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ABSTRACT

The presence of granite of pre-Witwatersrand age forming the core
of an updomed and overturned sequence of strata at Vredefort, South
Africa, has been known for over seventy years. It is only recent geo-
physical , geochemical and geological evidence that has given rise to the
proposal that the basement core has also been overturned, presenting a
section of the earth's granitic crust to view. Comprehensive geochemical
and isotopic studies on this section are presented in this thesis.

Two distinct annular zones which were identified by their geologic
and petrographic charact r have distinct major element attributes. The
deepest crustal levels, exposed in the central parts of the dome, arc
represented by the highly siliciou Inlandsce leucogranofels (ILG) which
is character: ed by the absence of ferro-magntslum minerals, and a strongly
marked tectonic fabric. Inclusions of metasedimentary supracrustals and
pyroxene gr .nuliti , MEM-ir inter layered with the Inland'i. leucogranofels,
The outer granite gneiss (0GG) forrv, a 10 km wide peripheral =zone to the
inner core. The gneisses vary in composition, nd in general show a pro-
gressive increase in cafemic character from the margins, inwards: the geo-
chemical variations suggest a partial melting model for the development
of the outer 10 kr of the Vredefort crust.

Detailed trace element profiles across the granite basement indicate
that (i) the central part of the core 1is depleted in the large ion litho-
phiie elements , Th md Kb, relative to the perimeter, (1ii) the concen-
trations ol U, Th and Kb falls ofi regularly from the granite margin in-
wards , and the di itributi n of these element', over the outer 8 km is
consistent with an exponential depth-function, and (iii) the central part
of the core 1. chara.teri aid by high K/Kh, Th/U, K/U, K/Th, Ba/Rb and low
Rb/Sr tatios, and it is only the outer 5 km of the basement core that has

elemental ratios which approach those found in "normal" surface granites.



The heat generation from the entire exposed vertical section of the
Vredefort granite, together with heat production in the overlying strati-
fied rocks, has been examined. By comparing the heat production in the
crust to heat flow in the nearby Far West Witwatersrand goldfield, a
reasonable estimate of the heat flow from the mantle has been made. A
value of between .25 and .36 HFU has been estimated. The mantle heat
flow has an important bearing on the depth of the lithosphere - astheno-
ephere boundary. On the basis of the mantle heat flow wvalue, the depth
to the low velocity zone beneath the Southern African sub-continent has
been estimated at approximately 300 km.

Whole rock Rb-Sr, Th-Pb and I'-Pb isotopic investigations were made
on the granite and ba ic rock-, oi the Vredefort basement. The measured
ages and initial ratios provide evidence that well preserved remnants of
sedimentary supracrustals and basic to intermediate volcanics existed as
a prot, crv t in pro-3.5 1 .v. tine . Further, these result , have a direct
bearing on the question of movement of material between mantle and crust

in Archaean times, and suggest that a major phase of sialic differen-

tiation fr = the mantle urred cl. to 3.5 b.y. ago.

It is argued that cin 1 .8 b.y. ago high grade metamorphic conditions
in the fclsic r cls (1!(.) of the lower Vredefort crust effected complete
isotopic 1.hi: genizati n of the KS-Sr isotopic system. It was during this

period that uranium depletion occurred in both the fel ;ic and mafic rocks
of the lower Vredefort crust. The Th-Pb sy tom of the felsic rocks was
partially effected but the mafic roe, have remained a closed system with
respect to both Rb-Sr and Th-Pb.

In the upp"i Vredefort crust (0OGG) good whole rock isochron ages of
~ 3*° b-y- are obtained for Rb-Sr, Th-Pb and 1l1-Pb isotopic systems. The
primary ratios for both Rb-Sr and U-Pb suggest that the 0OGG was derived
from the mantle hurtly before 3.0 b.y. However, evidence of a complex

tectonic and thermal history, and an anomalously low Pbtt)fi/Pb‘ initial



ratio has led to the conclusion that prior to 3.0 b.y. ago the 0GG
pa "licipated in a crustal history of about 550 m.y., characterised by
relatively low Rb/Sr ratios and low u and ry values (before taking on

their present-day values).



1 INTRODUCTION

The Vredefort granitic basement 1lying near the centre of the Wit-
watersrand basin, 1is one of numerous basement domes found in the southern
Transvaal and northern Orange Free State in South Africa. TheVredefort
structure, however, 1is unique in that the collar strata, which formprominent
semi-circular series of ridges around the central granite core, are largely
overturned. This st-iking feature of Vredefort geology has attracted the

attention of geologists since the turn of the century.

The first description of some of the features of theVredefort dome
was made by Hall and Molengraaf (1925). A detailed map and geological
description was presented by Nel (1927). A later detailed petrographic

and chemical investigation on the Archa an p mite was made by Willemse

(1937) . These inve ticat ions showed that t v granite core leither in-
truded nor metamorphosed the collar sedir- t . ind"eating that the granite
margins were solid and cold at the tiru- of updoming. A dttailed petro-

gvaphic study of the post-Witwali rsrand igneous and metatr.orphic phenomena
in and around the Vredafort structure was made by Bisschoff (1969).

The origin of the Vredef rt don, 1 <controversial md has been the
subject of disputes for several decades. A ieteorite impact origin was
proposed by Daly (1967) and was later augmented by Dietz (1961), who
claimed that shat toroiu- found in the Vndefort area (Hargraves, 1961),
are unique to met< irite impact sites. The principle arguments for and
against a meteorite ir; origin for the Vredefort structure are out-
lined by Hargraves (1970).

Poldervaart (1962) iirst drew attention to the possibility of singu-
larities 1in the age patterns of the old he enont granite. He suggested
that during uplift the extreme margins of the central granite may have
been partially recrystallised, thus enabling the age of the updoming event

to be dated. Slawson (1976) tested this theory.



A Rb-Sr whole isochron for the basement granite obtained by Slawson
(1976) vyields an age of 2850 * 60 m.y. These data "show that on the scale
of the whole rock samples the geochemical regime of the Vredefort granite
as set prior to the 'extrusion' and has been retained for the elements Rb,
Sr and K."

Although Slawsonls study provides no further clue as to the age of
the Vredefort structure, an additional dividend ari ing from his work was
the remarkable "bulls eye" pattern of the Rb/Sr and K/Rb ratios, that led
him to suggest that the rocks it the centte may be representative of a
deeper section ot th. earth's granitic crust than those at the perimeter.
If this interpretation is correct, "it would appear that Vredefort provides
a unique opportunity for geochen ical and geophysical examination of a deep
section of the earth's granitic crust" (SI wson 1976).

In this present work, it was not anticipated that any single geochemical
or isotopic study could provide dcfinit e ! Knee for a "crust on edge model",

although the integrate 1 results, taken in the context of the geological

evidence v.re expected to provide a reasonable test. In essence, the study
was directed at these question : will detai ed work confirm Slawson's con-
jecture?, aid if th :ijci cur, 1s <anfirtned, what behaviour will be ex-

hibited by the major and trace elements in a deep crustal section? Par-
ticular attention v, given to the radio-cloments, with a view to improving
our knowledge on some of the problems of terrestrial hiat flow and the
temperature distribution within the crust.

The presence of basic to intermediate rock : occurring in the granulite
facies from the interior ot the basement core was described by Hall and
Molengraaf (1925) and Nel (1927). The existence of rocks of varying
lithologic character indicated the need to re-examine the Rb-Sr whole rock
isotopic data as presented by Slawson. Furthermore, additional Rb-Sr

isotope analyses were carried out fot the purpose of observing the effects



of depth and increasing metamorphic gm on this isotopic system.

The U-Th-Pb inotopic results from e+ n Vredvfort basement have a
significant bearing on the recor truei:H I of the vlironological history
of the Precambrian crust. These result

, hich are reported in a paper

by Welkc et al. (Ms. in preparation), 1ix Mircusst-n here in depth.



2 GEOLOGICAL OUTLINE

2.1 General geolory

A brief review of some of the principal published investigations on

the Vredefort structure haBl already been c,iven in the previous chapter.

The geological observations provide the framework upon which more recent

geophysical and geochemical studies have been carried out, and a brief

geological description is now given. A detailed description of the

geology and structuril setting is available from liaughton (1969)

The Vredefort structure is located 'w 110 km south-west of Johannes-

burg and 1is centred uni’ the towns of Vredefort and Parys (F.gure 2.1)

The basement granitic core .'ieh is about 50 km in diameter, outcrops

near the centre of the Witwatersrand Basin. The southern and eastern
portion,-, of the structure are covered with flat-lying Palaeozoic Karroo
strata. On the northern and western sides of the dome overturned Pre-

cambrian strata of the Lower Ki twaterstand Group form a rim around the

central hub of Archaean granite. These Precambrian strata reach a total

thickness of about 15 km and where inverted, are seen to be dipping

FIGURE 2.2 View of the northern rim of the Vredefort structure.
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steeply inwards towards the Mrani te ¢ ic (@ igure 2.7?). Elsewhere
around the collar the sediment; are more vertical in attitude.
The mantling strata of the collar rust have undergone striking structural

disturbances in order to ao i.naiodat< the structure (Nieolaysen, personal

communication) . The outcrop It ,gth of the Lower Witwatersrand sediments
has been considerably short, u siby obi iquo faulting. Over the exposed
portion of the Orange Grove g n t/.it- tin amount of shortening is about

7% (Manton, 1962). Before uplift t1 pit < ntsurfa e exposure of the unit
was evidently located on an .re of greater radius than the present peri-
meter. Similar r urv ent <a ti ita t! at occui higher up in the sequence

indicated that tl« rel .tive rv tal rt ning dec: eases with radial distance

from the centre.

Bishopp (19an noted that the tati raphic thicknesses of the collar

strata are closely .nvparable with th insured elsewhere in the Wit-
watersrand basin. The coll astrat t ippeai to have behaved in a
compet at fashion during upd ing at ®t,;, mechanism of updoming requires
either extensive : « i1 fault « h. tering of the collar strata
(Nieolaysen, pen >n .1 communi 'illn) .

A number of intrusive «r of N r- \t age petrography and mode

of emplacement occur within the grate 1 ,sement and surrounding strata.
These intru ive 1 . ®W been d. rib- 1in ! t i1 by Bi e*schoff (1969) and
others; their m in features an sui a ls- 1 below:

(1) Tholeiitic si1ll occurwithin the granite and the Lower Wit-
watersr.md sedi: nts. TL -e 1ills, which are cut by faults
produ id during uw -iomin 'ppear to be conformable with the
bedding plane:; of the s' limruVs and are vertical or near
vertical in attitude. L - of the tholeiitic bodies show
evidenc of bavin ©been differentiated while in a horizontal

position, and now how features of upturned sills.



(it) Genetically related alkalic granites and nepheline syenites
have been intruded into the northern portion of the over-
turned rim sediments. The thole iitic and th*» alkalic in-
trusiven contain pseudotachylite, shatter conc-s and micro-
scopic evidence of shock deformation (Hargraves, 1970;

Bi sschof £, 1969). The Roodekraal igneous complex 1is intruded
into the Pretoria Series strata of the Transvaal Group to

the southeast of Potchef:troom. It consists of diabasic,
dioritlc and syeni tic rocks. It is probably an intrusive mass
of the same suite.

(iid) Over the northwestern arc of the dome a thin, vertical dis-
continuous dyke of bronzitc granophyrt- closely 'ollovs the
contact betwen the sedi: tnts and the Archaean gianite. The
dyke cuts across all the faults produced during the formation
of the dome. Other shorter dykes of bronzi te granophyre are
found in the Archaean granite near the town of Vredefort.

A most conspicuous feature of the Vredefort dome 1is the presence of
pseudotachylite and shatter ones. It 1is generally agreed that these
features .ire closely related to th< forr ition of the Vredefort structure.

