suggest exposure of new sources
for these sediments. Stratigraphic upsection increases of
polycrystalline quartz and lithic-sedimentary clasts (Table
6) suggest that recycling became increasingly important for

upper-Witwatersrand strata, an interpretation which is
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opposite to that based on element ratios. Isctopic data
from pelites of the Witwatersrand sequence may be neadad to
resolve this dilemma.

Th/sc and La/Sc ratios show marked changes betwean
deposition of the BOT-SEL-BR and TH-STR-SIL pelites (Table
4y . Rapid changes in these ratios thus argue against
significant sediment recycling and suggest that new ssdiment
sources were exposed during deposition of the Pretoria
Group. Pelites from the BR unit have La, &c and Th
concentrations, as well as Th/Sc, La/Sc and La/Th ratios
that are similar to those of the Witwatersrand pelites.
These similarities suggest that BR pelites may be partially
derived from the erosion of older Witwatersrand strata
and/or the same crustal sources which gave rise to the
Witwatersrand sediments. A temporary change in sediment
transport direction, from northern to southern sources
(Button, 1973a), during deposition of basal BR sediments and
the occurrence of reworked Witwatersrand gold in lower
Transvaal sediments (Pretorius, 19758) supports this spec-
ulation. .An abundance of polycrystalline quartz and lithic-
sediment clasts 1in Ventersdorp-Bothaville, Transvaal-
Wolkberg, Waterberg and Soutpansherg quartzites indicates
that sedimentary recycling may have influenced the
compositions of these units. An absence of recycled clasts

in Pretoria Group quartzites indicates that these sediments

are mostly from first-cycle sources (Table 6).




NASC~Normalized Distributions

Element distributions of sediments normalized £o
potential sources can be usad to monitor the combined
effects of. weathering, diagenesis, metamorphism and
transport on sediment compositiocn. Secondary affects
influencing the composition of both Phanerozoic shales and
Archean pelites can be identifised and compared by
normalizing NASC to present-day average upper-continental
crust (PUC) and average Witwatersrand pelites to Archean
upper-continental crust (AUC; Fig. 27a). Both sediment
patterns have similar distributions suggesting that the
cumulative effects of weathering, diagenesis, metamorphism
and transport are similar for both Archean pelites and
Phanerozoic shales. Most elements generally are enriched
relative to their crustal sources by factors of 1.1 to 1.5.
A depletion in Ta (also Nb, not shown), is exhibited by
both Witwatersrand pelites and Phanerozoic shales. The
cause of this relative depletion is uncertain but may
reflect hydraulic fractionation of minor phases enriched in
Nb and Ta into coarser sediments or errors in the estimated
concentration of these elements in AUC and PUC. A possible
example of a minor phase that can fractionate Nb and Ta is
rutile, which may be concentrated as needle-like crystals in
the sand-sized grain fraction of sediments.

Because of the similar element distributions in

Witwatersrand pelites and NASC (Fig. 27a), we can compare

e
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the source area of Kaapvaal craton pelites to present-day
average upper-continental c¢rust by normalizing element
contents in these pelites to NASC. Distributions of Pongola
pelites on NASC-normalized plots indicate similarities in
distributions of LILE, HFSE, REE, V and Sc (Fig. 28). These
similar patterns suggest that the Pongola source i3
remarkably similar in composition to average Phanerozoic
upper-continental crust, whereas it Aiffers significantly
from published estimates of Archean upper-continental crust
{Condie, 1981; Taylor and McLennan, 1985). A significant
proportion o©of high-X20 granites (and/or felsic volcanics)
were prebably present in the source-area at the onset of
pongola sedimentation. Moderately large negative Eu
anomalies and La/Yb ratios (Fig. 15) suggest that these
granites were derived Dby intra=~crustal melting involwving
fractionation of feldspars (Taylor and McLennan, 19385).
Based on paleccurrent measurements, Von Brunn and Hobday
(1976} and Von Brunn and Mason (1977) suggest that these
granitic sources may lie to the north for Pongola sediments
in the Wit-Mfolozi area, whereas Watchorn and Armstrong
(1980) indicate a western source for sediments in the Piet
Retief area. Dix (1984) proposes that Mozaan sediments in
the - Wit-Mfolozi area were derived £from sources to the
south-southwest, and suggests that differences between his
and previous paleocurrent studies may result from irregular

basin margins.

pelites from the Witwatersrand Supergroup are depleted



Figure 28. HASC-normalized distributions of various
elements 1in average Pongola pelites and quartzites,
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in LILE relative to NASC, and with the exception of K8 (and
0G, not shown) also are depleted in REE and HFSE {Fig. 27b).
Irreqularities in the distrbution of some LILE probably
reflect mobilization of these elements during weathering or
other secondary processes. Witwatersrand ©pelites area
enriched in Cr and Ni and the RO, BOY an K8 pelites also are
enriched in V, Sc, and Co. These compositional differences
imply that the Witwatersrand sources are enriched in mafic
and ultramafic components relative to Phanerozoic upper-
continental NASC and Pongola sources. High MgO contents of
BOY pelites (Table 3) also are consistent with significant
ultramafic input 1into these rocks. Data in Figure 27b and
Table 3 indicate.that REE, HFSE and transition metals tend
to increase in abundance with stratigraphic height. The
basal O0OG pelite (not shown) is an exception to this trend
having higher REE and HFSE contents relative to overlying
pelites. This stratigraphic geochemical trend is unusual in
that it suggests that both granitic and komatiite-basalt
sources increased with time during deposition of
Witwatersrand sediments. Contributions from komatiitic and
basaltic components appear to have peaked during deposition
of BOY pelites. Increasing La/Yb ratios and well-developed
nega£ive Eu anomalies indicate that a significant increase
in the proporticn of granite must have occurred during
deposition of the RO and BOY pelites, peaking perhaps during
deposition of the K8 pelites (Fig. 18). Granites

characterized by large negative Eu anomalies must have been
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present, at least locally, during deposition of the OG
pelite. Robb and Meyar (1985) suggest that hydrotharmally
altered granites (HAGS) may be an important source for Au
and U in the Central Rand Group. Such HAGS commonly show
large enrichments in most alkali elements and depletion in
Na20 and Ca®. The X8 and BOY pelites from the Central Rand

Group do not show unusual enrichment in alkalies (Table 3)

and their low Na20 and CaO can be interpreted in terms of

weathering as previously discussed. Thus, HAG sources for
these pelites are compatible but not desmanded by the
geochemical data.

NASC-normalized element distributions of Ventersdorp-
Transvaal pelites also indicate a progression from primitive
to evolved crustal sources. BOT-SEL-BR pelites have LILE
contents which generally are depleted relative to TH-STR-SIL
pelites and NASC (Fig. 29). REE, HFSE and Th contents also
are generally 1low for BOT-SEL-BR pelites, ranging from
40-85% of the NASC concentration. Exceptions to this trend
are La in BOT pelites, which is similar to concentrations in
NASC, and La and Eu in BR pelites which are only slightly
depleted relative to NASC. These features suggest that
although overall sources for the BOT-SEL-BR sediments were
largely of a primitive composition, evolved source-rocks
were periodically exposed during depesiticn ¢f BOT and BR

sediments. Transition metal and Mg contents of these

pelites also are gen=rally enriched relative to NASC (aucept
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SEL Mg and Co, which may reflect chemical weathering of
sources) . TH-STR-SIL pelites exhibit LILE, HFSE, REE and
transitiocon metal distributicons that are similar to NASC,
indicating that the scurce of these sediments is similar in
average composition to Phanerozoic upper-continental crust
and to the X8-Pongola pelite sources. These pelites differ
from NASC by having slightly higher Th and La, and lower X
and Mg contents. Although negative Eu anomalies and La/Yb
ratios are variable, mean ratios increase stratigraphically
upsection within the Transvaal sequence (Fig. 17, Table 4).
These trends also suggest increasing exposure of evolved
granite sources upsection within the Transvaal sequence.
Since exposures of Waterberg and Soutpansberg rocks are
characterized by extensive present-day weathering, caution
should be exercised in making provenance interpretations due
to possible mobilization of major and LILE. NASC-
normalized distributions of Waterberg and Soutpansberqg
shales (Fig. 30) indicate that sources for these sediments
are similar in c¢omposition to average Phanerozoic
upper-continental crust and the Transvaal—-Pretoria Group
source {(Fig. 29). HFSE and REE distributions are
particularly diagnostic due to their overall stability in
weaﬁherinq profiles (Taylor and McLennan, 1985}. Granites
must have been an important source for these sediments as
indicated by well-developed negative Eu anomalies and large

La/Yb ratios for both the Waterberg (Eu/Eu*=0.53; La/Yb=21)

-



Figure 30. MASC-normalized distributions of various

elements 1in Waterberg and average Soutpansberg shales.
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and Soutpansberg shales (Eu/Eu*=0.66; La/Yb=13; Table 5).
Concentrations of Co and Mg are depleted relative to NASC,
but these features may be modified by modern weathering. Cr
contents are similar to those of NASC, indicating that
relative proportions of mafic and ultramafic source-regions
for Waterberg and Soutpansberg sediments may be similar to
proportions in exposed Phanerozoic crust. This speculation
is supported by Ni-Cr distributions of Waterberg and
Soutpansberg shales which approximate those of NASC (Fig.

22).

Cr/Z2r and Sc/Th Ratios

Relative contributions of komatiite/granite sources
should be reflected in the distribution of Cr/Zr, since
these two elements monitor pyroxene-chromite and zircon
contents, respectively. Pongola pelites have Cr/Zr ratios
(1.3-5.0; Table 2) that are equal to or less than those
exhibited by pelites from the Moodies succession (~5.5;
McLennan et al., 1983) implying a more evolved (felsic)
crustal source for Pongola pelites relative to that of the
Mocodies, Similarly, Sc/Th ratios may reflect relative
contributions from (basalt + komatiite)/granite. Pongola
pelite Sc/Th ratios (1.7-2.7) are generally less than those
of the Moodies pelites ( ~ 2.6), supporting previous
interpretations based on Cr/Zr ratios.

The three upper Witwatersrand pelite units are enriched

in both Cr and 2Zr (Table 3), a feature suggestive of
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increased input into the Witwatersrand basin of poth granite
and komatiite. It is noteworthy that Cr/Zr ratios reach a
maximum value (9.9} 1in the BOY pelites as do bulk Cr, MgO
and Ni contents. Decreased Cr/%2r ratios in K8 pelites
probably reflect rapid increases 1in the proportion of
granite relative to komatiite in the Witwatersrand sourcas
(Fig. 8). The low Cr/%r ratio (2.4) of the 0OG pelite also
indicates the importance of granite sources during initial
Witwatersrand basin development. Sc/Th ratios in
Witwatersrand pelites also record the same stratigraphic
evolution recorded by Cr/Zr ratios. Mean Sc¢/Th ratios
increase from deposition of basal PBR-PRM units to the BOY
sequence (3.6 to 5v.8).r then decrease again in the K8 pelites
{2.6).

Pelites from the lower portion of the Ventersdorp-
Transvaal sequence (BOT-SEL-BR) have mean Cr/Zr ratios
(2.5-5.3) that are similar to those of the Moodies, Pongola
and Witwatersrand pelites (Tables 2-4; McLennan et al,,
1983). TH-STR-SIL mean Cr/Zr ratios (0.9-1.1) are similar
to those of NASC (0.6) and significantly lower than those of
all previously deposited Kaapvaal pelites. These decreased
Ccr/Zr ratios imply greater proportions of evolved (felsic)
soufées for TH=-STR-SIL pelites relative to BOT-SEL-BR,
Witwatersrand, Pongola and Moodies pelites. BOT-SEL-BR
pelites have mean Sc/Th ratios (2.9-4.6) which are similar
to thoss of Moodies and Witwatersrand pelites, whereas

TH-STR-SIL mean Sc/Th ratios (0.8-1.4) are less than those



of the Moodies, Pongola and Witwatersrand, and similar to
MASC (1.3). This again suggasts that the TH-STR-SIL pelitas
were derived from a source enriched in felsic componants
relative to the BOT-SEL-BR pelites and Archean pelites of
southern Africa.

Cr/Zr ratios of Waterberg and Soutpansperg shales (0.9
and 0.4, respectively) are significantly lower than those of
Kaapvaal pelites deposited prior to the Transvaal-Pretoria
Group. This pattern indicates that evolved crustal sources
exposed during deposition of the Pretoria Group probably
remained exposed during deposition of the Waterberg and
Soutpansberg sediments. Sc/Th ratios of Waterberg (1.0) and
Soutpansberg pelites (1.2) also are similar to NASC and
Pretoria Group ratios (Table 4) and significantly lower than

ratios of other southern Africa pelites.

Ni and Cr Distributions

Despite possible secondary modification due to
weathering, Cr and Ni distributions can still be used to
constrain the provenance of sediments. Pongola NUWM pelites
exhibit Cr/Ni ratios similar to most Precambrian pelites
(Fig. 19), have relatively low CIA indices (CIA=71), and
were eroded during a tectonically active period of Pongola
basin development (Matthews, 1967; Dix, 1384). These
pelites may be more representative of the overall Pongola

source-area than pelites exhibiting elevated Cr/Ni ratios.

Mi and Cr concentrations of NUWM pelites are only mederately
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enriched relative to NA3C and post—-Archean pelites in
general (Fig. 19}, suggesting that the Pongola source is
enriched in mafic/ultramafic componants by ~50% re=lative to
average Phanerozoic upper~continental crust.

Large enrichments (300-1000%) of Cr and Ni in Wit~
watersrand pelites relative to Phanerozoic shales may
partially reflect adsorption or substitution of these metals
onto c¢lay-sized particles during weathering or deposition
in seawater (Li, 1981; Balistieri and Murrey, 1984; Manceau
and Calas, 1986; Wronkiewicz and Condie, 1989%a; Condie and
Wronkiewicz, 1989). However, overall Ni-Cr distributions
(Fig. 20) suggest a source-area enriched in mafic/ultramafic
components relative to NASC and Pongola sediment ©sources.
71 and Cr contents are highest for BOY pelites, 1ndicating
that mafic/ultramafic source contributions peaked during
deposition of this unit. High Ni/Co, Cr/V and low V/Ni
ratios in Witwatersrand pelites are comparable to averages
given for Archean pelites by Taylor and McLennan (1985),
reflecting significantly greater contributions from mafic-
ultramafic components than are present in the sources of
most Phanerozoic shales. The low Ni and Co concentrations
in the O0OG pelite are anomalous with respect to other
Witﬁétersrand pelites.

BOT-BR pelites have Ni-Cr distributions that are
characteristic of early Archean pelites from greenstone

successions (Fig. 21). Ni-Cr contents in these pelites are

also similar to those of Mcoodies and lower Witwatarsrand,
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ana greater than those of TH-STR-3IL pelites. BSEL pelites
exhibit a wide range of Ni-Cr concentrations, however,
gslightly elevated Cr/Ni ratios suggests that these elaments
nave been enriched during intense chemical weathering of
komatiitic 1lava sources Wronkiewicz and Condie, 19%289a).

TH-STR-SIL, Soutpansberg and Waterberg pelites (Figs. 21 and

22) have Ni-Cr concentrations similar to those of NASC and

grained sediments from the Kaapvaal craton to exhibit such a
pattern, possibly signifying the first emergence of fully
evolved upper-continental crust on the Kaapvaal craton at

|
\
|
|
post-Archean pelites. TH-STR-TH pelites are the first fine
2.2 Ga ago.

|

|

Th/U and La/Th Ratios

Th/U ratios of Pongola pelites are variable, with the

range of mean values (2.7-4.3; Table 2) being similar to,

sedimentary rocks (3.5-4.1; Taylor and McLennan, 1985), and
similar to or less than the NASC ratio (Th/U=4.4). Low Th/U
ratiocs for Archean sediments may reflect a provenancs
effect, an absence of significant sedimentary recycling,
and/or an Archean atmosphere which was less oxygenating than
the §resent one (Taylor and McLennan, 1985). Pelites from
the Pongola sequence have La/Th ratios that are highly
variable, with mean ratios ranging from 2.8 to 7.2 (Fig.

3la; Table 2). Based on other trace element patterns, NUWM

but more varied than those of average Archean fine-grained
pelites appear to be the least effected by paleoweathering,



Figure 31. Log La vs. log Th plot for Kaapvaal Craton%

pelites. La/Th=3.5 and La/Th=2.8 lines represent ratiog
which typify Archean and post-Archean pelites, respectively,
After Taylor and McLennan (1985} .

a) Pelites from the Pongola Supergroup. Data from Table 32,

b) Pelites from the Witwatersrand Supergroup. Data frop
Table 3.

c) Pelites from the Veritersdorp and Transvaal Supergroups,

Data from Table 4.

d) Shales from the Waterberg and Soutpansberg Groups. Data

from Table 5.

Figure Key:

o Upper Wit Mfolozi (NUWM) A Wit Mfolozi (MWM)
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and thus may be the most representative samples of Pongola
La/Th source concentrations. NUWM pelites have La/Th ratios
(2.8 +/- 0.7) which are identical to those which
characterize Phanerozoic shales (McLennan et al., 1980).
Other Pongola pelites have higher La/Th ratios which are
more characteristic of estimates of Archean pelite
compositions (Taylor and McLennan, 1985).

Th/U ratios in Witwatersrand pelites do not vary
systematically with stratigraphic height and the range of
mean values {2.5-5.5; Table 3) extends both above and Dbelow
the range of means and 95% confidence levels for Archean
pelites given by Taylor and McLennan (1985). Overall,
Witwatersrand Th/U ratios are similar to, but more variable
than Pongola ratios. This range in variability also
overlaps the means and confidence levels of Precambrian
pelites used by HMcLennan and Taylor to suggest a secular
increase in the Th/U ratios of shales and pelites with time.
Witwatersrand K8 pelites have very low Th/U ratios (2.5
+/- 0.6), possibly reflecting the emergence of U enriched
source granites for these sediments, metasomatic enrichment
of U in these sediments, and/or relative retention of U in
these sediments resulting from rapid erosion and deposition.
La/Th ratios for all Witwatersrand pelites (4.4-5.8; Fig.
31b; Table 3) exceed those which characterize Archean (3.5)
and post-Archean pelites (2.8; McLennan et al., 1580)}.

while these La/Th ratios remain relatively constant,

concentrations of both La and Th increas2 upsection,
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indicating that the percentage of detritus derived from
granite sources also increased upsection within Wit-
watersrand strata.

Mean Th/U ratios of Transvaal pelites tend to Increase
upsection, with BOT-TH-STR-SIL pelites possessing ratios
(3.4~4.4) which approach those of NASC ({4.4), and are higher
than those of SEL-BR pelites (2.7-3.0; Table 4). Th
enrichment in Pretoria Group pelites (16-22 ppm), relati&e
to NASC (12 ppm), Witwatersrand (4-10) and Pongola pelites
{(5-13 ppm), indicates a Th-enriched granite source for these
sediments. The implied high-Th granites for Pretoria Group
sediments contrasts the high-U granite sources suggested
for the Witwatersrand-K8 pelites. Possible source
candidates are the 2.7-2.5 Ga Randian granites which are
located along the northern and northeastern margins of the
Transvaal basin (Kent et al., 1980). Although Th analyses
for these granites are not available, they are of the same
general age as those of high-Th, third magmatic cycle
granites from the Barberton region (Meyer et al., 1986},
The location and age of these granites suggests that they

may be related to subduction or collisional events related
to accretion of the Kaapvaal and Zimbabwe cratons.
Paleocurrent measurements also suggest that Limpopo sources
may have contributed detritus to the Transvaal basin (Fig.

2; Button, 1973a; Tankard et al., 1982).

Ventersdorp-Transvaal pelites clearly fall into two

distinct populations basad cn La and Th distributions (Fig.
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31c), although most of the variability is related to the
elevated Th concentrations of Pretoria Group pelites. La/Th
ratios of BOT-SEL-BR pelites (3.5-5.9) are similar or
greater than those characteristic of Archean pelites (3.5),
whereas TH-STR-SIL pelites have mean La/Th ratios (2.3-2.5)
which are 1less than post-Archean ratios (2.8; McLennan et
al., 1980).

Th/U ratios of Waterberg and Soutpansberg pelites
(3.6-4.2) are similar to those of NASC, Transvaal-Pretoria
Group and Ventersdorp sequences. Th/U ratios of all
Kaapvaal craton pelites tend to increase with decreasing
age, suggesting a provenance effect for these changes, or
increasing fractionation of these elements as the Earth's
atmosphere became more oxygenated. Increased solubility of
U relative to Th in oxidizing surficial environments should
lead to increased Th/U ratios in sandstones and decreased
ratios in the reducing environments of shales. This pattern

is opposite to that observed in the Pretoria, Waterberg and

Soutpansberg Group sediments. Despite the progressive
secular changes observed in pelite Th/U ratios, most
sequences show considerable overlap in their values,

indicating that this ratio is not very diagnostic 1in
Kaapvaal provenance determinations.

Both La and Th are enriched in Waterberg and
Soutpansberg shales (Fig. 31d) a feature suggestive of their
derivation from granite-rich sources. The single Waterberg

sample analyzed has a La/Th ratio characteristic of Archean




pelites (3.5). Soutpansberg La/Th ratios also are
variable, but the mean value {(La/Th=2.8) is identical to
that characteristic of post-Archean pelites (McLennan et

al., 1980).

Th-Hf-Co and La-Th-Sc Distributions

Ternary diagrams can be used to constrain source-area
composition and source mixing of sediments (Taylor and
McLennan, 1985). Distributions of pelites from the Pongola
Supergroup are scattered on Th-Hf-Co and La-Th-Sc diagrams
and many samples show a depletion in Th relative ¢to
Phanerozoic shales (Fig. 32). Mozaan pelites are enriched
in Hf and Co relative to Nsuze pelites. Enrichment of Hf
{and Zr) 1in Mozaan pelites may reflect greater concen-
trations of detrital zircon. Relatively small enrichments
of Co and Sc relative to Phanerozoic shales suggests a
source slightly enriched in basalt (and/or komatiite)
relative to Phanerozoic upper-continental crust. Variable
enrichment of Co and Sc for certain geographic groups of
pelites suggests a decoupling of these elements, possibly
during weathering, erosion or sedimentation. Pongola
pelites have higher ©La/Sc and Th/Co ratios relative to
Archean upper-continental crust and Moodies pelites, whereas
they have higher La/Sc ratios relative to the £ 3.3 Ga Beit
Bridge Group pelites. Thus, the Pongola and Beit Bridge

pelites reflect derivation from fractionated and evolved



Pigure 32. Distribution of pelites from the Pongola

Supergroup on  Th~HE-Co and La-Th-Sc diagrams. NASC, North

A

American Shale Composgite (Gromet et al., 1984); PAAS

2985) fields of Phanerozoic ghaleg after data from Tavior

T

and Mclennan {1985): GR, homogenous hood granite {(Hunter
F ] #

1873: dMever et al., 19B86): TON, tonalite; TH, Archean

3

tholeiite: KOM, komatiite. Lines connect four end members
used in mixing calcuvlations {(Table 13a). After Tavlor and

Moehennan (1985}, pelite data from Table 2.
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crustal sources, while Moodies pelites reflect derivation
from sources with greater proportions of mafic-komatiitic
components.

Distributions of Witwatersrand pelites on Th-Hf-Co and
La-Th-Sc diagrams clearly show a large contribution of mafic
or ultramafic sources compared to Phanerozoic shales and
Pongola pelites as shown by their relatively high Co and Sc
contents (Fig. 33). Most samples fall within mixing lines
defined by granite, tonalite and tholeiite~komatiite end
members. Stratigraphic evolution of the Witwatersrand
sequence also is evident on these diagrams with BOY pelites
showing 1increasing concentrations of Co and Sc¢ relative to
basal PBR-PRM-RO pelites, K8 pelites are characterized by
increased concentrations of Th and La relative to underlying
BOY pelites. K8 pelite compositions most closely approx-
imate those of Pongola pelites and Phanerozoic shales. Most
Witwatersrand pelites (except for 0OG and K8 pelites) have
higher Sc/Th and lower La/Sc ratios than corresponding
ratios 1in Phanerozoic shales (Table 3). This appears to
reflect a higher mafic-ultramafic component in the Wit-
watersrand pelites.

Pelites from the Ventersdorp-Transvaal successions show
twoe distinct but scattered populations on La-Th-Sc and
Th-Hf-Co diagrams (Fig. 34). Relatively high concentrations
of Co and Sc 1in BOT-SEL-BR pelites are suggestive of
abundant mafic or komatiitic sources. These pelites have

compositional distributions which are similar to those of



.

Figure 33, Distribution of pelites from the

T, 4.

ditwatersrand

Supergroup on Th-Hf-Co and La-Th~3c diagrams. ®NASC, HNorth

American Shale Composite (Gromet et al,, 1884}; PAAS,
Post—~Archean Average Australian Shale (Taylor and McLennan,

{198

(\()
"

5Y: fields of Phanerozolc shales after data from Taylor
and McLennan {1985): GR, granite: TON, tonalite: TH, Archean
tholeiite: KoM, komatiite. Lines connect four end memnhers
used in mixing calculations {Table 13a). After Taylor and

Y

MeLennan {19851, velite data from Table 3.

Figure 34. Distribution of pelites from the Ventersdorp and
Transvaal Supergroups on Th-Hf-Co and La-Th~Sc diagrams.
NASC, morth American Shale Composite {Gromet et al., 1984y

circled regions represent fields of Phanerozolc shales after

data from Tavlor and dMclennan 11985y GR, granite; 0O,
guartz monzonite: TOH, tonalite: TH, Archean tholeliter KON,
komatiite. End  member compoesitions given in Table 13a.

After Tavior and MolLennan {(1985), data from Table 4.
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the Witwatersrand succession, with most pelites falling
along a mixing line defined by komatiite-basalt and tonalite
end members. By contrast, TH-STR-SIL pelites have greater
Th and La contents, suggesting derivation from sources with
large proportions of granitic rocks. These pelites fall
along a mixing line domina@ed by high~K granite or quartz
monzonite sources, with lesser contributions from komatiite
and basalt. The two mixing trends of Ventersdorp-Transvaal
pelites contrast the single progressive trends of Pongola
and Witwatersrand pelites. These patterns mirror variations
seen 1in La/Th ratios of these pelites (Fig. 3la-31lc),
suggesting exposure of entirely new sources for Pretoria
Group sediments rather than the progressive exhumation of
granitic sources suggested for the Witwatersrand sequence.
Most TH=-STR-SIL pelites are enriched in Th relative to
Phanerozoic shales and NASC. This feature, which also is
evident on NASC-normalized distributions (Fig. 29), may
reflect a Th-enriched (35-40 ppm) granitic source for these
sediments.

Th-Hf-Co and La-Th-Sc distributions of pelites from the
Waterberg and Soutpansberg Groups indicate that source-rock
compositions of these sediments are dominated by felsic

sources, whereas mafic and ultramafic sources appear to be

limited (Fig. 35). Distributions of Waterberg-Soutpansberg

pelites on these diagrams are similar to those exhibited by

Pretoria Group pelites. Th/Co ratics of Waterberg and




Figure 35, Digtripbution of shaleg from the Waterberyg and
Soutpansberg Groups on  Th-Hf-Co and La-Th-S¢ dlagrams.

NASC, Worth American Shale Composite (Gromet et al., 1984);

o

PARAS, Post-Archean Average BAustralian Shale (Taylox and

43}

MeLennan, 1985): circled region represent fields of
Phanerozoic shales after data from Tayvlor and McLennan
{1985y @GR, granite: TOW, tonalite; TH, Archean tholeiite:
KoM, komatilte. rnd  members compositions given in Table
13a. After Tavlor and McLennan (1985}, Waterbergs

Soutpansberg shale data from Table 5.
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Soutpansberg pelites are generally greater than those of

Phanerozoic shales.

Computer Modelling
Contributions of source end members can be further
evaluated with computer models using mass balance equations

(Table F.2). The models use five relatively immobile trace

elements (Th, La, Y¥b, Sc and Co) and assume four
hypothetical mixing end members (granite, tonalite,
tholeiite and komatiite; Table 13a). Potential contri-

butions from recycled sediments are assumed to be repre-
sentative of their original source lithologies. Average end
member compositions are estimated from a variety of
published and unpublished data for Archean rocks from South
Africa and are plotted on Th-Hf-Co and La-Th-Sc diagrams
(Figs. 32-35). Because quéntitative provenance estimates
should also include weighted compositions of coarse clastic
sediments, the results generated here should only be
compared to provenance determinations for other sources
based on pelite or shale compositions. Thus, lithologic
percentages summarized 1in Table 13b should not be equated
with absolute rock abundances of sources for the respective
basins. For example, Sc may be preferentially concentrated
in pelites relative to La and Th, causing estimates of
basaltic contributions to these sediments to be over-
estimated.

Pelites from the Moodies succession appear to be

derived from sources composed mostly of tonalite, komatiite
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tPable 13a. EBEnd member c¢ompositions used in mixing
calculations. Values in ppm.

Th sc Co L& ¥
Granite I35 3 3 120 5
Tonalite & 5 16 30 6.5
Basalt 0.7 4@ 52 4.5 1.9
Komatiite 0,1 28 110 0.5 0.9

Values calculated from multiple sources.
35ppm Th value used in mixing calculations for Waterbexrg,
Soutpansberg, Silverton, Strubenkop and Timeball pelites,
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Table 13b. Summary of provenance computer mi xlng models
for pelites from the Kaapvaal craton. Values in pufwentﬁ

ia o e WA e SR G RO e KD e K G Tl A K GRS LA MES S Ame Nh SE R DS RSP ML GN T 63 KGO SND 0D R Sk GG omi i S50 eve v R GRS G SUS G WM SR SN LO) G5 (D o G20 DED ems EIL 65D

Unit Granits Tonallite Basalt Komatiite
SOUTPA“SBERC 35«40 20 45 <5
WATERSBERG 45-50 20-30 25-35 <5
TRAMEVAAL
~Silverton 25~-45 2025 45=-5( <5
~Strubenkop 45«60 <10 45-55 5
~Timeball 5070 10 2540 <5
=Flack Reef 10-15 30 45~50 10-15
~Selati <10 50-70 2535 <5
VENTERSDORP
-Bothanville 10-20 35-45 25=30 15=20
WITWATERSRAND
-K8 30-50 <10 40 20-=30
~BOOYSens 15=20 <10 40-45 36-35
-Roodepoort 15-25 10-20 40-45 20
-Promise <10 40-60 15=25 10=15
~Parktown <10 4G=-60 15=-25 10-15
~Orange Grove 50-70 <10 40~50 <5
PONGOLA
~Mozaan 40=-50 L0-15 3040 <10
~Nguze 45=55 10-15 30-40 <10
MOODIES 10-15 30-40 15-25 20-25

Note: Mixing percentages calculated indicate relative
differences in sgource-area contributions and are not
intended to be representative of absolute contributions
from source lithologies.



and basalt, with relatively minor contributions from granite
(Table 13b). Mixing results from the Pongola Supergroup
suggest that pelites are derived from a source enriched in
granite by a factor of 2-4 relative to Moodies and most
other Archean pelites in southern Africa (except K8
pelites). Relatively minor contributions from tonalite and
komatiite sources are allowed. Homogenous hood granites are
favored for the dgranitic source component because their
trace element and K20 contents (Hunter, 1973) match the
granite composition required by Pongola sediment compo-
sitions. A similar conclusion also is favored by Laskowski
and Kroner (1985). 1In order to be consistent, compositions
of hood granites are used to mcdel both Moodies and Pongola
pelite sources, even though these granites post-date Mcodies
sedimentation. These granites, the most extensive of which
is the Mpuluzi (Lochiel) batholith, occur adjacent to and
may underlie much of the Pongola basin (Fig. 4). Mixing
models also indicate that a significant proportion of the
Pongola pelites may be derived from erosion of older
basaltic greenstone belts or from penecontemporaneous Nsuze
volcanics. An angular unconformity between the Nsuze and
Mozaan Groups in the southern Pongola basin, and vol-
caniclastic sediments in both the Nsuze and Mozaan Groups
(Matthews, 1967; Watchorn and Armstrong, 1980) also suggest
that Nsuze volcanic rocks may be a sediment source.

Mixing results from the Witwatersrand succession

indicate that contributions from both komatiite and granite
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sources tend to 1increased upsection (Table 13b). Pelites
from the PRM and PBR Formations had relatively minor
contributions from granite, basalt and komatiite and large
contributions from tonalite. The basal 0G, however,
requires a large contribution from granitic sources if the
one sample analyzed is representative. RO and BOY pelites
require moderate contributions of granite, basalt and
komatiite with relatively small contributions from tonalite.
The K8 pelites require large amounts of granite,
moderate amounts of basalt and komatiite, and small
tonalite contriputions. The overall picture is one in which
granite and greenstone contributions increase with
stratigraphic height, whereas tonalite contributions
decrease. Granite also must be locally available to erosion
in the source-area at the onset of Witwatersrand deposition
as dictated by the composition of the single 0G sample.
The occurrence of detrital uraninite, cassiterite, monazite,
Zircon and K-feldspar in wunderlying Dominion quartzites
(Viljoen et al., 1970) indicates that these granite sources
were probably exposed to erosion prior to Witwatersrand
deposition.

Results from the Ventersdorp and Transvaal Supergroups
suggest that BOT-SEL-BR pelites had relatively minor
contributions from granite and large contributions from
tonalite (Table 13b). Moderate basalt and komatiite
contributions are recorded for these sediments with basalt

peaking during deposition of BR pelites and komatiite
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contributions appearing greatest for BOT-BR pelites.
TH-5TR-SIL pelites require large contributions from granite
and basalt with only minor contributions from tonalite and
komatliite. Granitic sources for these pelites are probably
enriched in Th (35-40 ppm) as evidenced by high Th contents
of Pretoria Group pelites and quartzites (Tables 4 and 9).
TH-STR-SIL pelites have greater contributions from granite
sources relative to Moodies and Witwatersrand pelites
(except K8 and 0OG successions), and contributions of granite
which are similar to those of Pongola pelites. Mixing
models suggest that BOT-SEL-BR sources are similar 1in
overall composition to those of the Moodies pelites.
Waterberg and Soutpansberg pelites appear to be derived

from the erosion of crustal sources with a similar

proportion of exposed crustal granites and basalts as the
Pongola, Witwatersrand-K8 and Transvaal-Pretoria Group
successions {Table 13b). Tonalite contributions to
Waterperg and Soutpansberg sediments are limited while

komatiite contributions are too minor to be detected.

QUARTZITE PROVENANCE
Source~Area Composition Estimates

Parallel chondrite-normalized REE distributions for
Kaapvaal quartzites and pelites (Fig. 17; Tables 7-10)
suggest that REE in the quartzites are contained chiefly 1in
micas and clay minerals which now comprise their matrix.

REE distributions in the quartzites are typically depleted

by a factor of 50-100% relative to associated pelites. This
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observation is important in that quartzite REE patterns do
not appear to be controlled by minor detrital phases such as
zircon or monazite. Mass balance considerations using
total Zr «contents 1in Pongola, Ventersdorp and Transvaal
gquartzites and measured YD concentrations in zircons {Taylor
and McLennan, 1985) indicate that <25% of the ¥Yh in these
quartzites 1is contributed by detrital zircon. Positive
anomalies of Hf and Ta in Pongola quartzites ({also for zr
and Nb, not plotted) on NASC-normalized diagrams (Fig. 28)
probably result from detrital accumulations of minerals such
as =zircon, rutile or magnetite. Similar enrichments are
evident in the compositions of Dominion, Witwatersrand,
Ventersdorp and Transvaél quartzites (Tables 8-10).
Depletions of Rb, V and Sc in Kaapvaal quartzites relative
to associated pelites (Tables 7-10) may result from
segregation of these elements into the clay-sized mineral
fraction, although corresponding enrichments of these
elements 1in pelites are not readily apparent (Fig. 28).
Strong correlations between the distribution of Al-V and
Al-Sc in Pongola pelites (Table 11) suggests that

sedimentary transport of V and Sc is dominated by aluminous

clay minerals. The near absence of detrital magnetite in
Pongola quartzites, which commonly includes partial
substitution of V for Fe+3 , also may contribute to V

depletion. V also may be incorporated in anatase, which in

turn is commonly adsorbed onto kaolinite (Weaver and

Pollard, 1973). Strong correlations between Al and Ti
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supports a mineralogic 1link between these three elements
(Table 11}.