(1) Pseudotachylite, a term us,d by Shand (1916) to describe an
ultra-mylonitised rock is similar in appearance to tachylite
and cuts most of the rock types in the Vredefort area, with
the exception of the bronzite grinophyre dyke. The pseudo-
tachyli tes of the Vredefort dome have been described in a
paper by Bisschoff (1961).

(i) The widespread develop; #'at of hattercones in the collar rocks
of the Vredefort dome was first described by Hargraves (1961)
and later by Manton (1962). The orientations of the shatter-

cones are such that when the rocks of the collar are restored



to tlicir origin il horizontal position, the apices of the
cones point inv.irds to a ventral focus.
2.2 Geology of the hasemi it 'V'LULL1
The most common rock types in the Vredefort basement arc granitic
in composition. In the central region of the Vredefort dome mafic to
intermediate Archaean rod < on ur a e -liths within the felsic rocks
(Stcpto Ms. in preparation). The rafi xinoliths wvary in size from small
pods to large outcrops betv- n 1 an I * kilometres in length. The margins
of the mafic bodit generally appeal t he conformable with the foliation

of the surrounding felsic i, Is

The Steynski.il meta ve z which 1is the type area for
the mafic metarr.srphii. suite, ccurs 10 km from the outer margin of
the basement granit and an: .rs tot t 1 as a collar around the inner
core of the dome (Figure 2.3). TheSteyn .kraal metamorphic zone not
only i irks the Ix 1 r.im of t ocv <n Mof metahasite and mctasedi-
mentary inclusion , hut it i also t! transition zone between the Inland-

In the Steyr.d ® il r, the xe \'i'hs are predominantly banded iron-
stones and riittivti ! chi r: .where in the victvity of the Inland see
near the centre f th d t.isedii ittaccount for only a minor amount
of the mafic rod , which ,re mainl'. ti.abbriv and motanon tea. The
metasc lii ent and xme iVi it occur <1i tinct units interlaycrcd with

the T1.G and account for hita n 3 and 10 of the basement rocks in the
Steynskraal zone and in tie central oc of the dome. It should be empha-
sised that apart from the hMZ, the outcrop;, in the central part of the
dome are exceed in ly poor, and generally the more mafic rocks arc prefer-
entially weathered (Stcpto, personal communication). This makes it dif-
ficult to give a true ass. rent of ILiu. proportion of mafic and felsic

rocks in this area.
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High grade granulite facies rocks frnm the interior of the granite
corc were mentioned by Hall and Molengraaf (1925) and Ncl (1927). Ttie
variation of metamorphic grade across the dome has now been described in
detail by Stepto M™Mr.. in preparation). The OGG exhibit a lower grade
amphibolite facies metamorphism. The transformation from hydrous to
anhydrous mineral assemblages 1s quite apparent in the outer regions of
the ILG. Details of the transition are best observed in the SMZ. With-
in this =zone the mineralogy of the mafic inclusions changes from amphi-
bolites through pyroxene to pyroxene granulites. These changes
occur over a di tance of about 5 km.

Apart from Thv fact that the ILG exhibits a higher grade of meta-

morphism than the 0OGG, the most striking difference between the two suites

of rocks 1is the ..Inost complete lack of mafic mineral phases in the former.
The ILG consists essentially of quartz and feldspar. Ilmenite, =zircon,
monazite 1i:.d rutile occur as accessories. Minor amounts of hypersthene

have been encountered in heavy mineral separates, although not in thin
section (a detailed account of thin section and mineral separate studies
of some selected samples is given 1in Appendix E) .

In many outcrops, espe< ially toward the centre of the dome in the
vicinity ot the Inlandsee, the leucogran fels a striking appearance.
A strong planar te tonic fabric is often evident un these outcrops. This
is due to flattened lenticular aggregates of quartz. In thia section
these aggregates display a well developed glomerogranular texture. In
all cases the quartz 1is completely recrystallised into aggregates of
equant 5 or 6-sided polyhedra. The larger grains form the cores, and
the smaller ones the margins oi such aggregates. Striking granophyric
textures are developed marginal to the quartz aggregates in the most
central rocks of the dome (Nicolaysen, Ms. in preparation).

Although on a hand specimen scale the outer granite gneisses are

not tectonites, the only obvious deformation in thin section being a



faint undulatory extinction of quartz crystals, there are a number of
features in the field uhich indicate a complex tectonic and mutarnorphic
history.

lirstly, the outer granite gneiss varies considerably in colour,
texture and minei ilcgy from strongly banded and layered biotite-rich rocks
through gneissic rocks with a weak foliation to rocks of granitic texture
which may be termed massive and homogeneous. The typical granite gneisses,
which predominate, consist essentially of quartz, pink orthoclase, plagio-
clase, biotite with minor amounts of sphone and apatite. Towards the
inner margins of the OGG there are numerous outcrops which suggest that
a pre-existing more basic rock type has been invaded and replaced by a
more felsic component, and even towards the outer margin where the rocks
are generally massive, remnants of basic material that have been incompletely
incorporated are distinguishable. Discordant quartz feldspar veins are
prevalent throughout the 0OGG and vary from single strings of gquartz and
felspar crystals, to pegmat te veins which are % two metres in width.

Secondly, at least two phases of deformation are evident in the field.
On many outcrops the OGG appears to be massive, but in substantial pave-
ments and all blasted exposures it ha; a heterogeneous and streaky character;
a pronounced banding and mineral orientation (related to incomplete as-
similation of relict rocks) is often evident. At least one period of
folding that has result d in a local duplication of strata ' urred.

In the vicinity of the Iniandsee, a small outcrop of usive
biotite graniti has been noted by Stepto (Ms. 1in preparation). Alt!
the outcrop extends over c. ly @ few metres, its intrusive nature and di -
tinctly different mineralogy and texture from that of the surrounding
basement rocks, 1is of considerable interest for this study. The granite's
texture is massive, and 1t is not a tectonite, as there 1is no evidence of

any deformation. Quartz, feldspar and large (5 mm) light brown biotite
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flakes make up the essential minerals. The lack of any deformation

textures suggest that ills rod postdates the updoming event, and could

thus supply valuable information as to the time of emplacement of the

Vredefort structure.
2.3 Evidence for m overturnt 1 crus*

The depth of penetration of a radial profile across the dome, which

is based largely on the geological evidence for an overturned crust, is

discussed in some detail in chapter 4, sc, tion

However it is convenient at this stage to outline briefly some of

the features of an overturned ctust. It ha, been observed that the dips

of the rim sediments change in 1 regular iashion as one proceeds from

the granite contact outwards (" mton, 1962; Bisschoff, 1969). This

regular dip change manifests basic mechanical characteristic of the

15 km thick stratified column during overturning. If this mechanical

"style” were to continue inwards into the granite basement, that is if

the regular diminution in the degree of overturning continues steadily

into the interior of the structure, then a considerable vertical section

must be exposed to view (lig. [.4).

Bisschoff (1969) first drew attention to the fact that a si 1 of

the tholciitic series empl tced into the basement over 1 km inwards rrom

the Orange Grove quartzite has an inverted sequence of differentiates

(Fig. 2.5). This sill (and several others) were clearly intruded in a

near horizontal attitude, differentiated and then updomed and overturned.

The surrounding basement must also have been overturned.

At about 10 km from the granite margin there is still reason to

believe that the attitude of the basement is still steeply inclined.

This 1is demonstrated by the fact that in traversing inwards through the

sMzZ one 1s continuously passing into new and deeper crustal units,

as reflected by the changing metamorphic grade (i.e. from amphibolites

into garnet pyroxene granulite over a distance of about 5 km).
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In a later chapter (8) it will be demonstrated that this granulite
facies mctamorphism was completed at least r'2800 m.y. ago, long before
deposition of the Transvaal Supergroup (of the upturned collar strata);
thus it 1is highly 1likely that the granulite metamorphism was completed
when the crustal section was essentially horizontal.

2.4 Sequence of events

The field relationships, and the time ol emplacement of the alkali
granites and associated syvnitv;, and the basic granophyre dyke, are
crucial in determining the time of updoming of the Vredefort structure.

The alkali granites are extensively cut by veins of pseudotachylite
and contain abundant shatter cones. Dietz (1961) contends that these
features provide evidence for r.ete rite inpact, which in turn implies
that the aVv granites were intruded int iessentially flat lying sedi-
ments prior to the development ot the Vi. lefort structure. However the

field relationships indicate that the alkali granites were emplaced after

the overturning, and hence that their sin features are unrelated to the
mechanism of overturning (Hisscl; >ff 19f>9) . On the other hand the in-
trusion of the basic granophyr< dyke i <clearly post-overturning. The

basic granophyres lo n< t ¢ ntain shock defur at ion features, and the
nature of the outcrop 1is clearly transgre;; sive to all features such as
radial fault h might be cl- wly with the formation of the
structure. Radiometric age determinations on the alkali granite give an
age which 1is no more than 70 m.y. older than the age cf 1970 m.y. for
the basic granophyre (Nicolaysen et al. 1963).

Summarizing the known facts, the updoming postdatos deposition of
the Transvaal Supergroup and the tholei!tc sill intrusions, and predates
the intrusion of the basic granophyre dykis. The time of updoming relative

to the intrusion ot the alkalic suite is not known.
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3 ANALYTICAL PROCEDURE
3.1 Sample collection mnnil prtpar 1'

150 rock samples of between 5 and 10 kg each, were collected at the

points shown mi Figure 3.1. Samp If; of this size were considered large
enough to rep ak closed systems for whole rock isotope analyses and
geochemical stu<. S. 80 samples w< re collect ad on near linear traverses
extending radially . -~oss tl.e cirm] ir massif, as indicated in Figure 3.1.
o>*
O(:Si
km

FIGURE 3.1 Samp le Lor Mions.



These samples were collected at approximately J km intervals along three
traverses avoiding a systematic bias towards a specific petrography. Rocks
of granitic composition are overwhelmingly the most common type in the
Vredefort basement. Seven samples of the mafic me tamorphic suitn of
rocks were collected. The samples which are representative of this suite
are indicated in the chemical tables.

bresh, cleaned (visibly altered portions of any rock were discarded

prior to crushing) samples wen crushed sufficiently so as to pass through

a mesh size ot about 6 mm. At this stage a representative fraction of
approximately 100 gm was split off. This portion was powdered and homo-
genised in a Sieb chrome-stainless steel cylindrical crusher. Portions

from the same rock powder were used for all the analytical techniqgues
applied in this study.
3.2 X-ray fluorescen.f

All samples collected were analysed for Rb, Sr, K, Na and I by XRK.
In addition 80 selected sump les from the 3 linear radial traversi were
analysed for <t, Nb and Zr by XRf . The results arc presented in Tables
4.1, 4.2, 4.3 and 4.4. These tra”e elements were determined by th<
author on a Phillips P1410 X-ray fluorescence spectre eter, following
the procedures described by Cherry et al. (1970).

The XRF data Wtn processed with the aid of an IBM 360/50 computer,
using programs written with th. assistance of T.S. McCarthy, D. Crampton
and B . Wyatt. Further details on running conditions, data reduction and
analytical precision and accuracy are given 1in Appendix 2. Major element
analyses presented in this study were performed by the General Superin-
tendence Co. Pty. Ltd.

3.3 Delayed noutnm activatiimxsn
Thorium and uranium concentrations wi-ro determined by means of the

delayed neutron activation method. The analyses wire carried out by the
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author, using one of the pneumatic transfer tubes of the DIDO reactor at
the Atomic Research Centre, Harwell, England. The counting equipment was
set up by N.H. Gale of the Department of Geology, Oxford University. The
method used in this study follows a similar procedure to that described
by Gale (1967). Details are given in Appendix C.
3.4 Water analysos

Analyses of the water content (11,0 ) of the 80 samples collected from
the radial traverses were carried out (on apparatu set up at the Bernard
Price institute of Geophysical Research, Johannesburg). The method, in-
volving heating and condensation, follows that of Maxwell (19'8) and has
been modified to suit the needs of thi study. Details of the method are
given in Appendix D.
3.5 Mass .pecti 'try

The techniques employed in the tnalys is of Kb and Sr in whole rock
powders follow closely th * reported by Allsopp et al. (1968). The
chemical procedure and instrumentation used in this investigation are
briefly described in Appendix A, where details of data reduction, precision
and accuracy are also given.

Isotope dilution analytes of U and Pb were carried out by Welke fol-

lowing the procedure outlined by We Ike et al. (Ms. in preparation)e Des-
criptions of the chemical methods and ma ; spectr ometry are not given in
this work and ire fully d tribed elsewhere. Three Th analyses were carried

out by K-atners it the National Bureau of Standard Laboratory in Washington
in order to check the delayed neutron MBtivation results. The methods wused

were similar to the < uad for uranium by Garner et al. (1971).
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4 GEOCHEMISTRY

4.1 General theory and discussion

The main emphasis of the present geochemical investigation concerns

the distribution of Th, U,K, Rb, Sr and Ba within the Vredefort basement.

All rock samples collected from the basement granite were analysed for

these elements. The results are listed in Table 4.1 (Tables 4.1 to 4.4

are to be found at the end of this chapter pp 61 to /I).

A more detailed gvochemi .1 tudy, which includes the major oxides

and the trace elements Yt, Mb and Zr, was carried out on the rocks along

th. radial traverses. The results are given in tables 4.2, 4.3 and 4.4.

B* fore presenting the geocheui c.il data obtained in this study, the litera-

ture on the general geochemistry of selected trace elements is discussed.

This provides a background on the behaviour oi trace elements during ig-

neous and me tar: rphic processes operating in high grade granulite and

granite gneiss terrains. Although the literature mainly covers investi-

gations on specific igneous rock uit. B the information most relevant to

this study cernes from work on high grade metamorphic rocks occurring in

deeply eroded Archaean ba cment terrain

(a) tjit.!-s inn and Rubidium

The behaviour of the alkali metal pair K-Rb 1is reviewed by Erlank

(1968), who includes 1 ummary of all reliable data available up to 1967.

Rub id um and potassium provide a good example of geochemical coherence

because of the similarity in ionic radii and chemical behaviour. This

similarity is demonstrated by the fact that Rb 1is always incorporated in

K-mincrals, and form , no mineral of its own. It follows that the most

important Rb accepting minerals are the mica . and K-feldspars. The Rb

content of these minerals increase with increasing differentiation of

the host rock, and is at a maximum in late stage pegmatiti ; and K-

minerals.
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The Rb ion is larger than the K ion, and is preferentially accepted
in the 12 coordinated pota:;..ium : t( in the micas. Consequently K/RDb
ratios arc always lower in mica than K-fe Idi.par.-;. Mainly because of the
larger ionic size Rb is enriched dative to K in low temperature ((-miner-
als and in fractional crystalli:; dion Rb will be preferentially concentrated
in the felsic fraction , and the /Vb ratios will decreasi' in a sequence

from mafic to leisic ro k:..

The relationship between K/Rb i itins nd met amorphic grade in mr-ta-
morphic rocks are at piv wvnt not well do.n: -nted as the corresponding
trends in ignt’OUh rock itv. Tht avera“.e K/Rb ratios from granulite

facies rocks varies con idtrably nd genvi 1lly values arc significantly

higher than th accepted <rust.’ .1 1 .10 (T.iylor et al. 1956).
Sighinolfi (1971) report in :ivvi * v.lue of 6 6 for high pressure
granulite reck, from theBrazili n hield. Thi value is in good agree-
ment with tin data obt m I fn er gr .imlite terrains by Lambert and
lieier (1968) aid Heier . ! "™h : a (1xk21). ihe granulites of the
Lewisian gtui ¢ ; of th tt.! i linlanil h ive K/Rb ra'.ios 1in excess

of a 1000 (Holland and !a; leit, 1 >).

(b) Vr; Bi and T

Geochemical cohei 1 bety, n uraniv and thorium, a . predicted by
the similarity in ioni p: )port i . ha Dbeen n p rted by Heier and Rogers,
1963; Heier md Adam , IV' J and 't and Adam , 19609.

Like K and Rb, T1 and U il},< in. *e :a 1in , nenntration during normal

magnntic differentiatiu . U we\ r, unlike K and Rb, the precise location

of the radioactive elenent * in 1 f. rming mineral:-, 1is more varied. The

classical method for studying the rule of occurrence of the alpha-emitting

elements in rock-forming mineral'; 1i; by autoradiography which involves the

use of thin films or plate, of alpha-sensitive emulsion. The principle

conclusions derived from autoradiographic .Indies of igneous .rocks are

summarized by Rogers and Adams (1969), as follows:
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(1) Most granites have a major portion ot their alpha activity
concentrated in small grains of accessory minerals, °<Buca as zircon, al
lanite, huttonito and monazite, the thorium and uranium occupying one
or more of the cation sites in the lattice as a major constituent. In
many granites, however, there 1is also appreciable cnc on'ration on grain
borders or disseminated through the minerals. In minerals such as k
feldspar it is uncertain whether the I and TIh occur in lattice sites,
interstitial positions, sub-microscopic defects or perhaps in the form
of individual small grains of Ih and U mineral

(i1) Gabbros and other basic igneous rocks have their alpha activity
distributed fairly evenly among th< wvartou major constituents. Imm
these facts Rogers and Adams (I )69) conclude that most mtner.i. > containing
appreciable amounts ot thorium and uranium form quite late en tin 1i,neons
crystallization stqgquence.

Thorium and uranium concentrations vary considerably in any particular

rock type and rather than listing average values, Rogers and Adams (1969)

In granites the radioactive elements show extreme variation from one type
of plutonic acid rock to another. Roger and Adams (1969) give a general
range of between 10 and 20 ppm fi & thorium and 1 to 4 ppm tor uranium in
granitic rocks.

The average Th B ! U concentrations of the continental crust may be
estimated from concentration data given for tie major rock types, provided
that the proportions of the various rock types which make up the crust are
known. Rogers and Adams (1969) estimated that less than a0% of the. ex-
posed earth's crust i; graniu ind that most of the remaining continental
rock types contain lc thorium and uranium than granite. The average

Th content of the crust is thus estimated at 6 to 10 ppm, whereas U is

estimated at about 2 ppm (Rogers and Adam;, 1969).
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A more realistic study by Lambert (T)71) 1is based on a detailed

investigation of the iadioelemein concent iat Inns in Lig.h pressure granu-

lite facies rocks from the South West Australian shield. Radioclement

concentrations 1in the granulites are stati tieally compared to abundances

in more "normal" surface granite.. The ciu tal abundance of U md Th

calculated on the basis of this model an siguific u-tly lower than pre-

vious estimates (U * 1.1 ppm and Th = A.h ppmnm).

Analogous to the K/Rb sy small wvariation in the Th/U ratio
would reflect a general coherency in the g<orhcmistr> of Th and U. The
average Th/U ratios for a vari« \ of dilt. rent igneo : rock typ( were

reviewed by Rogers and Adams (IV '<), A1l tin report' 1 Th/U ratios fell

within a range of 2.2 to 6.3. The varied r.uk type ivcred include
ocean floor basalts and graini « .. An avx *age ot $ t< 4 1is generally
accepted.

Lambert and Heier (1967) found that t; Th/U ratio tended t be

greater than 4 in low grade r t i rphi t 1 , whil t it is gent rally

less than 4 in pyrvxvnc gr snuli te :iciv t 1 itl.rmotv, it has

been noted that uranium and thoriu: conctutt ttion ie pyroxene granulite

rocks ar< significantly depict* I relative t amphii 1lit. faci«r. rocks of

comparable major element chen.i -ery (Hcici .aid Thor n on, 1970; L.vbcrt and
Heier, 1067, 1968; :oghinolfi, 1971; Lai urt, 1971). These authors suggest
that the variations of the rud Lu-lement wit' l'iet. rjiiic grade are con-

sistent oith partial melting dar in/, deep <ru t.l n t trphism; specifically
water, thorium and uranium ar< believed to ive pt.ferentially into granitic
magmas which migrate to higher riustal It .Is.

Heier and Adams (1965) also found tf it there was a possible decrease
of the average Th/U ratio with in- rea.iti) , tamorphi m. This vl lvet, how-
ever, was obscured by the fact that in gneiusic rocks o( different meta-
morphic grade Th/U ratios varied within vide limits and .at the ratios

were often higher than the commonly accepted ratio <! 1 to 4. The
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variations in ratios were largely attributed to fluctuati. i in U concen-
trations, as high ratios appear to relate to much lower than "normal" U
content rather than to high Th content.

A characteristic feature of uranium is its ability vi> be oxidized
to the highly soluble uranyl ion (U(>, ’). The solubi lity of the oxidized
uranyl complex ion renders U more mobile in metamorphit prorc ses. Meier
and Adams (1965) attribute the observed variation: in Tli/1! i LLos to
uranium oxidation and its subsequent r >val in i -tamorp'.iir |,roces«;es.
Erlank (1971) came to a similar conclu ion, and .suggested that Th/U
ratios may be utiod in evaluating oxidation condition, ( . op. 1 versus
closed systems).

Inferred radioelement distribution profiles with d, :th. based on
the average abundances in the surface t'aield rod of South W. t Australia

and the Musgrave Range granulites, hav, been calculated k. L. >ert (1971),

(Figure 5.1). On the basis that nor: tl1" Ih/U rati (eg. values around
3 to 4i are fvund in both the surface ield ro< and tl r. nulitvs
(which presumably arc representative of the lower crust). La' ,t (1971)

contends “hat normal Th/L ratios extend over t" t of a 30 *n profile
through the continental crust. Lambert concle J -hat the oxidation
and depletion of uranium at 1.iw meta" rphic .ntl t1 1 subsequent
concentration ol t! is eluncut (relative to Th) in uoar surf n rocks, has
not occurred to any great extent.

(c) PotosMium, Thorium tnd Urani i

The close geochemical relationship existing between K, Th and V was
first established by Heier and Roger (1963) . The near ( nsi . ,'yv c the
K/1lh and K/U ratios was claimed in the older reviews by V e. iiburg et al.
(1964) and Shaw (1968). With respect to K and U, Cast (1V<>8) noted: "it
is indeed remarkable tha' two such t .emically di-.similar el show

so little variation in their relative abundanc< in rocks". Figure 4.0
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shows the variation of K/Uratios ...a function of K in a number of rock
types given by Gast (1968). Them>.u K/U and K/Th ratios for the Canadian
shield are 1.05 x 10' and <..'5 x 10 respectively (Shaw, 1968). Wasser-
burg ct al. (1964) sugge:tBd that . /I! ratio if Ix 10% is characteristic

of terrestrial material.

In the high grade met & rphi ' of wt South West Australian
Shield, Lambert and liciei (1967) i ¢ ;t! it whtMf.is the K/U and K/Th
ratios in the malic rocks of the j n B rranulito subfa< ivs are con-
sistent with other areas (K/U =1. >X10 Y and K/Th = 0.25 x 10%), the
values 1in the felsic rocks of the pyr xene suhfacies are significantly
higher (K/U ” 6.67 x 10* and K/Th 1. -x 10"). This indic ates that U
and Th are depleted relative .o K .. these lattei rocks.

(d) Bariu: am! Str iy

A close geOk hemical m« 1itit , 1sts betv, *n barium and strontium.
Although much of the wvel< . it 1lit idcvotid to Ba geochemistry,
sit.ilar considerations apply to thekK nt.s occur in the 2+ ..« tion
form, and have si;:,Liar i<rir radii. hi* r.onccntrations of Ba and Sr in
continental crust al rock are si : ntly 1i.Ju r than the abundances

jo
dicating that tin >ler ,t arectitrated in tin continental crust.