Pongola quartzites are enriched in Ni and Cr and have
higher La/¥b ratios relative to Phanerozoic passive-margin
sandstones (Table 7). Distributions of most Pongola pelites
and quartzites on K20/Na20 vs. §5i02 plots (Fig. 36)
indicate a compositional similarity to Phanerozoic gquartz-
ites and pelites deposited in passive margin settings. A
portion of tha Pongola pelites plotting in the oceanic
island arc field are spatially associated with banded iron
formation, and are not believed to be representative samples
for tectonic setting determinations. Both major and ~ trace
element distributions of most Kaapvaal quartzites (Figs. 37
and 38, respectively) show similarities to Phanerozoic
sandstones deposited in passive margin, and to a lesser
degree, in active continental margin settings. Granite-rich
sources for most Pongola, Dominion, Central Rand, Pretoria,
Soutpansberg and Waterberg sequence quartzites are re-
flected 1in their elevated La and Th contents. High-Th
granite sources for Pretoria Group pelites also are readily
apparent 1in the Th concentrations of associated quartzites
(Figr 38). Quartzites from the Central Rand Group are
generally enriched in mafic (Ni, Cr) and felsic components
(Th, U, K20) relative to the West Rand Group (Table 8).
This pattern is consistent with upsection increases in both
felsié and mafic components exhibited by the Witwatesrsrand

palites.



Figure 36. K20/Na20 vs. S5i02 tectonic discrimination
diagram for pelites and quartzites from the Pongola
supergroup. PM, passive continental margin (stable Cratonic

margins and intracratonic basins); ACM, active continental

margin (continental margin magmatic arc including trench,

forearc, intraarc, backarc and strike-slip basins); 01a,

oceanic island arc setting (forearc, intraarc and backarc

basins and trenches). After Roser and Korsch (1986).
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Figure 37. (Next Page) Kaapvaal quartzite distributions op
log Si02/A1203 wvs. Fe203T+Mg0 tectonic discrimination
diagram. Fe203T represents total iron as Fe203. Quartzite
data from Tables 7-10. Passive margins include stable
continental margin, intracratonic and continental-rift
basins; active continental’ margins include Andean type

continental arc and convergent strike-slip basins;

continental 1island arcs include fore-, inter- and back-arc
settings; oceanic island arcs includes oceanic fore- and

back~arc settings. After Bhatia (1983).
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Figure 38. La-Th-8c tectonic discrimination plot showing

the distribution of Kaapvaal quartzites., Data from Tables

3
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18 in Figure 37.
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Tectonic Setting

Quartzite point-count results, when plotted on QtFtL
and QmFtLt provenance diagrams (Dickinson and Suczek, 1979;
Dickinson et al., 1983), indicate a similarity between
Pongola quartzites and Phanerozoic sandstones from cratonic

interior or transitional basement uplift terranes (Fig. 39).

These distributions are consistent with tectonic inter-
pretations based on chemical compositions of Pongola
gquartzites (Figs. 36-38). K-feldspar alteration to clay
and/or micas is visible in many Pongola quartzite samples.

This K-feldspar derived epimatrix is point-count classified
along with framework K-feldspar grains. Calculated maximum
K-feldspar contents, based on the major element compositions
of quartzites (Reed and Condie, 1987), 1is indicated by the
shaded regions on QtFtL and QmFtLt diagrams (Figs. 39-42).
Similar ©Nsuze and Mozaan mean framework grain mineralogies
suggest that source-area and transport processes have
affected quartzites from bboth units to a similar degree
(Table 6).

An abundance of detrital feldspar in quartzites from
the Dominion Group suggest that these sediments were derived
from rapidly eroded granitic sources (Table ©6}). The
presence of polycrystalline guartz also indicates signif-
icant contributions from recrystallized chert and/or
recycled arenaceous sedimentary sources., Plots of Dominion

quartzites on QtFtL and QmFtLt discrimination diagrams



Figure 39. QtFtL and OmitLt rectonic discrimination diagram
for Pongola guartzites. Om, monocrystalline quartz; Ot,
total quartz: Ft, total feldspar: L framework lithic
fragments: Lt, total 1ithic fragments (Lt=L + nolycrys-—
talline guartz; Table ®.1-1}. ohaded regions rapressnt
maximum allowable detrital K-feldspar originally contained
in thegse sediments, calculated using K20 analvses of
quartzitss {Reead and Condie, 1987). Framework grain

categories, determinations and data in Appendixn and Table

~
ko)

. Afrer Dickinson et al. {1983}.
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(Dickinson et al., 1983) indicate a resemblance to
Phanerozoic sandstones deposited in basement uplift and
recycled orogenic zones (Fig. 40). Quartzites from the
basal Witwatersrand-Orange Grove Formation are composed
almost entirely of monocrystalline quartz grains indicating
extensive reworking during deposition. Large scale
symmetrical ripples and tidal features are suggestive of
their reworking in intertidal environments (P. Camden-Smith,
personal communication 1985). Increasing concentrations of
both matrix and 1lithic fragments stratigraphically up-
section within the West and Central Rand Groups indicate
decreasing maturity of these sediments with age. Although
framework grain distributions of these quartzites overlap,
most West Rand sediments plot within cratonic interior
fields while Central Rand quartzites mostly plot within
recycled orogenic fields (Fig. 40). Geochemical modelling
of pelite compositions suggest that granitic sources are an
important component in the Witwatersrand hinterland,
especially during deposition of the Central Rand Group.
However, high CIA values and the presence of pyrophyllite in
associated Witwatersrand pelites suggests extensive chem~
ical leaching of Witwatersrand source-rocks, either due to
weathering or hydrothermal alteration. It is suspected that
leaching may be responsible for destruction of feldspars in
the Witwatersrand source-region, thus tectonic interpre-
tations based solely on framework grain distributions may

underestimate contributions from proximal granitic sources.
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Similarly, unstable volcanic- and sedimentary-1lithic grain
contributions also may be underestimated. Recalculated
maximum K-feldspar contributions to Witwatersrand guartzites
(Reed and Condie, 1987), however, do not allow significant
increases in the proportion of detrital K-feldspar
originally contained in these sediments (Fig. 40).

QtFtL and QmFtLt distributions (Dickinscon et al., 1983)
of Ventersdorp-Transvaal quartzites indicate that Black
Reef and Pretoria Group sediments have framework grain
distributions similar to Phanerozoic sandstones deposited in
cratonic interiors (Fig. 41). Selati quartzites have
varied distributions with affinities to cratonic interior,
transitional continental and recycled orogenic zones. The
single Bothaville quartzite sample plots in the recycled
orogenic and quartzose recycled fields. Pretoria Group
guartzites contain granitic clasts (quartz encapsulated
muscovite, biotite and potassium feldspar) which suggest the
exposure of plutonic or hypabyssal granitic sources to
erosion during deposition of the upper-Transvaal seguence,
Recalculated maximum K-feldspar contributions for these
sediments do not allow significant increases in the detrital
K-feldspar component (Fig. 41, shaded regions). Some
polycrystalline quartz grains 1in Bothaville and Selati
quartzites resemble recrystallized chert clasts and may be
derived in part from eroded greenstone remnants.

Quartzites from the Waterberg Group have varied

framework grain mineralogies, with 18% total-feldspar in



Figure 41. QtPtL and QmPtlt tectonic discrimination diagvam

for Ventersaorp and Transvaal quartzites. framework grain

3l

abbreviations given in Figure 39 and Table E.1-1, categories

-

and determinations given in Table 6 and Appendix E. Shaded
regions represent maximum allowable original detrital

K-feldspar based on K20 analyses of quartzites {(Reed and

Condie, 1987). After NDickinson et al. {1983} .
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vaalwater Formation qguartzites and total-lithic fragment
contents of underlying quartzites ranging from 25 to  32%.
Distributions of these quartzites on QtFtL and QaFtLt plots
{(Dickinson et al., 1983) indicate similarities with cratonic
interior, transiticnal basement wuplift, and transitional
recycied zones (Fig. 42). Calculated maximum K-feldspar
contributions to these sediments (shaded region in Fig. 42;

Reed and Condie, 1987) also do not allow any significant

v
id

rease in amounts of K-feldspar originally contained in

[
{1

cr

hese sadiments. OtFtL-QmPtLt distributions of guartzites

(D

from the Soutpansburg Group are similar to transitional
basement uplift and recycled zones for Nzhelele and Ngwandzi
Formations, whereas Musekwa and Mutshindi guartzites plot
within cratonic interior fields (Fig. 42). These findings
suggest that the lower portion of this sequence was
deposited during a period of relative tectonic quiescence,
whereas upper Soutpansberg sediments record an increase in
tectonic activity of the basin margins. Concentrations of
lithic~volcanic and lithic-sedimentary clasts also are noted
to increase upsection, possibly recording cannibalistic
erosion of underlying Soutpansberg volcanic and sedimentary

sequences, respectively, along basin margins.
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igure 42. QtFtL and OmFPtLt tectonic discrimination diagram
for wWaterberyg and Soutpansberg guartzites. Framework grain
abbreviations given in Figure 3% and Table Bol-1,
categories and determinations given in Appendix B and Table
&, Shaded regions represent maximum allowable original

detrital K-feldspar for Waterberg samples based on K20

1987y. 1o incres

[
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)
L
2
O
s}
o
i_l
{
-

analyses of guartzites (Reed

)
o
[

in the concentration of detrital K-feldspar in Soutpansherg

quartzites is allowed bhased on K20 analyses. After

Dickinson et al. (1983).
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IMPLICATIONS FOR CRUSTAL DEVELOPMENT

PONGOLA SUPERGROUP

Sediments from the Pongola Supergroup have geochemical
and mineralogical characteristics suggesting their deri-
vation from a source-terrane similar in overall composition
to average Phanerozoic upper-continental c¢rust. Granite
clasts in conglomerates of the Moodies Group indicate that
K-rich granites were emplaced into the Kaapvaal crust by 3.3
Ga (Reimer et al., 1985; Tegtmeyer and Kroner, 1987).
However, Nd isotopic data (Miller and O'Nions, 1985)
indicate that few, if any, of these older granites served as
sources for the Pongola sediments. Instead, crustal
residence ages of Pongola pelites (tDM= 3.1-2.9) are similar
to the ages of homogenous hood granites (3.2-3.0 Ga)
supporting a hood granite provenance model for Pongola
sediments (Laskowski and Kroner, 1985). Contributions from
the Ancient Gneiss Complex (~3.5 Ga), Swaziland Supergroup
(~ 3.4 Ga) or other greenstone belts are similarly
restricted by these isotopic data.

The short time interval (=90 Ma) between emplacement
of the hood granites (Mpuluzi batholith) and deposition of
Nsuze volcanics indicates that vrapid uplift and exposure
followed dgranite intrusion (Section 1I1.7). The fact that
Nsuze sediments rest unconformably on fresh granites in the
southern Pongola basin confirms that uplift continued until

sedimentation began in this area. Although rates of
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tectonic activity probably varied during Pongola deposition,
the composition of sediments appears to have remained
relatively constant. This suggests that Pongola sources
retained their Phanerozoic-like composition during
deposition of the entire sequence. High Ni and Cr contents
of most Pongola pelites probably reflect enrichment of these
elements during intense chemical weathering of komatiitic
source-rocks rather than a large komatiite source component.
If the rapidly eroded NUWM pelites are representative of
relatively unweathered Pongola sources, then their Ni-Cr
contents suggest a provenance which is enriched in komatiite
by approximately 50% relative to Phanerozoic upper-
continental NASC sources.

Geologic, geochemical and petrographic evidence are
consistent with deposition of Nsuze and Mozaan sediments in
a cratonic basin or intracratonic rift. The presence of
arkose, feldspathic sandstone and granite clasts in Pongola
sediments favors the latter interpretation (Matthews, 1967;
Matthews and Scharrer, 1968; Watchorn and Armstrong, 1980).
In either case, a craton must have existed in South Africa
by 3.0 Ga ago. Although the dimensions of this early craton
are unknown, the preserved areal distribution of Pongola
sediments and pre-Pongola granites—-greenstone remnhants

. R 2
suggest a minimum size of 70,000 km".
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WITWATERSRAND SUPERGROUP

Based on overall lithologic distributions in the
witwatersrand Supergroup, Viljoen et al. {1970) and
pretorius (1976) suggest that the sources of these sediments
reflect progressive unroofing of early Archean granite-
greenstone terranes. An increase in the proportion of
ultramafic (komatiitic) component with increasing strat-
igraphic level reflects deeper erosion into the greenstone
successions. Although this model may be partly acceptable
in terms of geochemical data from this study in that it
explains the increasing amount of ultramafic component at
high stratigraphic levels, 1t cannot explain theAparallel
increases in granitic components. The large volume of
quartzites and conglomerates in the Witwatersrand Supergroup
demands that quartz-rich plutonic sources be important

throughout deposition of the succession, and especially
during deposition of the Central Rand Group.

The Witwatersrand sediments record a slightly different
primitive to evolved crustal transformation than that
exhibited by the Moodies-Pongola succession. Uplift of
older granite-greenstone terranes {(~ 3.4 Ga) exposed large
regions of tonalitic gneilss in the Witwatersrand source-area
beginning at about 2.8 Ga. It is from such sources that

the PBR and PRM pelites were derived. Granite must also be

locally exposad during initial Witwatersrand basin
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development as indicated by the composition of OG pelites

and mineralogy of Dominion guartzites. Deepening erosion of
greenstone sources exposed more basalt and komatiite which
contributed significantly to the RO and BOY pelites.
Unroofing of granites, some of which may have been emplaced
apbout 2.8 Ga (Robb and Meyer, 1985) led to significantly
larger influxes of granite detritus into the Witwatersrand
basin as the upper pelites were deposited. The overall
pattern is one where both komatiite-basalt and granite
sources increased upsection at the expense of tonalite.
Komatiite contributions peaked during deposition of BOY
pelites, whereas granite sources increased through dep-
osition of K8 pelites. The increasing granite and
basalt-komatiite component for the RO, BOY and K8 pelites
also 1is coincident with increased amounts of Au and U
entering the basin at this time (Robb and Meyer, 1985).
Burke et al., (1986) summarized geologic evidence for a
foreland basin model for the Witwatersrand basin. If this
model 1is correct, then lithologic changes between the West
Rand (chiefly pelites and subgreywackes) and Central Rand

Groups (mostly quartzites and conglomerates) may represent a

transition from a foreland basin agsociated with a
convergent plate margin to one associated with collision in
the Limpopo belt (Burke et al., 1986; Fig. 2). Lithic-

sedimentary framework grains may record the onset of

thin-skinned thrusting events during deposition of the upper
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Witwatersrand succession. Wrench-faulting, also may be
important in the formation of the Witwatersrand basin and in

exposure of source-rocks to erosion (Stannistreet et al.,
1985). Large proportions of granitic material entering the
wWitwatersrand Basin, as implied by the geochemistry of RO,
BOY and X8 pelites, may bpe derived from syntectonic
collisional granites in the Limpopo belt 500 km to the
north. Alternatively, such granites may be located ih domal
or faulted uplifts along the northern boundary of the
Witwatersrand basin, a model more consistent with source-
area studies of Witwatersrand sediments (Pretorius, 1974,
1976, 1981b; Robb and Meyer, 1985). Granitic intrusions may
have produced the domal uplifts and the granitic magmas may
have originated by thickening and partial melting of the
lower crust in response to a Limpopo collision. Most of the
dated granites north of the Witwatersrand basin were
emplaced approximately 2.8-2.6 Ga ago (Robb and Meyer, 1985)
thus bracketing the timing of a possible collision,
Geochemical studies from the Limpopo belt support such a

model (Condie and Boryta, 1589).

VENTERSDORP AND TRANSVAAL SUPERGROUPS

Sediments from the Transvaal and Ventersdorp Super-
groups record a significant change in provenance from 2.6 to
2.1 Ga ago. BOT-SEL-BR sediments appear to be derived from

the erosion of sources enriched in tonalite and bkasalt,



with minor contributions from granite and komatiite.
Archean greenstone and/or lower Ventersdorp basaltic and
romatiitic volcanics may serve as the mafic-ultramafic
sources for these sadiments. Reworked Witwatersrand
sediments also may be important for basal Black Reef
sediments as indicated by paleocurrent data, similar Black
Reef and Witwatersrand pelite compositions, and reworked
Witwatersrand gold in Black Reef quartzites.

TH-STR-SIL sediment sources are dominated by high-K and
Th granites with significant contributions from basalt and
limited contributions from tonalite and komatiite. 2.7-2.5
Ga Randian aged intrusives located to the north of the
Transvaal basin may represent the granitic source fér these
sediments. Pelites from these units have geochemical
characteristics suggestive of a source-terrane similar in
composition to average Phanerozoic upper—-continental crust.
A Rb/Sr whole-rock isotopic date for TH pelite (2263 +/- 35
Ma; Button, 1981b) suggests a significant contribution to
these sediments from relatively young sources; however, it
is not clear whether this date represents a mean provenance
or depositional-diagenetic age (Gebauer and Grunenfelder,
1974} Perry and Turekian, 1974y Goldstein and Jacobson,
1988). The overall Ventersdorp-Transvaal mafic to felsic
transition is similar to that exhibited by the Moodies-

Pongola successions. The large ar=al extent of the

Transvaal sequence, as w=ll as the chemical and
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mineralogical composition of quartzites are consistent with
the deposition of these sediments in a passive margin or

cratonic interiocr setting.

WATERBERG AND SOUTPANSBERG GROUPS

The relatively small number of pelite samples analyzed
from the Waterberg and Soutpansberg Groups does not allow a
thorough evaluation of basin development. The similarities
of these sediments to the composition of NASC suggests that
a Phanerozoic-like upper crustal source, similar to that
which supplied detritus to the upper Transvaal sediments may
have remained exposed throughout deposition of the
Waterberg and Soutpansberg Grdups. The chemical and
mineralogical composition of Waterberg quartzites suggests
deposition 1in passive margin or cratonic interior setting,
whereas the abundance of detrital K-feldspar, volcanism and
basin margin faulting suggest a continental-rift setting for

Soutpansberg sediments.