In igneous rocks .k : i Sr is* trarr elements distributed mainly
among:.t the 1 lr,pars and : :( trally do not form minerals of
their own. For Ba the mn iis; >rt. ibstitutii n is for potassium due

to nearly identical ion .i,< (Pischei nd Puchalt, 1972; Hall, 1967) and

consequently tin K feld ptr are th. iimportant Ba carriers. In
acid rocks free of k-feld;; ir, biotit isoften the main Ba carrier
(Fischer and Tuehalu, II* '), In Is, ,i. tointermediate rocks Ba sub-

stitutes mainly for Ca in piaj;iocla ie. This substitution occurs less

readily than the substitnllon for 1 in alkali 1\ Id pars and micas.
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Although Ba and Sr are highly enriched in the continental crust,
their behaviour shows association with refractory phases during normal
magmatic differentiation. In basic rocks, however, such as a basaltic

magma (Fischer and Puchalt, 1172), Ba is initially enriched in the 1liquid

phase. With progressing crystallisation Ba is incorporated in K-feld-
spars and micas. These minerals extract Ba from the melt as crystal-
lization proceeds. The last stages of a differentiation series are con-

sequently impoverished in Ba.
McCarthy (1976) considered the distribution of Ba, Sr and Kb between

partial melts and residues dur.ng the progres:ive melting of a gneiss in

some theoretical models based on partition coefficient equations. The
models demonstra' that for a gneiss consisting of only potash feldspar,
sodic plagiocla .nd quai * 'eshen 50" of the rock is melted, Kb is

strongly fractionated into tixe melt, while Ba and Sr are largely retained

in the residue. If 8Z biotit e+ (which does not melt) is present, the

becaus ¢ of the large part tica coefficients of both Ba and Rb in biotite.
The addition of biotite has 1little effect on the Sr content of the melt.
When these model ire applied to a suite of low-pressure granulitc facies
rocks 1in Namaqual ind, South Africa, which are thought to have been derived
by extensive melting f underlying gnei ;es, McCarthy (1976) demonstrates
that the interelement relationship in this district reflect solid-melt
equilibria, Ba and Sr being r t.lined in the residue.

Hall (1967) notes that in the Roses granite complex which is inter-
preted as being formed by a process involving the formation of granitic
magma by progressive partial fusion, Ba 1is most abundant in the mafic
members and fails below the limit of detection in the most felsic rocks.

In the high grade metamorphic terrain of the Brazilian shield
Sigh inn]li (19 71) observes that the deeper crust 1is significantly en-

riched in Ba and Sr by comparison with intermediate rocks of the upper
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hydrothermal veins, formed during the emplacement of granitic massifs.

Lambert and Holland (1974) contend that Y behaves systematically in
igneous, metamorphic and sedimentary rock series, due to its incorporation
in a predictable and uniform manner in Ca-minerals. In all igneous series
Ca/Y falls as Ca falls. In metamorphi ¢ processes Y 1is inert, and Lambert
and Holland suggest that the Ca and Y contents in metamorphic rocks (in-
cluding granite gneisses) are related to the original igneous or sedimentary
complexes from which they were derived.

(f) N ioh ium

An extensive report on the geochemistry of niobium and tantalum, which
show a strong geochemical inherence, is given by Parker and Fleischer (1968)
Vhis report summarizes what 1s known of the geochemical characteristics of
these elements and their occurrence in various types of minerals and rocks.
The following information is taken fr M the above report:

Niobium and tantalum commonly sub titute for one another in minerals
because they both have si:ilar ioni j radii, and occur mainly in the quin-
quivalent state. Both elements are lithophile and are enriched in the
silicate crust of the e rth. The average abundance of niobium in the crust
is about 20 ppm but abundances in different rock types arc highly wvariable.
Twenty-eight granitic plutohs from throughout the world have an average Nb
content of 16 ppt , rang:; from 0.'< to 30 ppm. However, crustal abundances
as well as abun-lan v. 1in various rock types are subject to considerable un-
certainty becau MBof limit. Ion; imposed by the availability of analytical
data.

Most occurn nci , of niobium and tantalum arc as oxides of these
elements. Ni obium and tantalum, h(weVer, occur in minor amounts in many
oxide, tungst ate, phosph ite and ilicate minerals of other elements. In
these mineral , niobium and tantalum are closely associated with titanium,

tungsten, tin, zirconium and hafnium for which they commonly substitute
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isomorphously, by virtue of the similaxity of their ionic radii and other

physical properties. Uranium and thorium commonly occur in the same

minerals as niobium and tantalum,

Isomorphous substitution of niobium for titanium is common, and the

geochemical behaviour of niobium in granitic rocks depends to a certain

extent on the paragenesis of the titanium minerals in which niobium

occurs. Monazite-bearing granite, containing ilmenitc and rutile commonly

contain niobium in accessory biotite, whereat allanite-bearing granites

containing sphenc and magnetite commonly have niob-mi concentrated in

sphene with only subordinate amounts in the biotite. This suggests that

the calcium content of the whole rock may be an important factor in de-

termining the distribution of niobium in the rock-forming minerals. In

some granites hornblende has also been shown to contain a large percentage

of the total niobium content of the rock.

In fvl ic roo, s, niobium generally accumulates in the later differen-

tiates during the crystallisation of a magma. Ugh concentrations of

niobium occur in granitic pegmatites in the lattices of mica, garnet,

tourmaline, ilmenite and zircon.
(g) Zirconiurn

Zirconium occurs only in the Zr'* form in the mineral =zircon. Zir-

conium does not substitute into any of the major phases of felsic plutonic

rocks, that is quartz, feldspars or micas and its distribution cannot be

interpreted in tern of their abundances.

On petrographic evidence, Hall (1967) notes that zircon is one of the

earl minerals to crystallise from a granite magma and it resists fusion

during the experimental melting of granites (Kranck and 0Oja, 1960). Zir-

conium would not therefore he a constituent of the minimum melting temp-

erature mixture. This is demonstrated by the fact that zirconium falls

to zero in the most felsic rocks of the Roses granite (Hall, 1967)
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Investigations on throe granitic pintons in the Southern Black

Forest by Hahn-Wei nheimer and Joharai iitg (1968) ..how a close linear re-
lationship between Zr and Ti. Each plot on shows its own characteristic
linear relationship and plots in a ©pecific Ti-Zr field. In these granites

the Ti occurs mainly in biotite and it is suggested that biotite and

zircon belong to the early crystall!' n mineral in the three granite
pintons.
4.2 Data pn .n: it ion

The variation of majoi and tiace element chemistry across the Vredc-

fo.'t granite i+ 1 -wn for tin- thr. r 11 travi : i in Fig. 4.1 to 4.3
(radial distance from the i irgiu \ : inci :dtrati n) . These profiles
permit a preliminary appro- 1 ot ot v- ml ts.

Ratios of eler- nts uch K/. a 1Ba/l 1 which are particularly

sensitive as geoi iiemical indicator 1 wi been contoured as shown in Fig.

4.4 and 4.5. Thi. moth d dat t , enl it. >n illustrates the broad
trace element ge. l-.emical I. tun th< ban wvnt granite.

For the major part of the di . 1, it has been found desirable
to compile an average secti n thr h the Vrcdefort crust, presenting
the data us a single r file with ; in tie crust for each element.
An averaging process has pt ved . teenc :tieial in an undersf ,ng of
the variation of the radi *leisent try with d*pth.

It is only once the radi.velei.i iit abundances across the \ edcfort

basement are averaged out, that it be nos possible to fit mathematical

mode 1i. to the depth di- tiP ti >n preofi l< .. This is perhaps not sur-

prising as one would expect that n» sequence . should conform only at

the broadest possible scale to convenient mathematical representations.

Because of their significant with regard to terrestrial heat flow, the

radi clement data ire di ae.ed in del nil in the following chapter.
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VVIS=

Thc pvrpo; e of the averaging j>incvdures is to discern and highlight
overall trends, which miv,lit otherwise bo obscured by local geological
variations within the individual traverses. Before the data averaged,

contours of 1 kin horizontal distance intervals were measured inwards from

the Orange Grovi Quart, itv. The p on it outline ol the basemenl-collar
contact was repia lueedvleeely near tli contact. Near the centre, more
circular contotn were it at n. How do tin :.e contours relate t lepth in
the Archaean t cut, @ aied W it 1 11y below theOrange Grove Quartz-
ite? This pn i an I; d in N. lay:.n (Ms. inpreparation).

This paper prevt ats the rel ..tion b tv. .u (vertical) penetration and

hor il nt.al di : u . foit » radical 1} d; ifvrent mud. Is for the uplift of
th. t eat . to. On. 1 a- radial .train within the basement
(all strains . itin r tai lial or wv. t'ti- :1) and the other model reproduces
th. internal (T . ent) :oat i of a la: xratory diapir, with large
radial strain ar th. ¢ air.. Tol the outermost basement annulus
(extending 8 1 inward fi th. cunt act thvr is very close matching

be tv. an cunt, 4 ; hii at,1 di t . (the contours of fig. 4.6 o this
study) and d«pth of pen- ti a 1into the crust. for the inner suite of
contour (fx< th< 9 krlev. 1 ;- th. 13 km level) shown in figure 4.6, the

diff.ien.k b< iB .n —seuit eesar lev- 1 andv.rtical pin tr ition may be as little

as 2 to 2 km, if the in. -I ni < Vn I fort Dbasement uplift are approximated
by either of ii iid.1l: tel. rred to. In the light of the above di. wuss on
the 1/ km profile (r.liil d -tan..) . lopt. 1 in this study will from now m
repr. nt a vertical sv.t a of 14 la through the continental crust.

To present tin data an 1 singl. w, raged dvpth-prof ile, the dome was
first divided into thrn« port ions - Nl , NW, SW in Fig. 4.6. l.iking each

quad) ant scpa ulely, th. averav. r.ajol and trace element concentrations
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within each particular contour were obtained by i-poinc r .ving average

proced, re. Because the SW sector is tnrichvd in the lar + 1 dius

incom-

patible elements such as U, Th and Rb, and depleted in the more refractory

trace elements such as Ba and Sr relative to the rest of the dome, and as

the sampling in the SW quadrant did not extend further inward than this

contour, the averaging of the 3 quadranteteatt i tep® 1* (/ 'm ''‘®H

tour. Thus, to obtain the realistic portrayal of the fall-elf of elements

and elemental ratios with depth in the crust only the NW and Nr. gqu drants

were averaged (Table 4.5 and 5.1). To calculate the overall erustal con-
averaging oi all three se «nt - Ni , NW and S\. i requi red t'-haj-t<i 1e
4.4 Trace el, nt variat: v

The broad geochemical features (illustrati 1 in Figun .4 to 4.5)
are now critically examir J in parti slat to a «;tain v rox 1
are consistent wvith the " . n el <" iel pi d - on (1

The K/Rb r i*i ? in tie Vredefort ba enent di play a fix fold range

about 480) and ipprnximatt to result tu lined fi M the Brazilian and
Australian grnnulite facic terrainThe rock fr. n th. periphery*,
however, have low K/Rb rat i" rangin fr m 150 to 350, tlit verage being
about 240. It is only in the outer 5 km that tin K/Rb lati s approximate
the crustal average of 230.

The geochemical coherence expected from the alkali metal pair is

demonstrated in a K ver us Rb plot (Fig. 4.7). However, only the rocks
from the central part of the dome how a strong pv itive con elation.
The deviation from the linear K-Rb relilionship and the low 1/Kb ra.ios
around the margins are attributed to Kb enrichment.

Details of the variation of K and Rb are presented in a plot of

rRb/k versus depth for NK and SW radial ]Jrof ilvB (i igure .1 and 4.,").

Both profiles show the same general pattern: moving outwards, at about

* For the purposes of discussion the margina granites include all rocks

occurring in the outer 5 km.
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3 to 4 km from the outer margin there 1is a sharp increase inthe Rl /K

values of the rocks. These high Rb/K ratios do not persist, but drop off
steeply towards the outer margin. Apart from the peripheral zone, there
is very little variation over 1lhe remair r the profiles, except for
tha mafic granulites, which are charac - 1by low Rh/K (high K/Rb)
ratios.