KAAPVAAL CRATON EVOLUTION

BEngel et al. {1975), Veizer and Jansen {1979} and
Veizer (1979) indicate that sediments display a marked
evolution from mafic-rich to felsic rich compositions, with
a clear transition occurring at or near the Archean-
Proterozoic boundary. These changes are thought to reflect
a change in the composition of the upper-continental crust
where primitive (ultramafic-mafic) material is volumet-

rically reduced in importance by the addition of evolved
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(felsic) material. This proposed upper-crustal transition
reflects two distinct, but related events. The first is an
increase 1in the volume of material added to the crust from
the mantle, and the second includes intracrustal melting and
production of granitic magmas which are emplaced in the
upper-continental crust (Taylor and McLennan, 1883). These
changes 1in upper-crustal composition are diachronous on a
worldwide scale, occurring over a protracted period of
events lasting from about 3.2 to 2.5 Ga (Taylor and
McLennan, 1983). Primitive to evolved transitions probably
occurred earlier 1in the Kaapvaal relative to other cratons
(Taylor and McLennan, 1981; McLennan et al., 1983). In
southern Africa, the <change 1in sedimentary REE patterns
reflecting this transition is proposed to occur during the
late Archean, at about 3.0-2.8 Ga (McLennan and Taylor,
1988). Gibbs et al. (1986) dispute the evidence used to
support these crustal transitions, noting that most pelites
representing the primitive Archean crust are from greenstone
successions whereas post-Archean samples are from cratonic
platform successions. Compositions of Kaapvaaal craton
sediments offer a unique opportunity to resolve this
conflict. Cratonic sediments are preserved here in a nearly
continuous time-span from 3.2 to 2.1 Ga. Thus, the
composition of these sediments should record the secular

evolution of the Kaapvaal <craton across the Archean-

Proterczolc boundary.
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Data from this study record several primitive to
evolved c¢yclical <c¢hanges in upper crust composition during
the Archean and early Proterozoic (Wronkiewicz and Condie,
198%c) . An early cycle is recorded in the eastern portion
of +the Kaapvaal craton with the transition from the
mafic-rich Moodies to the felsic-rich Pongola successions
(3.2-2.9 Ga). The felsic-rich portion of this cycle also
may include Dominion Group quartzites (~02.8 -Ga) and

iy

Witwatersrand-0G pelites in the western portion of the
craton, both units which have features suggestive of their
derivation from granite-rich sources (Viljoen et al., 1970;
Wronkiewicz and Condie, 1987). An erosional inﬁerval of
approximately 200 Ma between the Moodies and  Pongola
sequences also may mask portions of this or additional
cycles. A second cycle is recorded during deposition of the
Witwatersrand Supergroup (2.8-2.7 Ga; excluding the OG
pelites). This sequence exhibits a mafic to felsic
transition which differs from that of the Moodies~Pongola
cycle. Initial Witwatersrand sediment compositions are
dominated by tonalite and basalt-rich sources, while both
granite and komatiite sources increase upsection at the
expense of tonalite. Komatiitic contributions peak during
deposition of BOY pelites while granite contributions
continue to increase upsection through deposition of the K38

pelites. Results from Ventersdorp and Transvaal pelites

(2.6-2.1 Ga) record a third mafic to felsic cycle during the



Figure 43. Cr/Zr secular variations of mid-Archean to early

Proterozoic pelites from the Xaapvaal craton. Dots
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indicate mean wvalues, vertical rectangles represent on
sigma ranges of variation, rectangle width represents
approximate stratigraphic age of sequsnce. MO, Moodies:

NS5%, MNsuze; M2, Mozaan: OG
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Promise~Parktown-Brixton; RO, Roodepocrt; BOY, Rooysens; X8,
K8 pelites; BOT, Bothaville: SEL, Selati: BR, Black Reef:
TH, Timeball Hill; STR, Strubenkop:; 8IL, Silverton: WAT,
Waterberg; and 80T, Soutpansherg pelites. Moodies-Pongola
cycle discussed in text is indicated in pink, Witwatersrand
in vyellow, and Ventersdorp-Transvaal (including Waterbery

and Soutpansberg shales) is in orange. Data from Tables 2-5

and McLennan et al. (1983).
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early Proterozolc (Wronkiewicz and Condie, 1988%b, 193%c).
BOT and especially SEL-BR pelites possess primitive

''Archean-type'' geochemical signatures similar to those of
the Moodies and lower Witwatersrand successions and are
succeeded by the chemically evolved TH-STR-SIL pelites. A
300 Ma erosional hiatus between the Ventersdorp and
Transvaal successions also may mask one or more additional

cycles.

The three proposed cyclical trends in Kaapvaal sediment
composition can be examined on element concentration and
ratio secular variation diagrams. Mean Cr/Zr ratios in the
first cycle show a significant decrease from 5.5 for the
Moodies (MO) to 2.1-2.8 for the Pongola (MZN;NSZ) and
Witwatersrand-0G pelites (Fig. 43}. As previously
discussed, these ratios reflect an increase in detritus
contributions from granitic sources (Zr-rich) relative to
contributions from ultramafic-mafic sources (Cr-rich).
Cr/Zr ratios from the second cycle West Rand Group pelites
(PRM-PBR-RO; Cr/Zr=5.5 to 6.6) are similar to those of the
Moodies Group. Witwatersrand ratios peak during deposition
of the BOY unit (10) before reaching their lowest values in
the K8 pelites (3.9). Although Cr/Zr ratios show an overall
stratigraphic decrease within the Witwatersrand sequence,
the trend is wunusual in that the highest Cr/Zr ratios are
recorded for BOY pelites located stratigraphically near the

center of the succession. Cr/Zr ratios of BOY pelites are
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the highest recorded from the Kaapvaal craton and may record
the exposure of an anomalously Cr-rich crustal source.
Wwithin the third sedimentary cycle, Cr/2Zr ratios are highest
for the Ventersdorp-BOT and Transvaal-SEL pelites (5.3~
4.2), before decreasing for BR pelites (2.7) and decreasing
again in the overlying Pretoria Group pelites (TH-STR-S5IL;
0.9-1.1). Pretoria Group sediments ( 2.2 Ga) record the
first exposure of fully-evolved crust in southern Africa.
Waterberg (WAT) and Soutpansberg (SOT) pelites continue to
exhibit the low Cr/Zr ratios first observed in the Pretoria
Group sediments.

Sc/Th ratios also can be used to examine the
three-cycle evolution of Kaapvaal craton sediments, with Sc
recording komatiitic-mafic sources and Th indicating con-
tributions from granitic source-rocks (Fig. 44). In
contrast to Cr/Zr ratios, the Moodies-Pongola cycle does not
show any significant variation in Sc/Th distributions,
although mean values decrease slightly during the transition
from the Moodies (MO) to Pongola units (MZN-NSZ). Wit~
watersrand pelites show an overall stratigraphic decrease in
Sc/Th ratios with maximum values are recorded for the BOY
pelites near the center of the seguence. Relatively high
Sc/Th ratios of mafic~rich BOT-SEL-BR pelites contrast the

felsic-rich sources recorded by TH-STR-SIL pelites. This

compositional break at 2.2 Ga is identical to the transition




Figure 44. Sc/Th secular variations of mid-Archean to early
Proterozoic pelites from the Kaapvaal craton. Symbols,
abbreviations, cclor scheme, and data sources same as in

Figure 43.
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axhibited by Cr/Zr ratios of this sequence. BSecular gc¢/Th
variaticons are generally not as pronounced as changes
exhibitaed by Cr/Zr ratios. 5¢/Th ratio changes may be
huffered by the persistence of basalts throughout the
Kaapvaal geologic sequence, since Sc reflects contributions
from both komatiite and basalt sources ({Table 13a). Cr/Zr
ratios change more rapidly since Cr is largely derived £from
komatiitic sources. Thus, rapid Cr/Zr fluctuations of
Moodies-Pongola cycle pelites may result from komatiitic
soﬁrces being eroded for the Moodies, but not for the
Pongola sediments. Relatively constant Sc/Th ratios may
reflect a consistent availability of mafic source rocks for
these sediments. The presence of ultramafic lavés in the
lower Swaziland sequence (Fig. 3) and mafic lavas in both
the Swaziland and Pongola sequences supports this argument.
Secular changes such as those exhibited by Cr/Zr and Sc/Th
ratios are also evident in La/Yb, Eu/Eu* and Cr/Th ratios
(Tables 2-5).

Increasing granitic contributions also are recorded in
concentrations of Th and U in Kaapvaal craton pelites (Fig.
45), Both of these elements show progressive concentration
increases within first cycle Moodies-Pongola and second
cycle Witwatersrand pelites. U and Th contents of

Ventersdorp-Transvaal pelites again exhibit the same sharp

composition change at 2.2 Ga indicating the exposure of

fully evolved continental crust at this time,
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Mafic to felsic c¢ycles exhibited by Kaapvaal craton
pelites also are superimposed on a long-term {3.2-2.1 Ga)
mafic to felsic transition in sediment composition which
incorporates all three of the previously proposed cycles,.
For example, maximum U and Th contents at the end of each
short-term c¢ycle are generally exceeded by maximum con-
centrations of these elements in subsequent cycles (Fig.
45). Average Pongola U (2.9 ppm) and Th (9.1 ppm} contents,
which represent peak granitic contributions during the
Moodies-Pongola cycle, are exceeded by U (4.3 ppm) and Th
(9.8 ppm) contents of K8 pelites from the Witwatersrand
cycle, The Witwatersrand concentrations are, 1in turn,
exceeded by U (5.7 ppm) and Th (19 ppm) contents of the
Transvaal-Pretoria Group.

The 3.2-2.1 Ga mafic to felsic Kaapvaal craton
transition also is apparent on Th-Hf-Co and La-Th-Sc

distributions of Kaapvaal pelites (Fig. 46), although the

ultramafic-rich source for Witwatersrand-BOY pelites causes
a deviation from progressive changes exhibited by other
secular diagrams. Significant 1ncreases are readily
apparent in (Th+Hf)/Co ratios of Moodies-Pongola and
Ventersdorp~ Transvaal pelites. Felsic peaks recorded in
Pretoria, Waterberg and Soutpansberg pelites also show an

increase in Th relative to all previously deposited Kaapvaal

craton pelites. Witwatersrand samples show a progressive




Figure 46. Secular variation plots showing distributions of
Kaapvaal craton pelites on Th-Hf-Cc and La-Th-Sc diagrams.
Progressive evolution of the Moodies-Pongola, Witwatersrand
and Ventersdorp~Transvaal (includes Waterberg and
Soutpansberg Groups) pelites are recorded by the indicated
symbols and lines. Symbols with dots indicate the basal
sediment succession of each cycle, whereas arrows indicate
increasing stratigraphic height. Red colored symbols
designate the felsic~rich upper portion of each cycle,
whereas vellow colored svmbels indicate the maific- andg/or

komatiitic—-rich lowey portions of each cycle.
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increase -in komatiitic c¢omponents (higher Co) during
deposition 6f the PBR through the BOY pelites, and then show
a significant inc¢rease in felsic components (Th+Hf) in K8
pelites. Although the progression from the basal PBR teo BOY
pelites 1is a gradual change, the overall variation is
significant within one standard deviation of the mean.

Mafic to felsic cycles are not as readily apparent on

La-Th~S¢ diagrams, however, mafic to felsic stratigraphic
changes are still apparent. The Moodies-Pongola cycle shows
small progressive increases in La, before deviating with
the composition of 0G pelites. Changes along the

Moocdies—-Pongola = trend are, however, not statistically
significant, largely due to variable La contents of Pongola
pelites (Table 2). Witwatersrand-B0OY pelites show a
significant increase in komatiitic-mafic components (higher
Sc) relative to underlying West Rand Group pelites (PBR-
PRM-RO}), while the felsic-rich K8 pelites record a
significant increase in granite contributions relative to
BOY pelites. The Ventersdorp-Transvaal sequence again shows
a sharp compositional change at 2.2 Ga. This sequence can
be divided into two groups on La-Th~Sc diagrams, the
relatively mafic-rich BOT-SEL-BR pelites, and felsic-rich
Pretoria-Waterberg-Soutpansberg Groups. Partial exposure of
granite during deposition of BOT pelites also is expressed

in high ©La/Sc ratios of these sediments relative to the

SEL-BR pelites. La and Th contents also increase relative
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to Sc during deposition of the entire Kaapvaal sequence.
Rapid changes in incompatible-compatible element
ratios, such as Th/Sc and La/Sc, attest to minimal sediment
recycling during deposition of most of the Witwatersrand and
vVentersdorp-Transvaal sequences. This observation is
important in that it documents that secular changes in
Kaapvaal sediment compositions are related to changes in the
exposed c¢rust and not to recycling of older sedimentary

rocks (Taylor and McLennan, 1985). Isotopic constraints

also indicate that ©Pongola sediments are derived largely
from primary sources (Miller and O'Nions, 1985). Sed-
imentary Nd-isotopic patterns from the North Atlantic region
have led Allegre and Rousseau (1984) to propose that
sedimentary stratigraphic ages are indistinguishable from
crustal residence ages for most sediments deposited prior to
2.5 Ga ago. Northward migration of successive Kaapvaal
craton basins (Fig. 2) and a consistent northerly source for
most of these sediments also precludes significant re-
cycling between successive basins. These data all suggest
that recycling is probably not a dominant force in Kaapvaal
sediment evolution, however, elevated concentrations of
lithic-sedimentary framework grains in some Kaapvaal
quartzites (Table 6) imply that sedimentary recycling
occasionally may have been important.

Results imply that +the upper c¢rust of the Kaapvaal

craton has undergone a minimum of three primitive to evolved
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transitions during the time interval from 3.2 to 2.1 Ga.
Although the exact cause of these cycles is unknown, they
may be related to orogenic pulses associated with growth of
the Kaapvaal and Zimbabwe cratons. These orogenic pulses,
may in turn, be related to collisional events along along
destructive plate boundaries and/or pulses of granitic
magmatism associated with evolution of the Kaapvaal craton.
Bvidence supportihg collisional episodes between the
Kaapvaal and Zimbabwe c¢ratons is c¢ited in Table 14.
Evolution of each sedimentary cycle coincides with major

collisional episodes proposed to have occurred along the

northern Kaapvaal craton margin (Barton and Key, 1981;
Light, 1982). The timing of these proposed collision events
are poorly constrained (mostly Rb-Sr whole-rock dates) and
future age determinations may require modification or
apandonment of the collision induced sedimentary cycle
model. Despite this caveat, two episodes of granulite
facies metamorphism in the Limpopo region support at least
two major collision episodes along the northern Kaapvaal
craton margin.

The first proposed collisional episode may have been
ini£iated during accretion of 3.5-3.4 Ga greenstones such as
the Barberton and Murchison belts and continued with a
3.4-3.1 Ga collision event with the Zimbabwe craton or an

island arc system to the north. The Moodies-Pongola cycle

was initiated after these deformation events began and the
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Table 14. Evidence suggesting craton collision events in the Kaapvaal-
Limpopo-Zimbabwe provinces

MOODIES-PONGOLA CYCLE EVENTS

1) Fl recumbent folding of Beit Bridge metasediments from 3270-315¢0,
Rb/Sr [2-4],

2) F2 isoclinal folding of Beit Bridge metasediments on NE-SE axes at
3150 Ma, Rb/Sr [2,3].

3) ''Collisional style'' thrust and fold nappes within the Central
Limpopo Zone [14].

4) Granulite facies metasediments in the Central Limpopo Zone character=-
ized by ~35 km burial depth at~3150 Ma, Rb/Sr followed by -~ 25 km
of rapid isothermal uplift; and 30 km total burial depth in the
Limpopo Southern Marginal Zone [5,9,14,18].

5) Formation of Pongola depository as a (collision induced?) rift
structure at 3.0-2.9 Ga {7].

WITWATERSRAND CYCLE EVENTS

1) Deposition of lower Witwatersrand sediments in a foreland basin
associated with a convergent plate margin to the north [8].

2) F3 tight folding of Beit Bridge metasediments on NE-NNE axes at 2700-
2600 Ma, Rb/Sr, PL/Pb [5].

3) Formation of anatectic granites in response to crustal thickening and
regional isothermal uplift at 2700 Ma, Rb/Sr [2,3,15,17].

4} Granulite facies metavolcanics and metasediments in Limpopo Central
and Southern Marginal Zones characterized by ~27 km burial depths
followed by rapid isothermal decompression at 2700-2650 Ma [15-16]

5) Thrusting along northern Witwatersrand basin margins and development
of foreland basin during collision episode (~2750-2700 Ma, [8]).

6) Extensive resetting of Rb-Sr isotopic systems at ~2650 Ma during a
widespread metamorphic event [3,4].

7) Intrusion of 2650 Ma, Rbh/Sr mantle derived dikes during a period of
extensional tectonics [19].

8) Formation of Ventersdorp rift due to Limpopo collision episode 2.7-
2.6 Ga [7].

VENTERSDORP~TRANSVAAL CYCLE EVENTS

1) F4 dextral shearing of Beitbridge metasediments in the Northern
Limpopo Zone at 2600 Ma, Rb/Sr [2,4,5}.

2) 100 x 700 km NE-SW belt of calc-alkaline volcanics and associated
plutonics (~2700-2600 Ma, Rb/Sr) formed in the Upper Sebakwian
greenstone along the NW margin of the Zimbabwe craton [20].

3) Cessation of all movement and deformation in the Limpopo Province at
2500 Ma [11}.

4) Formation of Great Dyke (~ 2500 Ma, Rb/Sr) in release fractures
formed at right angles to compression in the Limpopo belt {10,11].

5) Paleomagnetic evidence suggesting that the Kaapvaal and Zimbabwe
cratons have behaved as a single unit since 2300 Ma [12,13].

6) Gradual uplift and erosion of the Limpopo region from 2600-1950 Ma,
Rb/Sr {1,3].

References:
1] Barton and Ryan, 1977 11] Light, 1982
2] Barton et al., 1979 12] McElhinny and McWilliams, 1977
3] Barton and Key, 1981 13] Piper, 1976
4) Barton et al., 1981 14] Shackleton, 1986
5] Barton, 1983 15} vVan Reenen et al., 1987
6] Barton et al., 1983 16] Van Reenen et al., 1988
7} Burke et al., 1985a 17] wWatkeys, 1881
8] Burke et al., 1986 18] watkeys et al., 1981
91 Du Toit et al., 1983 19] watkeys and Armstrong, 1985

10] Hamilton, 1977 20] Wilson et al., 1978
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pongola felsic peak followed cessation of collision and
Limpope uplift at ~ 3.0 Ga. The Witwatersrand sedimentary
cycle was initiated during renewed collisional movement
between the Kaapvaal and Zimbabwe cratons after 2.9 Ga. The
felsic peak of the Witwatersrand cycle also coincides with
cessation of collisional movement and Limpopo uplift at
2.7 Ga. Development of the Ventersdorp-Transvaal cycle
(2.6-2.1) coincides with initiation of a third deformational
event aleng the northern Kaapvaal craton margin at~ 2.6 Ga,
whereas the Pretoria Group felsic peak (~2.2 Ga) £follows
cessation of Kaapvaal-Zimbabwe c¢ollisional movements at
2.5-2.3 Ga (Piper, 1976; McElhinny and Mcwilliams, 1977;
Light, 1982). Deformation of the Limpopo region at 2.6 Ga
also may result from reactivation of zones of weakness in
the Limpopo crust due to compressive forces generated
elsewhere, possibly along the northern perimeter of the
Zimbabwe craton. Transmission of tectonic stresses across
continental basement is proposed for western North America
during the Larimide Orogeny (Sales, 1968; Dickinson and
Snyder, 1978) and thus may be possible during the avolution
of southern Africa.