The broad feature ¢ ol the Ka/Kb rati . (Figure 4.b) are simi Lit to

those of K/Rb, the values in the centre being consistently higher than

those around the margins. Unlike K which shows little variation a ross
the dome, R.di increa < centrally, and is similar to Sr in its geo hen.teal
behaviour (Fig. 4,8). F.xcept for themalic gr ,nul it® which have lowBa

and Sr concentrations, the concentrations of these elements are > nerally
high in the centre (Ba > 1000, Sr > 350) and doer, e teadiiy towards
the margins.

The uir, triauti n pattern of 11 and Sr differ fr. the other .e¢lativ. ly

refractory trace elements Y and Nb. The latter pair are highly ¢ < cntral d

8, 9 and 15) as well as the mafic granulite . In these rocks Ba and Sr
concentrations, are low .,nd although Ba and Sr how no strict correlation
with any of the major oxides, these elements arc almost certainly con-
trolled by the feldspai , which is to be expected (Bray, 1942; Shimor,
1943; Duchesne, 1968; Hall, 1967).

Another significant feature of the distribution of trace elements
throughout the profile. (Fig. 4.1 to 4.3) 1is that although the mo e
incompatible elements mch as Kb, U and Th reach a maximum concentration
in the region where the pc-centago of H ,0 and heavy minerals are at their
greatest, it 1is not the more mafic rocks such as KK9 wh ich have Lite great-
est concentrations of Kb, U and Th, but rather the felsic rocks which
occur 1in close proximity. This is also seen 1in the zone where the mafic

granulites occur. Samples such as KK16 (Figure 4.1) and VT 127 (Figure
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4.2) have anomalously high Rb, U and Th concentrations relative to any

of the surrounding rocks. Whereas the proportion of mafic minerals cor-
relate with the concentration of certain trace elements (Y and Nb) along
the radial profiles, the proportion of these minerals have no correlation
with the concentration ol the incompatible elements such as Rb, 1lh and I.

In the case of Rb, a has already been mentioned, the major control
is most probably the KeBMfeldspars and the micas. 'Ibis is demonstrated by
the correlation between Rb and K. The exact location of U and Th 1is not
known although they arc thought to occur interstitially or in minerals
such as zircon and monazite. Hovever, it do< ; appear that on average,
the regions along the radial profiles (’;ig. 4.1) characterised by a high
percentage of mafic minerals, md consequently a high volatile content,
have some indirect control on the relative position at which high con-
centrations of incompatible elements occur.

4.5 Averaged tr ce elt® rU prcfil'

The variation of U and Th (Figure 4.9) 1is similar to that of Rb, the
other large radius cation that has been studied. All three elements in-
crease steadily from a depth of 7 kr towards tin margin, although the.
gradient for t: is almost twice that for Th and Rb. The main difference
between the Rb and the Th and U distribution, occurs in the lower half
of the profiles on the outer margin of the Steyn kraal metamorphic belt
(at about 10 km depth)] a piak occur:, showing an increase in concentration
of both U and Th. This feature 1is not exhibited in the Rb concentrations.

Ba and Sr, which behave 1in a similar fashion, show trends which are
opposite to that of the 1 ..ompatibli elements. That 1s, both these elements
are relatively abundant in the lowrr half of the profiles, and then show
a steady diminution ovei the outer 7 km. Like U and Th, Ba and Sr exhibit
important variations in the lower half of the profile: the concentrations
of Ba and Sr decrease to a minimum at about 12 km, which correspond (ap-

proximately) to the centre of the Steynskraal metamorphic zone and then



4.2) have anomalously high Rb, U and Th concentrations relative to any
of the surrounding rocks. Whereas the proportion of mafic minerals cor-
relate with the concentration of certain trace elements (Y and Nb) along
the radial profiles, the proportion of these minerals have no correlation
with the concentration ol the incompatible elements such as R!, Ih and U.

In the case of Rb, as has already been mentioned, the major control
is most probably the K-feldspars and tlv micas. This is demonstrated by
the correlation between Rb and K. The exact location of U and Th is not
known although they are thought to occur inter titially or in minerals
such as zircon and monaziu. Hooever, it does appear that on average,
the regions along the radial profiles (Fig. 4.1) characterised by a high
percentage of mafic minerals, ind consequently a high volatile content,
have some indirect control on the relative position at which high con-
centrations of incompatible elements occur.
4.5 Averaged trace elen rv grol tic

The variation of U and Th (Figure 4.9) 1is similar to that of Rb, the
other large radius cation that has been studied. All three elements in-
crease steadily from a depth of 7 km towards the margin, although the
gradient for 'l is aim' at twice that fur Th and Rb. The main difference
between the Rb and the Th and U distribution, occurs in the lower half
of "he profiles on the outer margin of the Steynskraal metamcrphic bolt
(at about 10 km depth/; a peak occurs showing an increase 1in concentration
of both U and Th. This feature 1is not exhibited in the Rb concentrations.

Ra and Sr, wl ich behave in a similar fashion, show trends which are
opposite to that of the incompatible elements. That is, both these element
are relatively abundant in the lower half of the profiles, and then show
a steady diminution over the outer 7 km. Like U and Th, Ba and Sr exhibit
important variations in the lower half of the profile: the concentrations
of Ba and Sr decrease to a minimum at about 12 km, which c. espond (ap-

proximately) to the centre of the Steynskraal mctamorphic =zone and then



05

«

»

CaO$%

MgO%

K%

Depth (km)

FIGURE 4.9 Averaged major and trace element profiles for the

Vredelort basement

1 to 10 km Outer Granite Gneiss
11 <nl 12 km M.ilit metamorphic inclusions
13 and 14 km Inlandsi?e leuccRrani te

49



100

400

400

14

FIGURE 4.9 Conld .

17

10

AlooO

ppm

8
Depth (km)

G

50



Y ppm

Th ppm

Depth (km)

Flaw: 4.9 Conud.



nom

&

0o——+ -

10 ~

FIC'.IKI, h

Y ppm

Nbppm

U ppm

Th ppm



By

17

FIGURE 4.9 Contd .

Rb/S r

Rl%Ba

K/ER
S
I A 1-— -1 ,1I
10 I S
Depth |km|



once again increase at the base of the profile.

Rb/Sr, Rb/Ra, Rb/K and K/Ba all show little or no variation over the

lower half of the profiles at 7 km from the granite margin there is a

steady increase outv.ards towards the grani t' cont act. In the lower half

of these profiles the elemental ratios are in looping with those reported

for other high grade metamorphic rock,; v.h n . the outer 3 to 5 km have

trace element concentrations and intorelIc: nt rat ios approximating to

average crustal values.

The average distribution curvo for Y md Nb are in many ways similar

to those of U and Th and .no of the other @ , element But there are

significant differences; like the iidiovl- Ent , Y and Kb indicate two

distinct regions of relat ively hi, i concentiuti nt along the profile. In

the lower half of the profilet (7 to 14 ki) tin maximum concentrations of

Yt and Nb occur within the SMZ whert is tl h:HM: concentration of Th

and U occur in the felsic to.ks lyit ii 1 ly above this =zone of

rafic inclusions.

In the outer 7 km of the granite dor.e the lithophile elements show

a steady increase toward the margin, the distribution being roughly ex-

ponential in form (see Chapter 5). Yt and Nb :a .; through a maximum at
about 2 to 3 km from the margin. It is r -ted that the average distri-
bution of HQ very c! ly appr le ,te< the curves for Yt and Nb, thus

tending to verify the u e tion that, the cc-ncntrations of these elements

are controlled by the hydrou min> iils. Foli the outer granite gneisses

biotite is the dominant hydrou? mh em 1, winaaa in the mafic xenol iths

amphiboles, and accessory mineral sinh 1is allanite and sphene are the

controlling phases.

4 .6 Msjor ojhn-nt v.iriation

It is convenient at this stag, to point out some of the detailed

features with regard to the major element concentrations, and the re-

lationship of these features to anomalies in the tiace element variations.
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The broader aspects of the major tIciient di Irihut ion are discussed in
the following section.

The sympathetic relationship between Ti, Zr and Fe 1is evident in all
three traverses (Figures 4.1, 4,2 and 4.3). The positive correlation be-
tween Ti and Fe (Figure 4.10) 1is probably due to these elements being

taken un in ilmenite (and biotite) as very little magnetite occurs in

these rocks. An average total Ft/Ti ratio 1 > % is estimated 1lroni the
slope of the trend (Figure 4.10). It is only in those rocks which have
been identified as metasediments in the 1i<1ld (Litopto, Ms in preparation)
such as VT523 and 524 (Figure 4.2), that this correlation does not apply.
The metasedimcnts exhibit higher ."id r.>wv \ :, i: e total J]e/li ratios.
Because Zr only occurs 1in the ineral MWir )n, and the Fe and Ti
content of the rocks arc associated with tl i iner.il:. ilmenite and bio-

tite, 1t is contended that the behaviour nf th* ?e minerals during igneous

and met amorphic proces. ¢ ¢ 1 ret *¢v.i hy tisect iv tlements. Zircon,
ilmenite and biotite are rt—fr-itory in n they resist molting.

It is therefore possible that tlv relative ucentrntions of Fi, le and

Zr reflect the degree £ odirti w1 t ii tl = - ccurrcd. This expected
decrease in the over ill Aundanrr t Zr,ii .ini'. Fe from mafic to felsic
rocks of the Vredefort bn .ment i.ppat-.nt £: the averaged major element

profiles.

On the bn. is of the hemi il pat -ter * discussed up to this point,
it has not been possible t tdistinguish un u unitsly the different base-
ment rock, previously m nt i ned in this study (Chapter 2) namely: Tnlandsee
leucogranofel s (ILG), mn tabasi te and met A tdi nt try inclusions of the SMZ
and the outer granite gnei (0G ). Foi e Wiple although Y and Nh are at
a maximum in the SMZ , a a re .ilt of the r Tic xcnoljths present, these
high concentrations are not uni(lux to this Min- as they also occur at
higher levels in the profile, llowt ver, the averaged major element chemistry

clearly delineates three annular zom s, each characterised by distinctive
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The broader aspects of the major -lenient distribution are discussed in
the following section.

The sympathetic relationship between Ti, Zr and Fe is evident in all
three traverses (Figures 4.1, 4.2 and 4.3). The positive correlation be-
tween Ti and Fe (Figure 4.10) 1is probably due to these elements being

taken up in ilmenite (and biotite) as very little magnetite occurs i1

these rocks. An average total Ft/Ti ratio of j.s5 1is estimated from the
slope of the trend (Figure 4.10). It is only in thosi rocks which have
been identified as metasediments in the field (Stepto, Ms 1in preparation)
such as VT523 and 524 (Figure 4.2), that thi correlation does not apply.
The metasediments exhibit higher tnd more \ :tini le total Fe/fi ratios.
Because Zr only occurs in the mineral /ircon, and the Fe and Ti
content of the rocks arc associated , ith t: i.Zneral. ilmenite and bio-

tite, it 1is contended that the behaviour of th- ;e minerals during igneous

and met amorphic proccs < is re: K >d by t! < ipectiw elements. Zircon,
ilmenite and biotite are refru tory in n.ti and they resist melting.
It is therefore possible that th. relativ ncentrations of Ti, Fe and
Zr reflect the degree of partial : Itir; tL : In.a occurred. This expected

decrease 1in tie overall abundance of Zr, 11 and Fe from mafic to fclsic
rocks of the Vredefort ba .mvnt i. ..ppartnt fr m the averaged major element
profiles.