. More recent analogs for multi-collisional growth of
craton boundaries include: 1) the 1800-1600 Ma accretion of
a 1200~km-wide band of material along the southwestern part

of the North American craton (Silver et al., 1977; Condie,

1982: Duebendorfer and Heouston, 1987); 2) a successicn of
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collisions recorded by the Penckean Orcegeny (1.8), Gren-
ville Orogeny {1.2~1.0 Ga) and the Quachita~-Marithon and
Ancestral Rocky Mountains deformation events {late-
paleozoic) resulting Ffrom collision events along the
southern-southeastern margin of the North American craton
(Baer, 1981; Van Schmus and Bickford, 1981: Kluth and Coney,
1981); and 3) suspect terrane collision along the western
edge of the North American craton during the late Mesozoic
and Cenozoic (Coney et al., 13980).

Cyclical wvariations in Kaapvaal sediment compositions
also may be related to cycles of granitic magmatism involved
in the evolution of the Kaapvaal craton. Granitic cycles
of the eastern Kaapvaal craton are proposed to cccur at 3.5,
3.2-3.0, and 3.2-2.5 Ga (Anheausser and Robb, 19381).
Granites intruded during the 3.2-3.0 Ga cycles are
coincident with the development of the Moodies-~Pongola
cycle. Five periods of granitic intrusion, at 3.0 Ga, 2.7
Ga, 2.3 Ga, 2.0 Ga and 1.8 Ga also are proposed to occur
across the entire Kaapvaal province (Hunter, 1974). The

first +three granitic cycles correspond to the felsic-rich

portions of the Moodies-Pongola, Witwatersrand, and
Ventersdorp-Transvaal sedimentary cycles. The 2.0 Ga
granitic cycle 1is related to crustal melting during

intrusion of the Bushveld complex, whereas the final granite

cycle c¢oincides with deposition of the felsic-rich

Waterberg and Soutpansbherg sediments.
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Regardless of their ultimate cause, cyclic geochemical
trends 1in sediment composition suggest a multi-episodic
evolution of the Kaapvaal upper crust, with each cycle
recording increasing exposure of felsic=-rich sources during
orogenic episodes. The cycles also are superimposed on a
long-term mafic to felsic transition which records an
overall increase 1in the exposure of felsic material on the
Kaapvaal craton from 3.2 to 2.1 Ga. Although the early
Kaapvaal crust appears to be enriched in mafic sources
relative to the post-2.2 Ga crust, the changes in crustal
composition over this transition period are not as pro-
nounced as earlier studies have indicated (Taylor and

McLennan, 1985). Evolutionary changes over this transition

period also record a complex and long-lived transition

period for the Kaapvaal craton upper-continental crust.
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Witwatersrand Gold Genesis

Although the Witwatersrand deposit accounts for
approximately 50% of the world's annual gold, 30% of
historic gold, and 10% of annual uranium production, the
genesis of this deposit still remains a matter of
considerable controversy. Consensus from the majority of
geologists working on the Witwatersrand is that this deposit
represents detrital accumulation of gold and uranium
derived from erosicn and denudation of flanking Archean
highlands (Whiteside et al., 1976). Post- depositional
metamorphism and mobilization of some metals has led to the
''"modified placer theory'', where the ultimate metal source
is still detrital in origin, but gold, uranium and -sulfides
were mobilized and redeposited during metamorphism.
Evidence for metamorphic mobility of metals includes
secondary overgrowths on allochthonous pyrite and uraninite,
as well as autochthonous gold, pyrite and uraninite,
Alternative metalogenic theories for the Witwatersrand
include: 1) hydrothermal introduction of gold and uranium
after conglomerate lithification (Davidson, 1957, 1964;

Giusti, 1988); 2) reworking of submarine hydrothermal

exhalitive gold-pyrite deposits associated with Dominion
Group volcanism (Hirdes and Saager, 1983; Hutchinson and

Viljoen, 1986; Hutchinson, 1987); and 3) post-purial

metamorphic fluid introduction of gold and uranium




(Phillips, 1986a, 1986b, 1987; Phillips et al., 1987}). It
the modified placer theory is accepted, and if pelites are
derived from the same source as auriferous and uraniferous
conglomerates, then the composition of these pelites becomes
an important tool for <constraining the origin of the
Witwatersrand deposit.

The conglomerates, or ‘reefs' as 1s concurrent with
local usage, are the dominant gold and uranium bearing
strata of the basin. Heavy mineral assemblages of the reefs
include >90% pyrite, with lesser arsenopyrite, cobaltite,
sphalerite, wuraninite, chromite, =zircon and gold (Feather
and Koen, 1975). Additional detrital grains include rare
occurrences of platinum group metals, thoraninite; garnet,
diamond, molybdenite, kyanite, cassiterite, tourmaline,
monazite, cobaltite, Fe-Ti oxides and thucholite (biogenic
origin). These heavy-mineral associations suggest a diverse
source lithclogy, including felsic to ultramafic, and
plutonic to metamorphic sources. Gold occurs Dboth as
autochthonous and allochthonous particles averaging 0.005-
0.5 mm in diameter (Hallbauer and Joughin, 1572, 1973).
Gold grains are generally of a high purity, containing
appfdximately 10% Ag, 2% Hg, 0.3% Cu and lesser Fe, Ni, Mo,
Co, Bi, Pb, 8Sn and As (Schidlowski, 1968; Saager, 1969;
Viljoen, 1971; Feather and Koen, 1973; Reid et al., 1388).

Detrital ''buck-shot'' pyrite indicates proximal sources for

at least a portion of these sulfides (Hutchinseon and




{197)

viljoen, 1986). By contrast, pebble roundness deter-
minations for Central Rand Group conglomerates indicate
160 km of downstream travel (Els, 1988). Thus,
Wwitwatersrand sediments may have had both distal and

proximital sources,

Placer models for the Witwatersrand deposit suggest
that source-rocks for the gold could be represented by
eroded greenstones such as the Barberton and Letaba
districts, 1located to the north and northeast of the basin
(Viljoen et al., 1970; Minter, 1978). Gold occurs in these
greenstone as veined deposits hosted in megashears located
within mafic or komatiite-rich lower portions of the
sequences (Anhaeusser, 1971, 1981; Roberts, 1987; Fig. 3).
Lead isotopic compositions of some detrital Witwatersrand
pyrites are similar to those observed in sulfides from
primary gold deposits in the Barberton, evidence which
supports the greenstone origin for Witwatersrand gold
(Koppel and Saager, 1974). The enormous volume of gold and
uranium deposited in the Witwatersrand basin is, however,
problematic as the total concentration of gold contained in
Archean greenstone deposits is deficient as a provenance for
the conglomeratic ores (Reimer, 1984; Robb and Meyer,
1985). For example, the 35,100 tons (a 1.3 billion ounces;
Hutchinson and Viljoen, 1986) of historic gold production

from the Witwatersrand basin would require the erosion of 20

to 35 world-class Archean greenstone deposits the size of
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rimmons, Canada, Homestake, USA, or Kalgoorlie, Australia
(1000-1700 tons Au each; Phillips, 1985c}.

Clearly additional and/or entirely differant sources
are required to account for the sheer volume of gold
contained in the Witwatersrand. Auriferous banded iron
formation clasts in the Evander gold fields have led Hirdes
and Saager (1933) to suggest that these chemical pre-
cipitates also may be an important source for gold.
Although banded iron formation sources are important in the
Evander goldfield, other reefs have relatively minor
occurrences of these clasts types, yet are still enriched in
gold. Thu;, auriferous banded irons may be of only 1local
importance for Witwatersrand gold genesis. = Uranium
occurrences in the Witwatersrand deposit also necessitate
the presence of felsic sources. Robb and Meyer (1985, 1987)
and Klemd and Hallbauer (1987) have identified extensive
zones of hydrothermally altered granites (HAGS) with
anomalous gold concentrations, occurring along the periphery
of the Witwatersrand basin. These HAGS represent another
potential source for Witwatersrand gold and uranium. Pelite
provenance data resulting from this study indicate that
contributions from granite must have peaked during and

subsequent to the main gold depositional stages. Rb/Sr

ratios show progressive stratigraphic decreases upsection

within the Witwatersrand sequence (5.1-0.7; Table 3). Rb/Sr
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ratios alsoc show marked depletions from fresh granites
(7.6-2.2) to HAGS (2.0-0.2; Govett, 1983}, suggesting that
increased contributions of hydrothermally altered material
may have occurred concurrent with gold deposition. X/Rb
ratios also typically increase in HAGS associated with gold
mineralization. The highest Witwatersrand K/Rb ratios are
those of K8 pelites associated with the paleoplacer ores,
adding further evidence for a HAG source for Witwatersrand
gold. Unfortunately, both Rb/Sr and K/Rb ratios may be
modified during weathering of surface rocks (Fig. 24a).
Thus, Rb/Sr and K/Rb ratio trends observed in Witwatersrand
pelites may reflect chemical changes during weathering or
hydrothermal alteration. High Co concentratioﬁs and
elevated Co/Ni ratios of detrital Witwatersrand pyrite also
provides evidence for HAG sources (Von Rahden and Hiemstra,
1967). Lower Co concentrations and Co/Ni ratios in pyrites
from the Kimberley placer, near the top of the Witwatersrand
succession, may indicate the exhaustion of HAG sources due
to erosion.

Pyrophyllite occurs as a major mineral constituent of
Cenpral Rand Group pelites, while it is conspicuously absent
in the underlying West Rand Group (Table 1). This mineral
commonly occurs as an alteration product in hydrothermal
systems, and thus may 'fingerprint' the first exposure of

HAG sources to Witwatersrand erosion. Alternatively,
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pyrophyllite may originate during metamorphism of sediments
rich in detrital kaolinite. Laterite sources providing

kaolinite for Central Rand Group sediments are unlikely,

however, considering the active tectonism implied by the
coarse nature and minimal cation depletion trends of Central

Rand Group sediments (Figs. 8 and 24d). Secondary £fluid

inclusions, located along healed fractures in Central Rand
Group quartz ¢lasts, suggest rapid metastable cooling of
source-rocks. Rapid cooling rates are common in hydro-
thermal systems, and thus, these fluid inclusions provide
additional evidence supporting the HAG source theory for
Witwatersrand gold.

Increased granite and gold contributions to West Rand
Group sediments correspond to the change from pelite-
gquartzite to qguartzite-conglomerate dominated lithologies,
and are thought to reflect increased tectonic activity along
the basin margins (Pretorius, 1981b). Thus, exposure of
auriferous granites and accumulation of gold in
conglomerates may result from tectonic exposure of new
source-rock lithologies in the Witwatersrand hinterland.
Increasing granitic and mafic-ultramafic sources for Central

Rand Group pelites show a secular association with gold

deposition, suggesting that mineralization resulted from the
progressive unroofing and erosion of both low-grade gold

and uranium hosted in HAG sources and high-grade gold hosted

i_
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in greenstone megashears. Gold contained in banded 1iron
formations also may be locally important. Komatiitic
sources culminated during deposition of BOY pelites,
representing the exhumation of lower portions of the
greenstones. Decreases in komatiitic contributions recorded
in overlying K8 pelites indicate the final stripping and
ercsion of lower portions of these greenstones. Continued
erosion of HAG sources, and exposure of unaltered and
unmineralized interior portions of granitic plutons is
recorded in the .trailing off of gold concentrations in
uppermost Witwatersrand sediments. Post—depositional Mo -
bilization of gold, uranium and sulfides may have occurred
during diagenesis or during regional metamorphic events

recorded at 2400-2300 Ma (Barton et al., 138%6), 2050 Ma
(Bushveld intrusive event) and/or 2000 Ma (Vredefort dome

formation).
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CONCLUSIONS

Precambrian sediments from the Xaapvaal craton provide
a semi-continuous geochemical record of crustal evolution
for ~ 1.5 Ga in southern Africa. Major events recorded in
Kaapvaal craton sediments are as follows:
1) Mineral assemblages in Kaapvaal craton sediments and
volcanics indicate that Pretoria, Dominion, Witwatersrand,
vVentersdorp and lower Transvaal sesquences were exposed to
maximum regional pressure-temperature conditions c¢haracter-
ized by greenschist facies metamorphism. Transvaal-
Pretoria, Soutpansberg and Waterberg Group sediments and
volcanics exhibit a maximum of zgolite facies metamorphic
conditions.
2) Intense chemical weathering of komatiitic source-rocks
may have caused increased Cr-Ni1 contents and elevated Cr/Ni
ratios in most Pongola and some Witwatersrand and Transvaal
pelites. Relative mafic and ultramafic contributions to
these sediments have previocusly been overestimated when
pelite Ni and Cr concentrations were assumed to be

representative of their sources,

3) Elevated Cr/Ni ratios may provide a method of
identifying intensely weathered komatiitic sources for
sediments. Elevated Cr/Ni ratios in Pongola pelites also

indicate a potential for the discovery of nickeliferous

paleolaterites in Pongcla basement rocks.
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4) Depletion of Ca, WNa and Sr in Witwatersrand pelites
suggest that West Rand Group sediments were ercded {rom
deeply weathered, flat lying source-regions. Central Rand
Group element depletion patterns suggest a source undergoing
more rapid erosion, and hence, more active tectonism
relative to the West Rand Group source. This conclusion 1is
supported by an increase in mean detrital grain size and the

onset of basin margin faulting during deposition of the

Central Rand Group.

5) Mineralogical and chemical compositions of most Kaapvaal
craton quartzites are indistinguishable from those of
Phanerozoic sandstones deposited in cratonic interiors and
passive margin settings. Exceptions include the: a)
Witwatersrand-Central Rand Group and Ventersdorp-Bothaville
quartzites which have affinities to recycled orogenic
sandstones; b) Quartzites from the Dominion Group which are
similar to Phanerozoic¢ sandstones deposited in transitional
basement uplift =zones; and c¢) Transvaal-Wolkberg, Sout-
pansberg and Waterberg sandstones which have scattered
distributions with similarities to cratonic interior,
recycled orogenic and transitional basement uplift zones.

6) A minimum of three primitive to evolved crustal cycles
are recorded in chemical compositions of Moodieg-Pongola

(>3.2-3.0 Ga), Witwatersrand (2.8-2.7 Ga), and Ventersdorp-

Transvaal sediments (~2.6-2.1 Ga). Each cycle represents a




change in conmposition of sediment sources, from those

enriched in mafic-kcmatiitic components to those enriched in

felsic components (chiefly granite).

7) Sedimentary cycles coincide with deformational events
recorded in the Limpopo Mobile Belt to the north, although
the timing of these evants are poorly constrained. The
earliest recorded cycle (Mocdies—?ongola) begins after
accretion of 3.4-3.5 Ga greenstone bhelts (i.e. Barberton-
type) and continued through Limpopo deformation at 3.1 Ga.
The latter two c¢ycles (Witwatersrand and Ventersdorp-
Transvaal cycles) begin after Limpopo belt deformations at
2.9-2.7 and 2.6-2.5 Ga (Light, 1982).

8) Such a correspondence of sediment cycles and deformation
events along the perimeter of the craton suggests a cause
and effect relaticonship between arc and/or microcontinent
accretion and Kaapvaal sedimentary geochemical c¢ycles,
These cycles may result from collisional events between the
Kaapvaal and Zimbabwe cratons and/or associated subduction
related island arc systenms. Alternatively, these sed-
imentary cycles may be related to pulses of granitic
magmatism into the Kaapvaal craton. These granite pulses
are may be related to c¢rustal collision events, arc
magmatism and/or mantle plumes.

89) Following each deformaticnal event, new mafic-komatiitic

sources may have become available to weathering and ercsion

in the accreted terranes, leading to the initiation of a
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new sadimentary cycle. Continued uplift of these sources
progressively exhumed granitic rocks leading to a more
felsic 1input into derivative sediments. Felsic peaks in
sediment composition follow cessation of deformational

events along the Kaapvaal craton perimeter.

10) Each of the short-term cycles appear to be superimposed
on a long-term (3.2-2.1) mafic to felsic compositicnal
transition for +the Kaapvaal craton. This long—~term

transition records a gradual, but complex change f{rom an
upper-continental c¢rust which was initially more mafic in
composition than average Phanerozoic upper—-continental
crust. This long-term transition certainly does not record
a clear transition at or near the Archean-Proterozoic
boundary, nor does the Archean crust appear to be as mafic
as previous studies have indicated (Veizer and Jansen, 1979;
Taylor and McLennan, 1985).

11) The first exposure of fully-evolved upper continental
crust 1is recorded during deposition of the Transvaal-
Pretoria Group {~2.2 Ga).

12) Witwatersrand-Boovsens pelites record the exposure of
the most primitive sources exposed during Kaapvaal craton
evolution. These sources may play a key role in the genesis
of the Witwatersrand paleoplacer deposit as discussed in
conclusion #14.

13) Mineralogic and chemical constraints from sediments

suggest that granites axposed during Witwatersrand
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deposition may have undergons pre-erosional hydrothesrmal
alteration and gold znrichment. Erosion of these granites
may have provided a portion of the gold and most of the
uranium deposited in the Witwatersrand paleoplacer ores.

14) A secular correspondence between the peak contributions
from mafic-ultramafic (Booysens pelites) and felsic
source-rocks (K3 pelites) with gold deposition in the
Witwatersrand basin suggests a dual source for these
precious metal deposits. Gold may be derived from the
erosion of both megashear deposits hosted in lower portions
of Archean greenstones and hydrothermally altered granites
(HAGS) , whereas uranium may be from the HAGS.

15) Whether cyclical evoluticnary trends observed in

Kaapvaal sediments provide a model for early craton
evolution, or whether these patterns are anomalous with
respect to craton growth awaits further testing in other

regiocns.
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Appendix A. Sample Locations
A.1 Banmple Collection

A total of 27 Mozaan and 36 HNsuze pelites from the
Pongola Supergroup were selected for chemical analysis. in
addition, four Mozaan and four MNsuze quartzites ware
analyzed. All samples are from surface outcrops. HNsuze
pelites are from four strato-geographic horizons; the upper
wit-Mfolozi (MNUWM), lower Wit-Mfolozi (NLWM), Mpongoza (HMP)
and Vutshini River (NVS) sections (Pig. 4). NUWM and NLWHM
samples come from the guartzite-dolomite and banded shale
zones, respectively (Matthews, 1967}. Mozaan pelites are
from two localities: the Wit-Mfolozi (MWM) and Piet Retief
{MPR} areas. MWM samples include both the guartzite-
ironstone and shale-quartzite zones of Matthews (1967). All
quartzites are from the Wit-Mfolczi, Piet Retief and
Vutshini River areas. Most samples appsay fresh in hand
specimen; however, some MPR pelites visibly show effects of
modern weathering.

Two guartzites from the Dominion-Rhenosterspruit
Formation are from diamond-drill core cuttings from the
western Witwatersrand basin (Fig. 5). A tctal of 46 Central
Rand and 40 West Rand Group pelite samples were selectsad

for analysis. Most of these samples are from diamond-drill

14

by wvarious mining companies in th

o

core cuttings donate
region. General locations are given for these samples in

Figure 7. Partial chemical analyses from the Booysens and

Roodepoort pelites pubklished by Fuller et al. (1981) are




used to supplement data from this study. Witwatersrand
pelites include 23 samples from the K§, 23 samples from the
Booysens {BOY), 31 samples from the Roodepoort (RO), 3
samples from the Promise {(PRM), % samples from the
Parktown=Brixton ({PBR}, and 1 sample from the Oranges Grove
(OG) Formations (Fig. 8). In addition, eight guartzites
from the Orange Grove, Brixton, Government, Marisberg,
Elsberg and Ventersdorp Contact Reef units were chemically
and mineralogically analvyzed.

Four Bothaville pelite samples were analyzed from the
dominantly volcanogenic Ventersdorp Supergroup. One
additional gquartzite sample from the Bothaville Formation
has been analyzed, both geochemically and petrographically.
Transvaal pelites include 24 samples from the Silverton
{SIL), 5 samples from the Strubenkop {5TR}), 46 samples from
the Timeball Hill (TH}, 16 samples from the Black Reef {BR),
and 7 samples from the SBelati {(3EL) Pormatione (Fig. 10} .
Additionally, three Wolkberg, twe Black Reef, and six
Pretoria Group quartzites were analyzed. Pellite samples are
equally divided between surface and diamond-drill core
samples, whereas most guartzites are from surface axposures.

One Waterberg shale and seven arenite samples were
selected for analysis. Mcst samples have been oxidized by
modern weathering processes. Four shale and seven arenite
samples have also been analvzed from the Soutpansberg Group.

All Waterberg and Soutpansberg samples are from surface

exposures {Fig. 11).




A.2 Sample Localities
Locations for pelite-shale and quartzitewsandstons

{Table A.2) sanmples analyzed in this study are given in this

appendix. Locations are referenced by latitude an
longitude (in degrses, minutes and seconds), and by distance
and bearing from the nearest urban center. Location maps
{(Figs. A.2-1 through &4.2-7} alsc are given. Most surface
samples are from exposed roadcuts oy viver beds. Exact
locations for some drill-core samples are confidential at
the request of deonating mining companies. Locations of
these samples are presented &3 approximate distances and
general directions from the nearest urban center. Sample

locations are stratigraphically ordered from oldest to

youngest.
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Table A.2-1

Sample

~-Po 53
~Po 54
-Po 55
-Po 56
-Po 57
-Po 58
~Po 59
-Po 60
-Po 61
-Po 62
-Po 63
-Po 64
-Po 65
-PO 66
-Po 67
~P 28

-p 31

-P 34

-Po 32
-Po 33
-Po 34
-Po 35
~-Fo 36
-Po 37

Latitude

Pongola pelite sample locations

27 23'16''s5-31
27 24'08''5-31
27 25°38''5-31
D.Hunter samples located N Pongola River,

28

28
28
28

28

28

28

16'18''5-31
16'21''s5-31
16'18''5~31
16'21''s5-31
16718''s-31
15'53''s-31
16'06"''s-31
15'00''s~-31

- Longitude
10'00''E
12'48''E
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t e
(3}
L
LI |
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Table A.2-1 (Continued)

Sample Latitude - Longitude Map Location Fig.#

'09''S-31 14'44''E 38.3 km S06W of Louwsburg A.2-5

]
L}
tt
T
L]
L ]
LA ]
tr
1
LN J
T
re
tt
1
L}

1
1
1
'
L}
1
]
]
]
]
T
1
)

-P 5 28 35'46''5-31 01'51''E 34.8 km S87W of Melmoth A.2-1
~P 8 28 36'37''S-31 01'44''E 35.0 km S90W of Melmoth A,2-1
A.2-1

|

|

|

|

~P 10 28 36'37''5-31 01'44''E 35.0 km S90W of Melmoth




Table A.2-2 Witwatersrand pelite sample locations

\

|
Sample Latitude - Longitude Map Location Fig.#
-MEE 1 Location confidential 4 km east of Westonaria A,2-3
~MEE 3 ' 10 km west of Soweto A.2-3
-MEE 11 v 4 km east of Westonaria A.2-3
-MEE 13 " 6 km southeast of Westonaria A.2-3
-MEE 14 v 4 km east of Westonaria A.2-3
~MEE 16 v 4 km east of Westonaria A.2-3
-MEE 19 ' 4 km east of Westonaria A.2-3
~-MEE 21 ' 4 km east of Westonaria A.2-3
-MEE 23 v 7 km southeast of Westonaria A.2-3
-MEE 26 v 8 km northwest of Soweto A.2-3 |
-MEE 28 re 6 km northwest of Soweto A,2-3
-MEFE 30 v 10 km south of Westonaria A.2-3
-MEE 34 v 11 km west of Soweto A.2-3
-MEE 36 ' 11 km west of Soweto A.2-3
-MEE 39 ' 8 km west of Soweto A.2-3
-MED 1 v 6 km southeast of Westonaria A.2-3
~-MED 2 v 4 km northeast of Westonaria A.2-3
-MED 3 v v A.2-3
_MED 4 Tt 1 LI ]
~-MED 6 v v v
_MED 7 i ] [ ]
_MED 8 L ] vt [ )
_MED 9 (IR 4 11 "
-MEE 5 Location confidential 11 km west of Soweto A.2-3
-MEE 24 v 7 km southeast of Westonaria A.2-3
-MEE 27 v 6 km northwest of Soweto A.2-3
-MEE 32 v 10 km south of Westonaria A.2-3
-MEE 33 ' 10 km south of Westonaria A.2-3
-5J3-1 26 14'41''5-28 08'57''E 0.8 km S34W of Germiston A.2-3
-5J3-2 v v T A.2-3
_SJ3_3 " [ t [ )
_SJ3_4 [ L L] [ )
QSJB_S 1 [ 1 t
_SJ3_6 [ ) [ ] 1 Tt
_SJ3__7 1t 1 T 11
=UR-1140 26 20'14''5-28 31'44''E 10.3 km N36E of Nigel A.2-3
~-439-3 26 30'21''s-29 Q1'23''E 8.3 km S69W of Evander A.2-3
-615-7 26 33'49''8-29 08'30''E 10.6 km S18E of Evander . A.2-3
...615__8 t ot L L) Ty
_615__9 Pt [ vt ot
-730-4 26 25'36''S-29 04'14''E 6.3 km N38W of Evander A,2-3
_730_5 [} 11 [} [
_730_6 [N} [ ] [} e
~V56-58 26 15'56''S-28 18'37''E 6.5 km S60W of Brakpan A.2-3
-GV2-28 28 28'51''S-26 14'14''E 11.7 km S88E of Brakpan A.2-3
~UC-760 26 20'14''S-28 31'44''E 10.3 km N36E of Nigel A.2-3
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Table A.2-2 (Continued)

Sample Latitude - Longitude Map Location Fig.#
-MED 17 Location confidential 3 km southwest of Westonaria A.2-3
~MED 18 ' 3 km southwest of Westonaria A.2-3
-C 75 26 30'00''5-28 26'58''E 8.2 km S89E of Heidelberg A.2-3
~-AA0096 26 24'54''§-28 28'39''RE 0.3 km N45E of Nigel A.2-3
"AA0097 1 [0 L ) L )
—AA0098 Tt L ) t1 a
__AA0099 L ) [ L ] L)
"AAOlOO Tt 11 e T
-AA0101 " ' ' v
-MED 13 Location confidential 9 km west of Carletonville A.2-3
-MED 14 ' 9 km west of Carletonville !
-MED 15 v 9 km west of Carletonville '
-MED 10 Location confidentiail 13 km west of Krugersdorp A.2-3
-MED 11 ' 14 km west of Krugersdorp '
-MED 12 ' 9 km west of Krugersdorp !
-C 71 26 31'32''5-28 30'02''E 13.4 km S79E of Heidelberg v
-C 72 26 31'32''s-28 30'02''E 13.4 km S79E of Heidelberg te
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Table A.2-3 Ventersdorp pelite sample locations

Sample Latitude - Longitude Map Location Fig.#
__________________________________________________________________________ {
-JWS8-9 Location confidential 7 km southwest of Orkney A.2-3 !
"‘JWSB"lO e L [
~JWSB-11 ' v 1y

~JWS8~-12 re v




Table A.2-4. Transvaal pelite sample locations.

Sample Latitude - Longitude Map Location Fig.#
-C 58 25 39'00''S-30 15'56''E 5.9 km S81W of Waterval Boven A.2-5
-C 86 25 47'47''5-27 21'08''E 23.3 km S27E of Rustenburg A.2-3
-C 87 25 47'47''8-27 21'08''E 23.3 km S27E of Rustenburg A.2-3
-~C 213 24 23'16''8-30 12'40''E 7.1 kxm §$78W of Penge A.2-6
-D 70 24 29'33''S~30 29'46''F 26.9 km S70W of Pilgrim's Rest A.2-7
-D 71 25 00'34''5-30 30'00''E 9.7 km N25E of Lydenburg A.2-7
-D 72 25 00'34"''s~30 30'00''E 9.7 km N25E of Lydenburg A.2-7
~-D 73 25 06'50''5-30 26'48''E 0.7 km S24W of Lydenburg A.2-7
-D 75 25 13'06''8~-30 19'23''E 17.2 km S46W of Lydenburg A.2-5
-D 79 25 42'40''S~30 10'20''E 16.6 km 564W of Waterval Boven A,2-5
-D 80 25 42'40''s5-30 10'29''E 16.6 km S64W of Waterval Boven A.2-5
-D B1 25 41'23''8-30 12'23''E 12.8 km S67W of Waterval Boven A.2-5
-0 82 25 41'23''5~30 12'23''E 12.8 km S67W of Waterval Boven A.2-5 |
-D 83 25 40°'00''S-30 14'09''E 9.7 km S74W of Waterval] Boven A.2-5
~D 84 25 38'55"'$-30 14'40''E 7.8 km S88W of Waterval Boven A.2-5
-D 85 25 38'55''5-30 14'40''E 7.8 km S88W of Waterval Boven A.2-5
-D 86 25 36'20''S~-30 16'55''E 6.2 km N52W of Waterval Boven A.2-5 :
~D 87 25 34'34''3-30 17'41''E 7.2 km N32W of Waterval Boven A.2-5
-D 88 25 32'52"'s-30 18'52''E 10.0 km NO7W of Waterval Boven A.2-5 ;
-D 95 25 29'16''5-30 19'20''E 16.1 km N13E of Waterval BRoven A.2-5
-D 27 25 28'51''5-30 21'30''E 16.5 km NO9E of Waterval Boven A.2-5
=D 99 25 37'32''5-30 19'59''E C.6 km NO1W of Waterval Boven A.2-5
-D 113 25 46'39''5-30 14'13''E 16.9 km S32W of Waterval Boven A.2-5
-D 114 25 52'47''5-30 12'24''E 28.1 km 526W of Waterval Boven A.2-5
|
-CDV1l-1 Location confidential 17 km south of Westonaria A.2-3
-CDv1-2 v ' vt !
-CDV1-3 e L] [ :
~CDV1-4 " LI [N :
-Chvi-5h L (K] 'y
-C 16 25 08'22''5-~30 45'41''E 3.5 km S22W of Sabie A.2-7
-C 18 25 08'53"''5-30 42'10''E 5.1 km S29W of Sabie A.2-7
-C 19 25 10'56''5-30 44'51''E 10.9 km S39W of Sabie A.2-7
-C 21 25 10'06''5-30 38'31''E 14.92 km S60W of Sabie A.2-7
-C 77 26 00'35''5~27 34'07''E 19.2 km N65W of Krugersdorp A.2-3
-C 78 25 00'35''s5-27 34'07''E 12.2 km N65W of Krugersdorp A.2-3
-C 214 24 23'51''35-30 12'58''E 6.5 km S78W of Penge A.2-6
-D 23 24 42'47''5-30 35'14''E 5.4 km N29E of QOhrigstad A.2-7
-D 26 24 40'55'"'5-30 35'00''E 8.2 km N18E of Ohrigstad A.2=-7
=D 27 24 40'41''5-30 34'55''E 9.5 km N16E of Ohrigstad A.2-7
-D 29 24 40'32''S-30 34'33''E 8.8 km N15E of Ohrigstad A.2-7
-D 30 24 40'33''5-30 35'45''E 9.2 km N23E of Ohrigstad A.2-7
-D 31 24 39°43''5-30 36'31''E 11.3 km N27E of Ohrigstad A.2-7
-D 32 24 38'03''s-30 37'14''E 19.2 km N26E of Chrigstad A.2-7
-D 59 24 53'02''S-30 43'18''E 3.4 km N56W of Pilgrim's Rest A.2-7 :
-D 61 24 52'54''$-30 43'02''E 4.0 km N56W of Pilgrim's Rest A.2~7 1
-D 63 24 52'52''5-30 42'34''E 4.7 km N58W of Pilgrim's Rest A.2-7 §
-D 66 24 53'36''5-30 40'16''E 7.7 km N54W of Pilgrim's Rest A.2-7 |
-D 67 24 54'25''S5-30 37'38''E 12.0 km N89W of Pilgrim's Rest A.2-7
~-D 106 25 37'13''8-30 29'S58''E 15.9 km NB4E of Waterval Boven A.2-5
-D 107 25 36'40''$-30 33'57''g 22,5 km NS2E of Waterval Boven 2.2-5
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Table A.2-4. (Continued)

~D 111 25 32'52''S-30 41'02''E 28.5 km S77W of Nelspruit

Sample Latitude - Longitude Map Location Fig.#

-MSF1-1 26 33'17''S-27 11'21''E 16.0 km N28F of Potchefstroom A.2-5 ‘

“MSFl—Z AR | T LI L) |

_MSF1_3 [ ] T 1t 1 ‘

_MSF1_4 [ 28] [ LI ) T

-MSF2-1 26 31'35''§-27 12'15''E 18.7 km N28E of Potchefstroom A.2-3

_MSF2_2 LIS ] [ [ ] '

_MSF2_3 LI ) t [ | LN

_Mst_S t P [ ] v

_Mst_'] o 1 T LN ‘

-r48F2-8 Tt 1 L ] L ] }

—MSF2_9 [ ] 11 LN ) LR} |

-WBK1-1 Location c¢onfidential 15 km south of Westonaria A.2~3

-WEK1-2 v v '

~WBK1-3 ) . C

-WBK1-4 v v Ve

-WBK1-5 ' - .

-CDV1-14 Location confidential 17 km south of Westonaria A.2-3

-CDV1-16 v I v

_CDVl_l7 [} [ ] v

_CDV1_19 [} 1t [

_CDvl_21 [ ) [ t

-CDV1-22 t v '

-CDV1-24 vt e '

_CDVl_ZS " 11 LI

-CDhvl-27 t ' ' :

-CDV1-28 26 29'30''s5-27 38'09''E 16.6 km SO01W of Westonaria A.2-3

-MEE 4 Location confidential 10 km west of Soweto A.2-3

-MEE 6 v 11 km west of Soweto A.2-3

~MEE 8 v 11 km west of Soweto A.2-3

-MEE 9 t 10 km west of Soweto A.2-3

-MEE 17 v 4 km east of Westonaria A.2-3

-MEE 18 ' 4 km east of Westonaria A.2-3

~-MEE 20 ' 4 km east of Westonaria A.2-3

-MEE 22 v 7 km southeast of Westonaria A.2-3

-MEE 25 v 8 km northwest of Soweto A.2-3

~-MEE 29 e 6 km northwest of Soweto A.2-3

-MEE 31 v 10 km south of Westonaria A.2-3

-MEE 35 v 11 km west of Soweto A.2-3

~MEE 37 v 11 km west of Soweto A.2-3

-MEE 38 ' 8 km west of Soweto A.2-3

-MEE 40 ' 11 km west of Soweto A.2-3

-C 196 24 12'50''5-29 28'38''FE 32.9 km S03E of Pietersburg R.2-6

=C 197 24 12'50''s~29 28'38''E 32.9 km SO03E of Pietersburg A.2-6

-C 198 24 12'50''S-29 28'38''E 32.9 km SO03E of Pietersbhurg A.2-6

~D 50 24 27'11''S-30 36'34''E 33.5 km S79E of Penge A.2-6

-D 53 25 00'35"'"'S~-30 49'35''p 12.2 km N16E of Sabie A.2-7 |

-D 56 24 57'33''S-«30 50'29' 'R 3.2 km S24E of Graskop A.2-7 ‘
A.2-5 |

|
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Table A.2-5. Waterberg and Soutpansberg shale sample locations.

Sample Latitude - Longitude Map Location Fig.#
-C 90 24 33'27''5-28 18'40''E 19.1 km N31W of Nylstroom A
-C 130 22 58'53''5-30 09'51''E 27.4 km N74E of Louis Trichardt A
-C 168 22 53'12''5-29 49'14''E 19.1 km N25W of Louls Trichardt A
-C 169 22 53'12''8-29 49'14''E 19.1 km N25W of Louis Trichardt A
-C 181 22 30'01''s-30 52'12''E €7.4 km N4OE of Sibasa A



Appendex A.2-6 Kaapvaal craton quartzite sample locations.