4.7 Averaged tjor clc *: pt f£fil.

On the ba 1is of the gcachemi<al para etcr dis wussed up to this point,
it has not been po .sible t .di itin/.uish un !'iguously the different base-
ment rocks previously menti m d in thi tudy (Chapter 2) namely: Tnlandsee
leucogranofels (ILG), mc tabasitc and met a edim.ntary inclusions of the SMZ
and the outer granite gneis B (OGC). For example although Y and Nb are at
a maximum in the SMZ, as a result of the mafic xenoliths present, these
high concentrations are not unigm to thi r.cne as they also occur at
higher levels in the pn file. However, the averaged major element chemistry

clearly delineates three annti Iat zones, each characterised by distinctive
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geochemical features.
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(These trends however do not c¢ at inuv
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is signific intly

lect the mafic character of the
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m w f-isic than the 0GG.) The 1n-

landsee granite is hi hiy depleted in CaO0, M O, FcO and YiO" (figure 4.9 )
whereas SiO , values are signi ii intly hi than in the O0GG (73.66 as
opposed to 71.88).

The averaged profiles have pi vidt 1 ..a Mitii nal dividend of further
controls on some of the trace elt nl d' tri ution j ttterns. The averaged
profiles indicate a strong com. 1, *ior -n tin t ijoi elements sodium
and aluminium and trace e ement 1% an I In rcu of granitic com-
position most, 1if not all, of tin Niat Al i taken up in the feldspar

mineralogy. These oh ervation iuppor
to the controls
the averaged da la

these elements.

Before discussing the

important to examine whether the averag-d profiles

*Footnotc

Since the completion of this study, ma

that the feldspar mimi

i;ply that piagLlocia

impli< itions

i Mtrlivr sug.gr tions with respect

vV ' has on Ba and Sr. Further,
i whe most probable host for
1f tle geochemical data, it is

are truly representative

ny iuv mafic to intermediate rock

types from the Vredefort ba.ement h.iv 1 vn analysed and that the major
element data presented here does not m < n Ily reprr ,ent the full range
in composition of the;- rucks. A more c n'hvnsiw report on the chemistry

of the metabas ites and metased iun-nti

s , iVeil by Slepto (ms. in preparation).
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of the Vredefort crust.

The averaged major element profiles suggest that the Vredefort crust
consists essentially of two felsic layers, the upper (the 0OGG) approxi-
mately 9 km thick and the lower of undef inable thickness, separated by a
jone characterised by rocks of a more mafic composition. However such

first
an over simplified,model of the Vredefort crust could lead to a gross
misrepresentation of crustal structure and a more realistic appraisal
0"~ the data 1is essential.

The reason tor this approach is best illustrated by referring to
Fig. 2.3 and 3.1 respectively. A large part of the southern md central
portions of the dome covered by palaeozoic sediments and dolerite
sills. The geochemical data which nuke up the averaged profiles comes
in the main fn 1 two northerly trending traverses (Fig. 3.1 . Samples
from the OGG are well represented >n D th traverse whereas the felsic
rocks of the ILG occur only al ng the N. traverse. (The exposures along
this traverse are generally j r with only a limited outcrop of mafic
rocks!) This traverse sample a narrow basement tongue penetrating through
the younger stratified cov r which repre viits an arc of about 20 and the
question now arises; 1is the inner 8 km of this traverse representative of
the interior of the basement re? The NW traverse does not continue into
the interior of the dome, berau e of the presence of the younger strata
which cover the innernvst boundary of the SMZ. All but one of the mafic
samples 1lie along this travel e. If the NW traverse were to continue
under the Palaeozoic cover it 1s conjectural whether or not one would
pass 1into a unit typified by th. r.lsic rocks samples on theNE traverse
or a more heterogeneous unit containing a greater proportionof mafic
inclusions. Thi . implies a ;econ I model for the lower Vredefort crust.
That is, the II.G interleaved wi th mafic pods, the proportion of mafics
possibly increasing with depth.

As yet there is no definitive independent evidence, such as from

f 1. i p ' e Lh ¢ the tw .fil i, I .* °n ‘ti ;i ,Tiv weathi re,1 i’
*. th* Ift represented .long -<u It r i i itscd tvw. . in*



boreholes through the thin cover of stratified rock,

to test either model.

The latter model 1is however considered more realistic in view of tne

general increase in mafic components with depth in the crust in world

wide granulite terrains.
4.9 General Hiscn}sion

There 1is a progressive increase in metamorphic grade with depth in

the continental crust; the progression from medium to high grade mineral

assemblages during centrally-directed traverses in the Vrcdefort basement

must reflect rocks formed at increasing depth. That 1is, low grade ampin-

bolite facies rocks grade downwards througn amphibolites and hornblende

granulites into pyroxene granulitem In the lower part of the crust. Where

exposed by erosion, granulite facies rocks provide valuable information

on the composition of rocks which presumably were once buried deeply in

the crust.

On the basis of extensive geochemical studies in granulite facies

terrains, and statistical comparisons of the chemical compositions of

granul ite facies rocks with that of more, normal surface granite, the

This crust consists of a granitic rich layer overlying rocks o: inter-

mediate average composition (Lambert and Heier, 1967; 1968; Lade et al.,

1966; Sighinolfi, 1971; Lambert, 1971). It has been held that during

high grade regional met amorphi sm and conditions of partial melting,

melts of granitic composition migrate upwards leaving a depleted lower

crust to crystallise under granulite facies conditions. Indeed, estimates

of density based on seismic velocities (Pakiser and Robinson, 1967;

Christensen and Fountain, 1976) and high pressure experimental studies

(Green 1970) suggest that anhydrous phase assemblages with an inter-

mediate composition must predominate in the lower crust. However, it is

generally agreed that the lower crust consists of rocks of extremely

variable composition with an overall average intermediate composition.
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rather than discrete homogeneous layers.

In a recent review of the geochoinii I <liaracieristies of the high
grade gneissic terrain of the northern Atlantic craton, Tarney (1976)
recognises three main Archaean giv i ic iioulv;: granodioritic grey gneiss,
high grade metasedimentary supra- ru.tal and pyroxene granulites. In
all three groups the range in <t p—,ilion \ tif. between ultramafic and
acid, although rocks of acid compo ilion do inate the nmphibolitc facies
terrain, whereas the granulitet; an dial I if ty more mafic.

In the 1light of the above di .cv ion a ¢ amination of the geochemi-
cal characteristics from tie expos. 1 vert i 1 profiles een at Vredcfort
show some common feature and .1 B.e veis itriking differences which

are detailed below.

a) At Vredcfort the principal : t. rph' Iies 1lie in their expected
vertical sequences (Stepto, ms. in ian pat at ian). The i u'n components,
felsic amphihvlites, t..>ta.;e<limcnt . tipi ru tiland trafic pyroxene
granu .tes < :ognised in other \r hae.m it : ¢ , art a! o present. The
variation of major elcm,nt ch-mis'ty will pth is however not altogether
consistent with the revet publi t mis fu 'ad abov. ) dialing with crustal

structures.

b) Although the range in compo:ititin i. 11, the progressive increase
in cafemic character of the OGC with depth, provides strong evidence for
the development of the upper Vred- tort cm t by prom sac of partial
melting; inter-element trends spc< fi illy a versus Sr, and Zr Versus
Ti, support this conclusion. The trend defined by the OGC do not
characterise either the ILG or the maf 'c in lusions oi the lower Vrcde-
fort crust, which have a different geo ht 1lcat signature.

c) There 1s no convincing evident from 11lm middle crustal zone which
might suggest that tin OGG was formed at depth a. a result of partial
melting and the subsequent upward Bigrat ion of graniti fluids leaving a

depleted lower crtist. The author contends that partial melting processes



were largely restricted to the upper crust, .md that the 0OGG formed as

a result of "in situ" processet,.

d) The lower zone consists of rock- ol extremely variable composition

The heterogeneities arc such that they preclude partial melting as a

mechanism for their development, A po. i' emodel fir the development
CirC.

of the lower Vredefort crust is discus - I in Chapter 7 after the isotop

data 1s presented.
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5 RADIOELEMENT PROFILE AKH tIKATJROIMICTION
5.1 In11 .due Ivor

Most oi the existing knowledge on the variation of the radioelement
content with depth comes from two indirect approaches.

Firstly, Lambert and Heier (1968, 1969) and Lambert (1971) found low
concentrations of the radioclen: nts in hi a pressure granulites compared
to normal granites, which led to tin conclusion that the crust in a
Vrecambrian slield can be approximated by a radioactive-rich granitic
layer overlying depleted granulite facies rock. Interred profiles of the
distribution of the radiocel wvi:.-nts with depth (Fig. 5.1) are presented by
Lambert (1971). The distribution prof 1l s are based on a statistical
comparison of the radioelement concentrations from high pressure granu-
lates of the Musgrave Range in s<nth we t Australia, to the abundances in
more "normal" surface rocks of the South wcst Australian shield. The
mean Archaean crustal abundance for ch. indioelu:vnts calculated from

these profiles are estimated at 1.5% K, 1.1 ppm U and 4.5 ppm Th.

ppm ppm o

20 -
Th

n *' 5,1 InfCrri'l radioc,r l-rofil." with *.,,th (after Lambert 1971)
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The second approach is based on the linear relationship, between

the heat flow measured at the surface (1)), and the radioactive heat pro-

duction of surface locks (A) (Birch et al ., 1'™70

Q*q+bA A A

The intercept value of the straight 1line «§> iS the reduced heat flow

from the base of the radioactive layer and (b) the slope of the line has

dimensions of depth.

This made it possible to calculate models for radioelcment concen-

tration as a function of depth in the cru L. It was found that a variety

of models (for the depletion with depth) satisfied the line.r relation-

ship found by Birch, of which the .tep fu ion, linear and exponential

models are mathematically simple t (Lad., nlno h, 1970). The step function

of Roy ct al., (1968) assumes that the continental crust if. made up of a

pile of one or more di crctc layers with (A) constant to the depth given

by the slope of the straight 1line. The heat flow from beneath the radio-

active layer (gq) remains constant throujv »t the region and the wvariable

radioactivity of the upper crust generaltthe variable heat 1low observed

at the surface. This implies that the erosi. nal level is attained
over large regions. Lachenbru h (1968, .1701 hen tl. it an exponential
dependence of heat production 1v "Tpth, or.lir. relation.

Az * V //11

(where A is the surf .ee heat pi iduction, i: the heat production at a

depth z, and - j- is the slope of the straight line formed by plotting

against Z) 1s needed for the correlation to hold for different erosional

lev 1Is.

these indirect approaches must ultimately be superseded by direct

measurements of radioelement concentration:, in crus till profiles or bore-

hold cores which extend deep into the t ntinontal crust, lublished ex-

amples of direct measurements of iadioelcmvnt concentration gradients in

borehole cores, Laehenbruch and Hunker (19/1), and f'



74

section of the Pennine basement in Austria, Hawkesworth (1974), suggest
an exponential decrease 1in heat production with depth. The results
however, were ambiguous, and it was noi po ible to distinguish an ex
ponential model from, for cxampl<, a linear diminution of heat production
with depth (Lachenbruch and Bunker, 1971 ; llawkeswcrth, 1:974). By com-
paring measured heat generation with c..t ;. -Led depth of emplacement foi
the Idaho batholith, Swanberg (1972) con< ludi that the data is incom-
patible with a constant depth In t uirca : 1, and that heat production
appears to decrease exponentially with depth, A linear depth df ance
model, however, 1is not ruled out by Swanler
5,2 Result .:

The profile of heat producti n with d, th at Vridefort (Table 5.1),
is calculated from the average zr. !ioele ent pi filet obtained in Chapter
4, (Table 4.5). The conversion fa tor fii r idioeli -nt concentration

to heat production .are given in 1 ble 5.2, after Bii h (1954).~*

TABLE 5.2 (after Birch 1950

Element Heat generation
3 -ia
oil/ rn sec x 10 per unit cone.

of radloeleir.cnt

Total U 0.2)2 x I
Th 0.0634 x £
K 0.086 x £
3
f density of rock: gm/cm

The variations in radioelement concentrations and heat production
are shown in Figure 5.2. Heat pn-luct ion fall: off regularly with depth

over the upper 7 km of the Vred< fort piolilv, and clearly the data are

not consistent with a :tep fund ion model,

*Footnote
Calculation on heat generation dut to radioactive decay of the radio-
elements , where mas: 1. converted to energy have not changed signifi-

cantly over the lad years. (P. Mingay, Dept. of Nuclear Physics,
Witwatersrand Univers ity, ports. comm.) .

New parameters have been revised Ior public ition by N.H. Gale.
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Whether or not an exponential decrease provides the best fit, for
the Vrvdci ort data has been tested by fitting a regression line to the
data points for the upper 8 km of the profile for both a linear and an
exponential function with depth (Figure 5.3). The degrees of fit, de-
fined by the correlation co-efficient (r) are then compared. (r) can

be c ilculntcd directly from the equation

_ ExBEy
r2 ( . ! ad
2 2
x2 oj11l. >2 iM
;X - n y n_

In gem rnl , if r 1 1 all point.- ( ) lie on the coincident 1line of

“n’ “n
regie sion and there 1is perfect correlation between x and vy. Values of
r around 0.5 indicate a fair amount of correlation whereas for r < 0.5
the 1 rrelat ion is weak. When r = 0 there is no correlation at all
(Mack, 19co6).

The correlation coefficients for the exponential and the linear

functions are:

r « 0.989 (Exponential function)

r = 0.969 (Linear function)
A more meaning! ul oir.pir- .-n between the two curves 1s given by the
"proportion of the variance unexplained" (1 - r*') which is 0.02 and 0.06
respectively (T'ai procedure w is mmenued by D.M. Hawkins, Dept. of

Applied Maths, University of the Wi watersrand, pers. comm.).

lhe slope of the best 1lit straight 1line (Fig. 5.3), which reflects
the gridiont Jjr rate of fall off of heat production gives D * 9.3 t 0.4
km. This wvalue Jr. very close to re-ults obtained from heat flow mea-
surer, "nt-. in the Hal tic Shield (8,5 km) and Canadian Shield (7,5 km)
respectively (Ran and Jessop, 1975).

Beneath the radiocactive layer in the lower 7 km ol the Vredefort

profile, there are remarkable features that have not previously been
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predicted by the models of Lambert and Heier and co-workers, or by the*
correlation between heat flow and heat production, firstly, the average
concentration of the radinclements in the lower 7 km oi the Vredetort
profile (U = 0,38 ppm, Th = 8.0 ppm and K = 3.43%) are not consistent
with the values obtained by workers in the granulite terrains oi central
Australia and northern Norway (see Table 5.3, alter Lambert and Heier,
1967 and Heier and Thoreson, 1970). Although U 1is in good agreement,

both Th and K are relatively high.

TABLE 5.3 Average concentration ot U, Th and K from granulLtes of the
Musgrave range (Soatli West Australia) and from North Norway

Th ppm U ppm K%
Musgrave”™ '’ 2.1 0.4 2.0
range
North?" 5.1 0.5 2.5
Norway
Lower 7 km
of Vredefort 8.0 0.38 3.43

profile
(1) after Lambert and H* itr (1967)

(2) after Heier and Thori on (19 70)

The radial variation of Th/U, K/U and K/Th ratios from Vredefort
averaged over all available data, .no shown graphically in Figure 5.4.
Qualitatively the variations for all three parameters are similar, and
also show similarities with the K/Rb (Rb K) profile discussed in the
last chapter. The ratios increase from the margins inwards. This in-

crease continues regularly inwards for 8 km, at which point there is a

marked decrease in the three ratios. The "troughs" for the radioelement
ratios in the lower hall of the profile: are characteristic of certain
trace and major element trend: in the Vredefort basement. (The averaged

K/Rb ratios, however, do not show any significant variations in the lower

half of the profile) They effectively span an annular .tone corresponding
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predicted by the models uf Lambert and Heier and co-workers, or by the
correlation between heat flow and heat production, firstly, the aveiage
concentration of the radioclements in the lower 7 km of the Vrcde for.
profile (U * 0.38 ppm, Th M 8,0 ppm and K = 3.4 V') are not consistent
with the values obtained by workers in the granulite terrains of central
Australia and northern Norway (see Table 5.3, after Lambert and Heier,
1967 and Heier and Thoreson, 1970). Although U is in good agreement,

both Th and K are relatively high.

TABLE 5.3 Average concentration of U, Th and K from granulites of the
Musgrave range (Sooth West Australia) and from North Norway

Th ppm U pprc
Musgrave "1 2.1 0.4 2.0
range
North (2) 5.1 0.5 2.5
Norway
Lower 7 km
of Vredefort 8.0 0.38 3.43

profile
(1) after Lambert and Heier (1967)

(2) after Heier and Thorcsen (1970)

5.3 Th/U, K/U ind K/Th Pr
The radial variation of Th/U, K/U and K/Th ratios from Vredefort
averaged over all available data, arc shown graphically in Figure 5.4.
Qualitatively the variations for all three parameters are similar, and
also show similarities with the K/Rb (I 1 profile discussed in the
last chapter. The ratios increa ,e from h margins inwards, This in-
crease continues regularly inwards for 8 km, at which point there is a
marked decrease in the three ratios. The "troughs" for the radioelement
ratios 1in the lower half of the profiles are characteristic of certain
trace and major element trends in the Vredefort basement. (The averaged
K/Rh ratios, however, do not show any significant variations in the lower

half of the profile) They effectively span an annular zone corresponding
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to the Steynskraal metamorphic =zone. However, 1in the case of ih< '1'h/U,
K/U and K/Th ratios, the anomaly includes a limited zone of Out- i Gran-
ite Gneiss occurring on the outer margin of the SMZ (at about 1 to 1(
km from the collar); these gneisses have relatively high U and Th con-
centrations .

The magnitude of the change in the three ratios 1is as follows:

ratio range of averaged factor of actual range
values change

Th/U 16 to 34 ~ 2 0.44 to lot)

K/U 3.8 to 16 (x 1o3S ~ 5 0.1 to 48 (104)

K/Th 0.28 to 0.53 (x 10*") ~ 2 0.02 to 7.8 (K)4)

5.4 Discus ion
Apart from the mafic gr. mil itvs, it is only the outer mat gin, and
then again mainly the south west where the value' of 1h/D, I/I ant. K/1lh

approa h the iverage valu* obtained by «t!-er workt t ltable 5. *).

TABLE 5.4 Average Th/U, K/U and K/Th ratios for Precambrian ehte.M rocks

Th/U (1) K/U x 104 (2) (3) K/Th x 10 (3)
3 to 4 1.1 o'n
(1) accepted crustal,iw i t- (Rogers and Adorns, 1069).
(2) suggested terrestrial value (Wasserburg et al., 1964).
(3) average for the Canadian shield (Shaw, 1968).
In the felsic rocks from the interim of the dome, the Th/ .atios

are an order of magnitude gre .ter than the values given in Table 5.4.

K/U ratios are greater by a factor of 15 whereas K/Th only differ by a

factor of 2. Although they display low absolute abundancesofTh, U
and K, some of the mafic rocks from the SMZ have K/U, Th/U and K/Th

ratios (Table 5.5) which more closely approximate the wvalues given in

Table 5.4.
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TABLE 5.5 U, Th and K for the mniic grant,litos f-om tlu Vrudefort

basement

K Th/U K/U K/Th
KK15 = 2 .9 8.06 2.7 .33
KK17 .15 .28 .26 1.86 1.7 .93
VT523 .21 1.54 .14 7.33 0.7 .09
VT524 .72 9.25 1.65 12.85 3.7 .29
VT460 .25 .94 1.83 3.76 7.1 1.96
VTA62 .13 .34 1.28 2.62 9.8 3.75

These observations suggest that firsi ly, although both U and Th

are depicted relative to K in the ;,, it, : pi ; rti n of the felsic

rocks of the Vred, fort basement, removal oi ' has , ccuri«d to a far
greater extent than Th. Second 1l , 'r.r 1" :h/V, K/1 . K/Th ratios
in the mafic rocks of the SMZ ind te that Th ana U have not been de-

pleted relative to K, and furtin ; that U h not be,a depleted relative

who show that in the granulite , ,in f <,ntral Australia (Table 5.6)
U and Th are depleted relative to Kin th, felsic rocks of the pyroxene
granulite suotucies, whorea; 1Hi ar U are r t depltted relative to K in

the mafic rocks of the pvroxenc ji.inulite blades.

TABLE 5.6 Comparison of K/Th and K/U rat betwen pyroxene granulite
and amphibol itc mb la iHER rod Iron the South West Australian
shield (after L.c 3 rt and 1lleit i, 1967).

rocks of the pyroxene granulite ubl ies: U and Th depleted
relative to K.

K/Th x 10 K/t; x lo
Amphibolites .16 1.66
Granulites 1.25 6.67

— ti£Llis °i the pyroxene granulite subfad, ;: U and Th are not de-
pleted relative to K.
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4
K/U x 10A
Ampinbolilc; .24 1.0
GranulitMa 1.25
Specific mineral . .semblaycu have a strong control on the behaviour

of the rad iovl ement s during regional metamorphi sm in the. Vredcfort base-

ment. Prior to inulite facie mutamorph ism U and Tii ;n the mafic rocks
must have been larg-1ly located within the refractory mafic mineral
structui B , which wi re able to retain these elements during high grade
regional i t rpl 1 . The location of these elements in the surrounding
gtartzo* % ,—dtlddi.r. L1 must I .. Veen di fferent, since the effects of
icj’ional , : rphi in thesero« ks was to depleteU strongly relative

to Th, givil!lL 1i'i t nc rmally high T1i/U rat ios. Similarly both Th

and U are depleted relative to K. Potassiu:. in fact shows very little

variation UM .iugtuut th profile and irom this it is concluded that the

K which ¢ ins as an integral part of the feldspar structure, is not

affected Vy regional -v tamorphi »m except possibly in the mafic rocks

when it wviurs in hydt -u mineral, phases.
A further point vithy of comment 1is that concentrations of Thand

' arfc rcl fix 1ly hih, at about 10km from the margin (Figure 5.2), 1i.e.
in felsir r , out ; *pping in and around the outer 1limi ts of the SMZ.

irt fr and i1 and, 1in some case , Rb concentrations (e.g.
\i 12/ and ! » » have a major element chemistry which 1is
indi .tingui Uu t fel sic rocks of the OGC, and it is thus
assumed th L the r..dioel vits (now at higher concentrations) occur in
interstitial <+itvs. A possible reason for this relatively enriched

stone is given in a later chapter, after the Th-U-Pb isotopic data has

been discu ;cd.
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in AT FLOW / HEAT PRODUCTION IN THE VKEDKFORT AND FAR WEST WITWATKkAS-
i'ANI)' 2R1' AS

6.1 Inlriniucti an

Since the discovery of the linear relationship between heat How

and radioactive heat production, and the introduction of the concept of

heat flow provinces, workers in this field havt been able to make reason-

able estimates of the contribution to surface heat flow from the radio-

active decay of elements in the upper crust, and the depth to which the

relatively radioactive layer extends.

An important focus in sue,’ studies is the heat flow g (from beneath

the relatively radi ’'active layer) which consists of two components: one

from the lower crust, md a component from the mantle, further know-

ledge on the abundances of the radioelements in the lower crust is

essential for providing a means of estimating accurately the heat flow
free, th.t mantle..
The nut nous deep bor- holt Mdrilled in the exploration for gold in

the Vitwaters rand bus in ha .a made it possible to obtain reasonably reliable

heat f1, data in t e area, CarIt mi lie s uth western Transvaal. These

borcT 1lc’ also pr< >nt the opportunity of ampling a thick section of

stratified rocks of the Tran v.,al, Venteradorp and Wi twatersrand Groups

which ov.rlie the basement granite, for the purpose of radio-element

anal\ j;es. The summed heat producti- n in these stratified recks, together

with the Vredc fort basement heat production, is now compared to heat flow

value , sured in the Wit waters! and syncl inorium borehole ".

The Vredefort itructate occur; some 50 km to the sot .h of the bore-

hol M localities in which heat flow measurements wore obtained (Figure 2.1).