Sample Latitude - Longitude Map Location Fig.#
-P 4 28 33'37''S-30 58'57''E 39.9 km S83W of Melmoth A.2~1
-2 7 28 36'37''5~31 01'44''E 35.0 km S90W of Melmoth A.2-1
~-P 12 28 16'06''S~-31 11'18''E 8.2 km N67W of Denny Dalton A.2~1
-P 26 28 16'06''5-31 11'18''E 8.2 km N67W of Denny Dalton A.2-1
-P 33 28 16'18''5-31 12'49''E 7.3 km N61W of Denny Dalton A.2-1
~-P 40 27 11'50''s-31 08'0S''E 41.9 km N21W of Louwsburg A.Z2-3
~-p 45 27 14'25''5-31 13'39''E 36.8 km NO9W of Louwsburg A.2-3
-P 63 27 22'53''S-31 33'26''E 5.2 km S89W of Pongola A.2-5
-BBS3-19 26 43'37''S~26 36'01''E 11.9 km N22W of Klerksdorp A.2-3
~BSF1-18 26 43'57''5-26 34'40''E 12.3 km N30W of Klerksdorp A.2-3

-C 67 26 29'45''5-28 33'09''E 10.4 km S46E of Nigel A.2-3
-C 70 26 31'32''S-28 30'02''E 13.4 km S79E of Heidelberg A.2-3
~-C 73 26 27'26''S~28 32'14''E 6.4 km S58F of Nigel A.2-3
-C 74 26 30'00''5-28 26'S8''E 8.2 km S89FE of Heidelberg A.2-3
-D 8 26 14'35''S-28 Q02'58''E w/in Johannesburg city limits A.2-3
-D 15 26 11'39''S-28 04'44''E w/in Johannesburg city limits A.2-3
-D 21 26 11'30''S-28 05'60''E w/in Johannesburg city limits A.2-3
-C 6 26 46'25''S-26 20'44''E 7.3 km S81W of Hartbeesfontein A.2-2
-C 56 25 24'08''sS~30 01'49''E 6.8 km N83W of Dullstrom .2-
-C 76 26 01'38''s5~27 35'55''g 15.2 km N66W of Krugersdorp .2
-C 81 25 57'34''5~27 31'45''E 3.7 km N17W of Magaliesburg . 2-
«-C 201 24 13'39''5-29 29'25''E 34.2 km SO5E of Pietershburg L2

-C 207 24 21'32''S-30 05'40''E 18.7 km N82W of Penge
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-JWS8-40 Location confidential 7 km scuthwest of Orkney

-D 34 24 27'38''5-30 36'29''E 33.3 km S75E of Penge

~D 35 24 26'57''5-30 36'38''E 32.8 km S77E of Penge -
-D 36 24 26'27''5~30 37'19''E 34.1 km S79E of Penge -
~-D 47 24 26'27''5-30 37'19''E 34.1 km S79E of Penge 2=
-D 53 24 36'19''S-30 4B'Q5''E 32.8 km NO9E of Pilgrim's Rest 3=
~-D 77 25 15'00''S~30 15'41''E 24,8 km S50W of Lydenburg .3
-MSF2-10 26 31'35''S-27 12'15''E 18.7 km N28E of Potchefstroom .3-
-C 89 24 39'44''5-28 22'16''E 4.0 km N45W of Nylstroom A.2-6
-C 94 24 31'06''5-28 15'39''E 24.4 km N37W of Nylstroom A.2~6
~-C 96 24 27'02''3-28 09'27'"'E 37.2 km N43wW of Nylstroom A.2-6
~C 97 24 25'10''5-28 07'55''E 41.5 km N43W of Nylstroom A.2-6
-C 98 24 23'02''s5-28 08'04''E 44.0 km N38W of Nylstroom A.2-6
-C 99 24 18'10''S-28 06'53''E 52.8 km N35W of Nylstroom A.2-6
-C 100 24 12'15''8+28 07'16''E 61.7 km N28W of Nylstroom A.2~6
~C 124 23 01'34''8-29 45'23''E 13.2 km NB6W of Louis Trichardt A.2-6
=-C 128 22 59'16''S-30 02'04''E 14.5 km N64E of Louis Trichardt A.2-6
-C 131 22 57'25''5-30 11'3B''E 30.9 km N72E of Louis Trichardt A.2-6
=C 160 22 55'11''8-25 45'39''E 12.3 km N11E of Louis Trichardt A.2-6
~-C 177 22 29'27''35-30 52'26''E 65.5 km N37E of Sibasa A.2~6
-C 184 22 30'29''8-30 52'08''E 63.6 km N3BE of Sibasa A.2~6
-C 188 22 32'46''S-30 52'26''E 60.7 km N42E of Sibasa A.2-6




pigure A.2=-1. TLocation map for Pongola samples collected in

gululand and Natal Provinces., Urban centers veferred to in

Figure A.Z2-2. Location map for southwestern Transvaal and
northarn Orange Free State Provinces, Urban centers

referred to in sample Appendix Table A.2 are indicated. HMap

gcale same as in Figure A.2-~1.

Figure A.2-3. Locatrion map for southern Transvaal and
northern Orange Free State Provinces. Urban centers

referred to in sample Appendix Tahle A.2 arve indicated. Map

scale same as in Pigure A,2-1.

Figure A.2-4, Location map £or scuthern Transvaal and
northern Orange Free State Provinces. Urban centers

referred to in sample Appendix Table A.2 are indicated. Map

)

scale same as in Figure A.2-1.

Figure A.2-5%. Location map for the Kingdom of Swaziland and

L€

southeast Transvaal Province. Urban centers referred to  in
sample Appendix Tables A.2 ave indicated. Map scale same as

in Figure A.2-1.

Figure 4.2-6, Location map for northern Transvaal Province.
Urban centers referred to in sample Appendix Table A,2 are
Indicated. Map scale sawme as in Pigure R.2-1.

Figure A.2-7. Location map for eastern Transvaal Province.

are

j
&
B3

Urban centers referrsed to in sample Appendix Table 7

indicated. Map scale same as in Figure A.2-1.
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APPENDIY B. Analytical Methods

B.1l Initial Sample Processing

Surface samples collected are hand-trimmed in the field
to remove weathering rinds, whereas weathered fractures, if
present, are handpicked and discarded during preliminary
crushing stages. Samples are pulverized (=200 mesh; <0.004
mm} in porcelain grinding disks. This grinding technique is
preferred to eliminate possibilities of trace eglement
contamination from steel or tungsten carbide grinding
equipment. A sufficient guantity of each sample (~ 0.5 kg)
is processed to insure against effects of rock hetero-
geneities, to provide specimens for petrologic and

collaborative stable and radiocgenic isctopic investigations,

and to accumulate a sample library for future research.




[
3]
[aeg
e

B.2 ¥X-Ray Flucrescence {(YRF)
a} Sample Preparation and Analytical Technigue
Major element concentrations are determined by X-ray
luorescence (XRF) on fused glass disks using an automated
Rigaku 3064 XRF sgpectrometer, following the methods of
Norrish and Chappel {1977} . Element abundances are
determined using a linesar regression line normalized to a
variety of standards ({(Table B.2-1}. Data reduction is
performed wusing an on-line DEC computer. Fused disks are
prepared by mixing & 0.5 g split of pulverized sample with
2.68 g of lanthanum oxide (spectroflux 105) and a few
grains of ammonium nitrate, and then fusing the mixture in a

platinum crucible at ~1000 °C. Loss on ignition {(H20-} i

[63]

determined by measuring the weight loss of powdered samples
heated between 110 and 11106 °c. %r, ¥, Sr, Rb, V, Nb, Ni
and Pb are determined Dby the XRF technique using {~ 8 g}
pressed powder pellets mixed with a polyvinyl alcchol
binder, and pressed to¢ a preassure of 20 tons per sguare

inch.

b) Detection Limits

A 1list of excited elegtron shells, measured energies,
detection limits and lower limits of determination are
pPresented in this section in tabular form {(Table B.2-2}.

Detection limits describe the minimum concentration of an

element needed for qualitative analytical detection. Lowar

limit of determination describes the minimum concentration




Table B.2-1

International rock standards used for XRF calibration
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NBS5-1413
NBS-888B
NBS-70A
NBS-99a
QCo~-1
STM-1

AN-G
BCR=1
BE~-N
BIR-1
BR
BX-N
DNC-1
DR=-N
DT-N
FPEK-N
G2
GA
GC-0
GH
GS-N
IP-G
MAG=~1
MA~¥
MICA~FE
MICA=MG
NIM~-D
NIM-G
NIM-L
NIM-N
NIM=-P
NIM=38
PCC-1
RGM-1
SCo~=1
5DC-1
5Y=-2
8Y=3
UB-N
Us-N
W=2

- e e G i 0 GO0 T A KD T S GiTA GV AT G T Mo A G M GO s S K R GO (0 MR KD KD D A K A S AR KT 0N T RN MM QUG i e G CRTS MK U GO G M i A WA S G0R




i i i

i ! :

i i §

i H i e B ¥ Thoo Uy G

H H £ 8 s f ¢ & » e |

§ I oo B v R v e o i - A e oY Oy h Gl ey (N

i P D DO OO ™MD H

H Poeed vl v e eed ged et = i

i i i

i i §

§ i §

¢ § i

t ! i

ay i 3

201 i i

oof i i

Qi i i

Ui i ¢

[E H 3 = (D O o §

O i 3 N WD P D

5403 (A I A T e s o} e = s e |

(DI 1 s e=i () el £}

o f !

=i § t

LI H !

i H §
ww ! ] M .
gt i <
o A P
o HI & § I
o~ oI | &4 § C00AD GO 0T O e O mH Y [on B B awR A BE - NS IE SR s T
~ oo 3 i Pl e lls SR R I T i B A U B U e T e B By

M1 @ W i [ES R b RS RLCC R B s B € & R o) [anBEC Ve BRay T U S U Ak R RS

[ I B 51 1 4 & & & & 3 a @& & & e #» o @& s ® & 3 f

U § Gl P oemd =i ool WD od 07 o O WY O [ea B~ e B e S T L 1o AT & B

1o =3 i = =f =i =i e et 1

i § i

H i £

i ¢ i

§ I H

i i i

g Poosp o O O O 0] 0N 8 Y (A B B R

H { L T T e = W L L N |

4 foed wod oed o el o o] ved o] e Ea B B B B B e B B

] i i

¢ i L] oo oaom o [ I IS I T B B A Y B

i H g Lo S Rt S e

H ! H

i f i

S i i

LI i §

L i §

e 4 i §

ol § H

§ ¥ §

@ 4 i £

i f oottt @ homom o Lk 0 ] MO

% : T el B BN OE B B Lo
i i i
el { HEE 2




6] o Fomy o a3
@ < =t O e
fio) = od o
i i £ =
o . o T
[ 5t v i
A b ) L )
@ a3 0
= m e = <t
a o
4y i )
4] - ]
= o -
S, o
o o W o )
0 o T - L2
A e g i
o 4 i
@© (3] i o
& o i )
@D = a3
M@ 2
s} ] U3
i
133 e ay
i Y ] -~
. £ & a 2
o e Ko 5 ]
o3 & 2 Ad o
ot W it =
) o Sy )
o (4] L3 (]
B m ) -
4] LS
o - H s
. o o ¢ o o
wed £ o =l e
st P ) ay £
ﬂy % t.w - M 3. -_ M”
1] " w7 - Tt 4o
m & L et < !
4 i et & O a oy
1t o4 i -4 it i
o i o ) s} . i
L [l & o o
G 3 = = o
N o3 r
o ; - 0] 3 G .
e ,.Q - et I %y ,/M
al ) e ity [£43 ..l
o - 72 ;
B e 1 L2 i
fy Py e 4 <3 L
. i 53] o N o
' £ 4 La b
d] . S S o 1
o =3 8] et O ) b o
0 £ o 5 -ed o o et
o ! L 4 el w Lol Yot rh
i 4 &t 0, M.L Mw o ER
&3] b=d . b
& - iy 1 R o fo} el
[ e Oy el O g Lo oo} o




TABLE B.2-3

XRF RAccuracy and Precision
G-2 {Granite)}
n=8
Element Mean Sh Accepted® CVi{%} Accuracy{g) **
Rb 1686 2 170 1.20 2.35
ST 463 6 478 1.28 2.09
v 39 0 36 0.0 8.32
Mi - - 5 - -
Y 16 0 i1 0.0 45,0
Zr 29 5 300 1.68 0.66
Nb 8.9 0.9 13 15.1 31.5

All analytical walues in ppnm

n = Number of samples analyzed

- = Not determined

* = Accepted value from Gladney and Burns (1983}

**= Accuracy = [ {Mean-Accepted)/Accepted]xliil

5Dh= Standard deviation of the mean value at 1 sigma

confidence interval

CV= Coefficient of variation = (5D/Mean)xl0f

Analyses dates: 10/85 (1 analvsis
11/85 (2 analyses
4786 {2 analvses
6/8¢ {1 analvsis
3/87 (2 analyses
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TABLE B.2-4

XRP Accuracy and Precision
NIM=-D {Dunite)

n=8
Blement Meanh Sh Accepted*® CV (%) Accuracy (%) ¥
Rb - - - - -
St - - 3 - =
Vi 33 i 40 3.03 17.5
MNi 2234 12 2050 J.54 8.98
Y - o v o, =
ar - - 20 - -
Nb - - - - -

A
n Number of samples analvzed
- = Not determined
* = Accepted value from Abbey (1983)
**= Accuracy = [{(Mean-Accepted)/Acceptad]xzl00
SD= Standard deviation of the mean value at 1 sigma
confidence interval

CV= Coefficient of variation = {(8D/Mean)zliol
Analyses dates: 2/8¢ (4 analyses)

10/86 {1 analysis)

{

16/87 (3 analvses)

11 analytical values in ppm
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TABLE B.2-5

IRF 2cocuracy and Precision
W-2 {Diabase)

n=g
Element Mean S0 Acceptaed® CV{%) Accuracy (%) %
; 21 0 20 0.0 5,00
Sy 198 1 134 0.51 2.06
A - - 262 - -
Ni 69 2 70 2.90 1.43
4 24 0 24 0.0 0.0
ir 96 1 D4 1.04 2,13
Nb 7.0 0.4 7.9 5,71 11.4

D A T3 AR AT ERD BT OT GOOT G R OIS NS L G G W oD dus S Gal S GED s v s TP GiE) WIS I FD OO GED GG G WG S MU AU CATR RO G S 9D Ge U CH G Ckts ST AT XD P M AP MED ORD MmO W

211 analytical values in ppm

n = Humber of samples analvzed

- = Mot determined

* = Accepted value from Gladnevy and Roslandtg (1988)

¥*= Accuracy = [{Mean=-Accepted) /Rccepted]xl00

Sh= Standard deviation of the mean value at 1 signa

confidence interval

CV= Coefficient of variation = (:

Analyses dates: 4/87 (2 analys
/87 {1 analysi
8/87 (1 analysi
10/87 {3 analyses
11/87 (1 delY¢3

san)x100
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TABLE B.2-6

ZRF Precision-Triplicate Analyses of
BCR-1 {Basalt}

Element BCR-1{1l) BCR-1{2) BRCR-1{(3} #Mean SD CVig)
Rb 51 50 51 51 1 1.9¢6
St 331 340 339 337 5 1.48
\ 426 420 418 421 4 0.95
Ni 16 9.4 11 12 3 25.0
b4 39 413 40 40 1 2.50
Zr 189 193 19z 151 2 1.08
Nk 13 11 11 12 1 8.33
Triplicate analyses performed on a i - standard
BCR~1 (v, WNi-=2/10/86; Rb, Sr, ¥, &r, Nb-4/4/86).

gingle split of

A1l analytical values in ppm

SD= Standard deviation of the mean value at 1 sigma
confidence interval

CV= Coefficient of variation = (&8D/Mean)xl00
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iRF Precision-Triplicate Analvses of
G5~ {Granite}

Element  GS-N{l}  GS-N{2) GS-N{(3} Mean 5D CV (%)
Rb 187 187 187 187 0 0.0
St 578 578 580 579 1 0.17
Y - s o s - -
Wi - s - - o -

4 17 16 17 17 1 3.45
Zy 214 213 214 214 1 0.27
Nb 24 24 24 24 0 0,84

B A B TS SO S i SRS SR T S S S S DD NS AN KD D G G NN A D3 G5 @ R € e T R Eoh COD G o D EED O G IS G DY I GUR GG WED MR S e GG Sbh A NS T She s S wie o8 om

Triplicate analyses performed on a single split of standard
GS=8 (10/710/87).
All analytical values in ppn
- = Hot determined
SD= Standard deviation of the mean value at 1 sigma
confidence interval
CV= Coefficient of variation = (SD/

L

feantxl100




Bl

ement  WIM=D{1)} NIM-D(2) HIM=-D{3) Mean 5D CVig}
Rb = - - - - -
57 - = - o - -
v 33 24 32 33 1 3.03
Ni 2232 2224 2247 2234 12 D.54
Y . o - — . [
Ve - e - - - -
Nb - - - - - -
Triplicate analyses performed on a single split of standard

Al

XRF Precision-Triplicate Analyses of
NIM-D

NIM~D (2/11/

86j .

1 analytical wvalues in ppm

{

Dunite)

Standard deviation of the mean value at 1 sigma

-~ = Not determined
SD=

confidence interval
CV= Coefficient of variation

{SD/Hean) %100




Element W=-2{1) W=212) W=2{3} Mean SD CVi{%)
2 1 4,76
Sr 198 i 198 198 1 0.51
V o = wer - P, o
Mi 66 72 69 65 3 4.35
¥ 24 24 23 24 1 4.17
Zr 5¢ 96 56 96 0 0.0C
Nb 7.5 7.2 6.8 7.2 0.4 5.56

Triplicate analyses performed on a single split of
standard W-2 {(Ni-4/25/87: Rb, S8Sr, ¥, 2v, Nb-10

All analytical values in ppm

- = Not determined

D= Standard deviation of the mean value at 1 sigma
confidence interval

|

|

|

|

!

|

Rb 22 21 21 21 4.
o7
o

CV= Coefficient of variation = (SD/Mean)xl00

|

|

|

|

|

|

|

|
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(241)

__.___———“.._——.....___-.—....-.___.._____...__._..........-.__.________—._—u__._—___——-___

|
\
|
\
\
\
|
Nuclide Nuclide Measured in days Limit-ppm Limit-ppm
|
|
|
|

Parent Daughter KeVv Count Time Detection Determination
Ba-130 Ba~-131 373 7 2.0 25
4946%*
Ce-140 Ce-141 145% 40 0.12 1.5
Co-59 Co-60 1173%* 40 0.05 1.0
1332
Cr-50 Cr-51 320% 40 0.3 1.0
Cs-133 Cs-134 605 40 0.04 0.5
796%*
Eu-151 Eu-152 z/ 245 40 0.02 0.15
344x%
779
1408%
Bf-180 Hf-181 482% 7,40 0.02 0.1
La-139 La-140 329%* 7 - 0.9
487%*
816
1596
Lu-176 Lu-177 208+ 7 - 0.04
S5c-45 Sc-46 889%* 7 0.20 0.5
1121+
Sm-152 Sm-153 103* 7 - 0.5
Ta-181 Ta-182 1189* 7,40 0.002 0.04
1221*
1231
Tb=159 Tb-160 299%* 7 0.01 0.05
879
966*
1178
Th-232 Pa-232 312%* 7 0.04 0.1
U-238 Np-239 228 7 0.017 0.020
278+*
Yb-174 Yb=175 177%* 40 0.017 0.020
198
* = preferred KeV
Irradiations at Sandia National Labs, Albuquerque, New Mexico
~lrradiation time - 10,000 seconds
~Flux - 0.6200 x 10' neutrons/cmZ2.second
=Cadmium ratio - 0.31
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Element Mean
Ba 682
Cs 1.0
Th 5.9
U 1.7
Sc 32
Cr 14
Co 38
HE 5.3
Ta 0.7
La 25
Ce 54
Sm 6.9
Eu 1.9
Th 1.1
¥h 3.5
T .5
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TABLE

B.3-3

I¥®¥A Accuracy and Precision

BCR=-1 {Basalt}
n=5
Accepted® TV %)
678 4,11
0 1.0 0.0
3 6.0 5.08
L 1.7 5.88
32 0.0
146 7.14
35 2.63
1 4.9 1.89
04 .79 5,06
25 4,00
54 1.85
2 6.5 2.90
0 2.0 0,0
1 1.1 9,09
2 3.4 5.71
02 0,51 3,85

All analytical values in ppm
n = Humber c¢f samples analvzed

**= Accuracy =

confidence

= Accepted value from Gladney and Burns (1983)

= [ (Mean-Acceptad) /Acceptad]lxlio
SD= Standard deviation of the mean value at 1 sigma

interval

CV= Coefficient of variation =

{Z analy
{2 analy
{1 analy

Analyses dates:

6/87
g/a7

10/87
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=
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O/ Mean)xl100
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INNA Accuracy and Precision
G=2 (Granite)

n=9

Element Mean S0 Accepted® CV (%} Accuracy |
2a 19086 133 1880 6.98 1.38
Cs 1.4 0.1 1.3 7,14 7.69
Th 24 2 25 8.33 4.00
U 2.0 0.1 2.0 5.00 0.0
Sc 3.4 0.3 3.5 8,82 2.86
Cr 9 1 2 11.1 0.00
Co 4.4 0.5 4.6 11.4 4,35
qf 9.0 0.9 7.9 10.0 13.9
Ta (.80 0.05 0.82 6.25 9.09
La 87 7 G4 8.405 3.33
Ce 168 19 150 11.3 5.00
Sm o7 0.7 7.2 .09 6.94
By 1.4 0.2 1.4 14,3 6.00
Th 0.51 0.04 4.48 7.84 6.25
Yh 0.9 G.1 0.8 11.1 12.5
Lu 0.1l 6.01 g.11 8.0¢ 0.00

All analytical values in ppm

n = Number of samples analyzed

* = Accepted valus from Gladney and Burns (1882}

**%= pocuracy = [ {Mean-Accepted)/Acceptad]xli0

Si= Standard deviation of the mean valus at 1 sigma

confidence interval
CV= Coefficient of variation = {(8D/Meanixli0
Analyses dates: 2/85 (2 analyses)

3/86 {1 analysis)
11786 (1 analysis}
12/86 {1 analysis)
/87 (3 analvses)
12787 {1 analysis)
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TABLE B.2-D

iHNA BRcecuracy and Precision
MAGC=1 {(Marine Mud)
oy e B
=2
Elemant Mean 5D Accepted® CV{%) Accuracy (%) *%

G A Gee D O GG S GRS M 2% SIS G URT TRY M B S R s 6RO G GG oo S M G S TR THD SN G2 OUR WA CDD G907 WG A S RS S W G S i S e M R A B RAMS e e e e e

Ba 478 1 480 2.73 0.83
Cs 8.5 o2 8.6 2,35 1.1¢6
Th 12 1 8.33 7.69
U 2.7 - 1 « 8 3.70 3.5

Sc 16 1 0.0 5.88
Cr 96 10 5.21 .57
Co 21 2 4.76 .00
ur 3.6 . .6 2.78 .
Ta 1 o 1 2,09 R

La
Ce

Sm
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All analytical valuss in ppm
n = Number of samples analyzed
- = Net determined
* = Accepted value from Abbey {198
**= Accuracy = [{(Mean~Accepted}/Ac
SD= Standard deviation of the mean
confidence interval

CV= Coefficient of variation = {8D/Mean)xil0
Analyses dates: 11/86 {1 analysis)

12/86 (1 analysis)

16787 {2 analvses)

12/87 (1 analvsis)

-
3}
ceptedlxli0
alue

W at 1 sigma




INNA Accuracy and Precision
2Co~1 {Coly Shale)
n=5
Element Mean SD Accepted® Cv{%} Rcouracy (&) %@
Ba 587 33 590 5.62 O
Cs 8.0 0.8 7.8 10.0 2.56
Th 9.6 0.9 9.6 .38 0.00
U 3.1 0.2 2.9 45 6,90
5c 12 z : .
Cr 70 4 71 .71 1.41%
Co 11 1 11 9.09 G.00
HE 4,9 G.1 4.3 2.04 14.0
Ta 0.8 0.0 0.9 0.00 11.1
a 31 4 29 12.9 6.90
Ce 5% 1 63 1.75 9.52
Sm 5.3 0.5 5.1 .43 3.92
Eu 1.1 J.1 1.2 .09 2.33
Th 0.7 0.0 0.8 00 12.5
¥h 2.3 G.1 2.2 4.35 4.55
Lu 0.3% G.05 - 12.8 -
All analytical values in ppm
n = Numper of samples analygzed
- = Not determined
* = Accepted value from Abbey {1983)
**= pAccuracy = | {Mean- ACLﬁpt d} /hccepted] ®x100
SD= Standard deviation of the mean value at 1 sigma
confidence interval
CV= Coeffiicient of variation = {8D/M¥Mean)x100

Analyses dates: 2/85 (1 analysis)
7/86 {1 analysis)
11/86 {1 analvsis)
10/87 (1 aﬁalya“@‘
12787 {1 analvsis)
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APPENDIX B.3-7
|
|
|
|

Analyses performed on triplicate split of sample 11/21/86,

All analytical values in ppn

SD= Standard deviation of the mean value at 1 sigma
confidence interval

CV= Coefficient of variation = {(SD/Mean)xl00

INWNA Precision-Triplicate Analyses of
€15m9 {Witwatergrand Pelite)

Llement 615-~9{a) 6l15=-9{8} E15=-9{C} Mean S0 CV (%)
Ra 428 449 444 440 i1 2.50
Ca 7.8 7.8 7.8 7.8 0.0 3.0
Th 6.2 5.6 5.0 5.8 0.4 6.80
U 2.0 2.1 1.9 2.0 0.1 5.00
sC 31 32 31 31 1 3.23
Cr 1289 1286 1282 1286 3 3.23
Co 66 &7 6& 66 1 1.52
HE 4,3 4.1 4,2 4,2 0.1 2.38
Ta 0.73 0.75 0.77 0.75 §.02 2.867
La 28 30 29 29 i 3.45
Ce 63 62 G2 62 1 1.61
Sm 6.1 6.1 6.0 6.1 G.1 1.64
Bu 1.8 1.7 1.7 1.7 0.1 5.88
Th 0.96 0.81 0.38 0.88 0.08 9.08
¥ 2.83 2.9 2.9 2.9 0.1 3.45
Lu 0.43 0.47 0D.45 0.47 0.02 4.26




4

] ogord
S
-

n

e

cal
Y

g e
s R

IR

o]

v
]

i

[Tg)
H

o
et




Lons

L.

N

bbhrevia

L

)

(;

4

i3 e

i

calculations

le

Tab
ral

¥

mine

=y e

[ .

s # @ &)

faane =t =l

=y P o ot

= 2] i el = =

Ay e, S bemed oy u

Cana iy Lasie | nuﬂ ey ey E

e . + 10 !

fu— f— ) . {3 =t 4d

b R o0 bomied el e

o £ e v borsd oy ® s

] PR rar B o RO

v rnn o e fand ey 9 S

g L 2 el =~ =

[ = IS i ef U2 4 pa]

bt & wl S ]

; i S R P £ .

. ] HER, 43 St 3 o

b hisd Loy 0 L3 o~ b I

i ~— Q@ = »e-

- @ A g B e, pestony d e

freel o R B iy L o =gt

e et e 3 ool @ °

s tt 40 U et i o4
¥ O a3 Uy~ i~ ol U

4 et 1 £ 4k 0 et .
K L3 = e §o s o 4 P
Q & ] 3 v fis} 4 omd 4

i o o a Wowowmmet O

£ £ =i @ 0y P = o
13 et K Ak 4o b IE g - )
=] Rlas BREEN L et S 3 epf et
= 3 =p bt bt -l O oo ow

I T B g D eed el 4

g [ S S O e oped ¢

- o e 2T — OO

] b = (Ot a e

[ S e i oG DS e

o3 o e ped e Pt S
@ N sl I] wre} ISP &1 J v SRS
K0 Qe e T el 04 e ol 09 (7 R e
- ot .d o] o) e e s ot e e Sttt
= et &5 £ B a A i R S I B B




et bl
4 e
42 oo
e i
. 3
e ] L3
i o o 4
=i hed e iy
=4 O 5
& 0 R i
¥ G
. fow] [(n) s
It ot 2} 4
o ] o +
R o 5
o - L
R W Ly
[ ot <
* e & o
e s oot
I il qt s
e S b -t
& i
e i
= i
£ e ) §
& : !
o [t i
o !
[ i ;
ot [l -eed
0 O e &
Rt ose} s
et d Hal W
= £ 3 Eoi ol
o o e H & i
bt o w i o i
= L3 o ol f +d
] £ £
e 4 i b4 -
i i ] & »
5 o i et =i
- e Oy § ] o3
= o ik ]
i} i [is] 4 = ey
8] @ - a . ER
oo A G u At o @
(sl i jows bt Q) wpmt
@ w3 W e o
o sl o i a3 Y o
- - b y L X 2 0 bt
[ @ e 51 LA @ e Q@
& bt S o = 5 i o+ x £
-5 T 0 ) 13 bt o @ o £
T £ > i - =] s ] - e o
O - €L = ord o a O @ “ind -t
O Ko 0 i i 5] Kt 2 L ] e}
= o) O a o - o Ui 4+ s o S ~—




1

-y
<

fr

4
[

2

~50

5

3

L -

§
i
I
i
i
§
i
B
f
§
b
1
§
§
i
§
i
§
§
i
H
]
§
H

o

LA, fl




™~
tn
o™

Table C.1-1

Moodies Pelite Analyses
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. .
{1} Dt: Total framework “uﬁrtz {QL=0m+Gp)
(&) Om: Monocrystalline quartz
{B) Qp: Polycrys alan@ quartz

{a} Chert
(b} Polycrystalline quartz of sedimentary,
igneous and metamorphic origin

(¢} Aggregate guartz of indeterminate origin
(2) Ft: Total framework feldspar (Ft=K+pP)
{A} K: Potassgium feldspar
{B} P: Plagioclase
{3} L: Framework lithic frawmeﬂtﬂ {L=Lg+Lv}
{AY Ls: Sedimentary lithic fragments
{a) Palite-zhale
{b) Very fine grained feldspathic sandstone
{cy Very fine grained guartz wacke
{B) Lv: Volcanic and hypabyssal lithic fragments

&

{4) Lt: “Qtdl framework lithic fragments (Lit=L+0p}
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Figure E.2-1. Detailed stratigraphic column of the

Witwatersrand Supergroup. After Kent, 1980b.
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Figure E.2-2. Detailed stratigraphic column of the

Transvaal Supergroup. After Coertze et al., 1980.
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GROUF | FORMATION LITHOLOGY ond Mb Thigkness
Culistreom Vo Mafic to intermediote lave, felsite, some pyrociastics o
’ , 14
Sasalt v arenite ond hornfels ' Up ol 40C
Quarizite
Houtenbek Harnfels 140-255
Carbonate and chert
g':::;f?rg‘p“eq Quortzite, minag shaly rocks 470-630
Argilloceous quortzite, arkose
Nederhorst 200-800
Hornfels
Lokenvalei Quorizite feldspathic quortzite, arkose 160-300
Qucrtzite
Vermont 1 N i nd cher _
Hornfels Hernfels minor quartzite, dolamite and chert 450-500
Moeggaliesberg . .
Quartzte Quartzite, minor shele 500
a
@
e Lydenburg Shale Mb
w
& .
o Silverton Shale 1 000-3 300
Chert and dolomite, Machadodorp Member  {tuff,agglomerate, basait)
Boven Shaole Mb
Daspoort .
QWE,;‘;E Quartzite, some shole 5-30
3
Shr;‘beenkop Shale, minor quarizite 20-80
o I Quartzite
waaiheuwel. Siltstone, some shale 40=10
Quartzite
Congtomergte
Hekpoort Andesite with pyroclgstics,some quarizile ond shole 0-500
Andesite '
Silistone and shale
Boshoek Quartzite, subgroywacke 0-30
Conglomerate
Shale with diomictite
;Airlxrebull Quartzite siltstone, ironstone 9001600
Shale and mudstone
Quartzite
Rooihoogte . . 0-50
Bevets Conglomerate Member/ breccia
Limestone with quartzite, conglomerate, diamictite
Duitschland Shale 0 -700
[t Dolomite
o
8
a Penge tron formotion, carbonaceous shale, 0= 600
&8 minor carbonate ond breecia
z
S| _ ol Friseo Chert- free golomite, primary limestone [ carbonaceous shale ot base 350
5| E g [ Ecates Cbert-rich dolomite 300
E & Lytlehtan Cherlt~ free dolomite 120
§§, Monte Christo Chert =rich dolomite 400
Qokiree Gark dolomite —incorporates carbanaceous shale and quartzite 30
Quartzite, minor shale
rolo Basalt Member
Block Reef Sero ‘B sait Membe ©-500
Querizite Quartzite,
Conglamerate
Quartzite
Sadowo Shale Shate, mudstone 0=150
Mabin Quartzite Feldspothic quartzite some subgroywocke O -100
[C]
& Shale
o | Selati Shale 0—1000
= Argitiaceous quartzite, subgroywocke ard carbonate
hale
2 Sericitic quartzite, suligroywacke
Shale
Schetem Arkose 0 -140
Conglomerote
Basalt, pyroclastics
Abel Erosmus Sericitic quartzite, arkose, subgroywacke _
Sascit Basolt 0 - 500
Delomitic shale, chert
gasalt
Arkose
Shole 0 - 240

Sexorarp

Sericitic quartzite, subgraywacke
Conglomerate
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Appendix F. Computer Modelling Programs
F.1 Pearson Correlation Coefficients
Pearson correlation coefficients provide a numerical
assessment of bivariate data (Goldman and Weinberg, 1985) .,
These coefficients are a quantitative measure of the
tendency of bivariate data to lie along a straight 1line.
Pearson correlation coefficients are calculated by the
formula:
ngxiyi - (£€xi) (gyi)
Vngxi®= (£xi)% 1[ng yi*- ($yi)7]

Y =

(F.1)

where r = correlation coefficient
n = number of data points
xi = individual x data points
yi = individual y data points
%2 = the sum of

The degree of correlation is numerically classified as

follows:
Weak when -0.3 < r > 0.3
Slight when -0.55 < r < -0.3 and 0.3 > r > 0.55
Moderate when -0.8 < r ¢ =0.55 and 0.55 > r > 0.8
Strong when -1.0 < r < -0.8 and 0.8 > r > 1.0

Correlation coefficients wused in this study are calculated
using the Statistical Programs for Social Scientists package
(SPSS) . This software program can be accessed on New
Mexico Tech's SUN computer system. The tests of
significance determine the probability that the observed
correlation exists from random variation. The significance
value 1is dependent on the sample population size and
correlation coefficient values. A significance value of 0
indicates a high level of confidence in the observed

relationship. Significance wvalues for correlation

coefficient calculations are given in Table F.1l. '
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Table F.1 Tests of significance for correlation coefficient
calculations (n=63).

Correlation coefficient (r)* Significance
1.00-0,53 .00000
0.52-0.50 .00001

0.49 .00002
0.48 .00003
0.47 .00005
0.46 .00006
0.45 .00010
0.44 .00016
0.43 .00021
0.42 .00029
0.41 .00047
0.40 .00065
0.39 .00073
0.38 .00115
0.37 .00147
0.36 .00194
0.35 .00240
0.34 .00325
0.33 .00432
0.32 .00566
0.31 .00691
0.30 .00812

T e o o T o i i i U 7 o i s e o ol o e o " ——————— - —— it — 1 o — — e - o

*, absolute value
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Mass Balance HEquations

Mass balance mixing equations are used to calculate the
relative contributions of end member source-rocks (granite,
tonalite, tholeiite and komatiite) to the various Kaapvaal
craton sedimentary sequences. End member compositions and
calculated mixing results are summarized in section V.6(H),
Table 13a and Table 13b. The MASSEAL mixing program is
given in Table F.2. Thisg program calculates an elemental
concentration in a mixing product (sediments) derived by
mixing various proportions of end member source rocks. This

calculation follows the general formula:

{Ag = z1) + (At x z2) + {(Ab x 23} + {(Ak x z4) = As {(F.2)

where Ag = Concentration of element A in granite
At = Concentration of element A in tonalite
Ab = Concentration of element A in basalt
Ak = Concentration of element A in komatiite
As = Concentration of element A in sediment
2zl + z2 + 23 + z4 = 1.0

Calculations of this equation are repeated until a best fit
is obtained for each o©f the five elements given in Table

12a.
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Table F.g Mass balance mixing program (in MBASIC) used for
calculating source-area abundances.

-‘-————w—u———-—*_—__—-—————-—-——‘ﬂ.ﬂ———-————-—-—-——-————-——-_—-—-—

LPRINT TRB(25) "MASS BALAMNCE EOQUSTION® tLPRINT :LPRINT
LPRINT "R = alx1 + A2ZX2 + AZX3 4+ . . . . .ANXN®
INPUT "NUMBER OF ENTRIES® jM
DIM ACH)

INFUT "SOLYE FOR R,A,0R X—-TYPE R,A,OR X <RET>";Hs
IF H$="R" THEN 60 ELSE 120
LPRINT "EMTER DaTa:"
FOR I =1 TO N
LPRIMT "@"313°=";:INPUT &(13 tMEXT I
FOR I = 1 TO M:LPRINT "%"3I3"=";:IMPUT X(1):NEXT I
R=0:FOR I = 1 TO N

Ro= R + ACIY*X(D) sNEXT I

LPRINT "R = "R

INPUT "RETURN TO BEGIMMING? Y/N" ;D%

IF D#="Y" THEN 40 ELSE 220

LPRINT:LPRINT "M = R/L - ALX1/L - A2X2/L - ..... AN

LFRINT "EMTER DAaTa:®

IMNPUT "R=";R:INPUT "L=";L

FOR I=1 TO N

LPRINT "A"3Ii"="; 1 INPUT &013NEXT I
FOR I = 1 TO MiLPRINT "X";Ii"="3:INPUT X(I3:MNEXT 1
T=0FOR I = 1 TO N

Y =Y = ALy tHEXT 1

M ={¥/ L) + (R/L)

LPRIMT "M = "M

IMNFPUT "RETURN TO BEGIMMING? Y. /N";B%
IF BE="Y" THEM 40 ELZE z20

EMD
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