At the outset one must assess whether the Vredefort basement profile is

likely to be representative of the craton in which the Vredefort structun

is located.

Footnot o: Throughout this chapter the units of heat flow; 10
wll 1 In replaced by the abbreviation HFU,

10"~ 4 cal /cm™scc, b, 11GU.

cal./cm sec.
and the units of heat generation
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6.2 CcioloKi c.tl tvidcn.c

The Vredcftn t profile wa ; obtain » o a .siril inp,ly unusual domical

structure near the centre of the Wilv.tn 1 randbain, forcing a query as

to whether the dor; developed specific. My alI Vicdefort due to a local

singularity in the petrography md eh try of the At eh n an continental
crust.

The uppermost portion of the Vi. i th st immediately below
the sedimentary Vi twatersi md (:1i up, :1d 11 tel ire be compared with
the granitic terrain north of Jobant Im, a '.hi the basement west
of Carletonvilit (Figure 2.!). Alth the |\ Vrcdef it basement
rocks vary considerably in . It ir an. stur» t .~ onsist essentially
of varying amounts of quart;’, pink tI la . ;iuclase, biotite and
minor amounts ef .tile. .one, r:i a and i te occur as accessory
minerals (Nel, 1927; Wilier =+, 1937). vUrila. (; '37) observed a close
resemblance betw e¢a these, i aid t'. I I of the Prvtoria-
Johannesburg base; -nt dom. , r both j | 3 liemical composition.
The granites of the western iransvaal <o al .U rtz orthoclase plagio-
clase biotite pr 1liles, 1lyi: - unc nu Iyl w 'h> Dominion Reef and
Witwatcrsrand Cr- up. The p. r.il y< a i al constitution of
these three ba-.e: at =zone in then n guin i Liar. Also, the
isotope data reported by Me on (197b) md - in this study, for the
outer Vredcfort bacment, v. similat n ; t, t v found near Johannes-
burg and Klerk d r; (A1l 'pi, 1961/V ® and irate that there was
no significant change in Kb- r gi-ovht ry i1 tinVredefort basement

during the past 28)0 milli i years. Any ingul.ii ity in the Vredcfort

crust, particularly in thi radi celei nl <i;tr 114l ion, must therefore

have formed in the period preceding 78 >miM i n years ago,

Radioel einent concent raIions in gi nil ic i ks exposed in the ancient

basement terrain of the earne;n Tian ,v»°*I and Sazil and (Hart, unpublished)



and the average concentration for the upper crust of the south west
Australian shield reported by Lambert (1971) are compared with the upper

most 3 km of crust in the Vredefort profile (ITable 6.1).

TABLE 6.1 Comparison of V, Th and K concentration from the southwest
Australian shield, the upper Vredefort basement and the
basement rocks of the eastern Transvaal and Swaziland.

U(ppni) Th(pptn) K(%)
Average concentration!- of southwest i 20 3.0
Australian Archaean shield.
Average upper granitic crust ct g 14.6 3.57
Vredefort profile (outer 3 km)
including S-U gquadrant.
Granitic rocks exposed 1in Eastern ~3 1% 2 3.5

Transvaal and Swaziland.

The outemo-, t, re radioactive portion of vie Vredefort barement
is evidently quite typical of the outer portions of the continental

crust in the easten Transvaal, Swaziland and the southwest Australian

Archaean shield. The radi jelcr.ent distribution in ,&t 1r I1st tins upper
portion of the cm : is therefore quite likely to extend to the basement
beneath the borehole , NV, of Vredef rt. If there is an important singu-

larity in cfvstal con titution at Vn defort, it must be confined to the
deeper portion of the crust.
6.3 Heat fl.)v r 1 ir- -nt®

The possibility 01 u ing the deep gold exploration boreholes in the
Witwatersrand Basin f <r reliable heat flow measurements was firJ1l in-
vestigated by Bullard (1939). Further data w 're obtained by Carte (1954)
and Carte and van Rooyen (1969). Figure 2.1 shows the locations of the
boreholes from which heat flow data has been obtained in relation to
the Vredefort structure, and the boreholes from which heat production
data has been obtained.

The depth to which each borehole li.v been drilled is indicated in

Figure 6.1. The depth to basement has been extrapolated by using
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isopach map; of the Witwatersrand Basin published by Brock and Pretonus
(1964) . Table 6.2 lists the heat flow values from these boreholes.
The heat flow values in the Ventersdorp lavas, which show a variation

of £+ 0.16 around a mean of 1.00 HFU, are significantly lower than the

values obtained in the Mi twatersrand quartzites, whieh wvary by 0.06
cither side of 1.22 HFU.
Two factors might account for this consistent difference between
the two str.itigraphic formations :
(1) The quartzites are deeper than the lavas, and consequently the
heat flow is les influen ed by surface topographical effects,
or recent changes in the earth's climatic conditions. Generally,
however, such effects would not be expected to account for a
systematic difference ol about 207, (Richardson, personal communi-
cat ion) .
(1ii) The mean value for the conductivity used to calculate heat flow
ir. either too high for the qu irtzites, or too low for the lavas.
Sin.e the conductivity measurements obtained by both Bullard (1939)
and Cart. (1954) generally agree, and Doth obtain the same systematic
difference in their heat flow values, it ity ditficult to choose a corre.c”
heat flow value.
For tb-'s study, an average of two mean values of 1.00 HFU for the

lr is and 1.22 HFU for the edim- nts, that 1s a heat flow value of 1.1

HFU has been adopted.

About 6 km of core, from boreholes drilled in mining exploration
near C.irlt< r.villc, (Figure 2.1) were systematically sampled. The bore-

h ' cores make uo a *cover profile' penetrating most of the sediments

and lavas of the Witwatersrand, Ventersdorp ml Transvaal Groups which

overlie the basement granite rocks.
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TABLE 6.2 Heat Flow M<Msur<m-nta in the T ransvaal, and

Or.inyt Free St ate

Borehole Ventersdorp Wi tw,it( isranH Di ffer«nee Contribution to
Lava Quartzite Surface heat Flow

1 Dornkloof - 1.20 - 0.17

2 Gerhardmi nnebron - 1.28 - 0.19

3 ST 11 0 .91 - - 0.15

4 ST 14 0.89 - - 0.15

5 ST9 0.98 1.16 0.18 0.16

6 HB3 1.15 1.25 0.10 0.17

7 HB15 1.01 1.22 0.21 0.17

8 HB14 0.90 1.19 0.20 0.15

9 HBS8 1.12 - - 0.17

10 BUI 1.08 1.23 0.15 0.17

11 R57 0.86 - - 0.16

12 Jacoba No.3 0.95 - - 0.17

13 Dornhoutrivier 0.97 - - 0.16

Mean 0.99-0.16 1.22*0.06 0.19 0 .16

3 to 1II Measurements by (arte 'l W)

1,2 and 12,13 Measurements by Bui lard H 1v\)

Heat Flow Measurement; expressed in cal. cm se x 10 h



Representative core samples xore taken at regular 2?0 metre intervals.

The samples, once crushed, were then grouped, each group made up of about

8 samples, all within the same lithological wunit. Thus, 40 composite
samples representing 6 km of stratified rod M wore obtained. The radio-
active element content of the compos ite sample are given 1in Table 6.3.

From these data the average mdinclement <>ncentr.ition and average
heat production within each major lithologi il unit of the Witwatersrand,
Ventersdorp and Transvaal groups hav been obtained (Table 6.4). The
average radioactive elv. vnt concentration in tab group of rocks is presum-
ably dependent on the source area, nature and diemistry of the rock types,
and ( positional environment,

The gold- ad uranium-be irin; congie:rat N wvre omitted from the
core samples analysed. Although enriched inuranium the conglotm rate
beds are very thin corpared to tin total thi <lau-ss of sediments, and
their contribution to tie s irfac I flow i small (' 3%). (This
estimate 1is based on radioactive 11< nt @ centrati< :vy in the conglom-
erates given in mining r pany rep rt . and the literature.)

6.5 Heat generatin ia tlu stratifie! n

The thickness of aeh 1lithol < 1 unit 1.-r each Dborehole 1listed in
Table 6.5, together with the aver heat pi lu tion for each 1lithological
unit listed in fable 6.4, have beer, <d to ilculate the total contri-

bution to surface heat flow within the varim; , columns of rocks repre-
sented by each borehole in Figure 6.1 respectively. The values obtained
vary from 0.15 to 0,19 HIT (Table- 6..), with an avere value of 0.16 HFU.
The heat generatedby radiocactivity in and near the conglomerate horizons
has been estimatedat about 0.04 HIT* Thuthe cntal contribution to
surface heat flow from the stratified rock amounts to 0.20 HFU.

The radio*Iement measurement s on tin n uilied rotI "are made by N.H. Cale
Oxford University.

com.* at ration - 1 pru 11-.C. -m’ N S.A. 'ton. t Iru; > Koai I;
personal "nu . <i>u) It 2 f /&£ % 1. and ii.0o. :in ; a'1 a, -
included in he toal thi k - fl t the Inat £low fro this he I-on
i: a 0.0 LF U



TABLE 6.3 Radioelcment concentrations for the stratified rocks of
the Wi twaters rand Basin

U Th K%
Ongeluk Lavas of
Pretoria Series UD 1 4.76 25.28 1.03
2 .Ci 18.24 1.23
3 4.30 26.13 1.10
Pretoria Series 4 4.60 31.51 2.50
5 2.61 16.63 0.97
6 7.68 39.42 2.13
7 4.72 31.40 3.58
Dolomite Series 8 0.19 0.09
9 0.24 9.90 0.29
10 1.09 10.00 1.88
11 2.12 0.38 0.15
12 0.10 6.79 0 09
13 0.09 0.70 0.09
14 0.35 2.24 1.33
Lavas of
Ventersdorp Group 15 0.70 3.76 2.34
0.85 4.76 1.32
17 0.91 3.24 1.28
18 0.76 5.16 1.10
19 0.95 7.29 1.20
Strata of Upper
Witwatersrand DK 1 1.16 9.85 2.25
Supergroup 2 1.27 13.51 1.96
3 0.93 6.43 2.22
4 1.64 4.74 2.05
5 1.73 7.49 1.45
6 1.57 7.51 2.01
7 1.50 7.67 2.21
8 1.74 7.67 2.21
9 0.75 0.74
K 10 2.67 10.22 2.48
11 10.68 34.06 1.44
Strata of Lower
Wi twatersr and E 1 1.16 4.28 1.31
Supergroup 2 1.22 6.73 1.30
3 1.54 8.47 1.78
4 1.00 5.00 1.52
5 0.90 5.59 0.95
6 1.13 6.94 1.42
S I 1.10 8.3/ 1.11
2 1.38 7.29 1.50
3 2.24 13.11 2.32
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rocks of the Wi Lwatersr.md ha-;in

I (ppm) Th (ppm) K cl) Combined averapr
heat production

Onj>lnr.k lava

Cone 4.02 23.22 1.12

Heat production (HGU) 3.95

Pretoita series
Cone. Ugo 29.74 2.30

Heat production (HGU) 3.04 5.06 0 53 8.6
Dolomitcserios

Cone. 0.60 5.00 0. 56

Heat production (HGU) 0.37 0.P5 0.13 1.2
Vent r-rsdJorp 1 vw -

Cone. 0.83 5.24 1.45

Heat production (HGU) 0.51 0.89 0.33 1.7
Upper V!itvaor i nv.i

10.92 .
Cone. 2.33 1.91

Heat production (HGU) 1.44 1.86 0.33 3.8
Lower V'itvater nir.d

7. .
Cone. 1.30 31 1.47

Heat producti m (HGU) 0.81 1.24 o.34 2.4



Tablt; 6.5 The Thickness of
Boreholos

Borehole Dolomite
Series

1 Dornkloof 1.2

2 Gerhardrainnebron 1.2

3 STI 1 0.2
4 ST 14 0.2
5 ST9 0.2
6 HB3 0.5
7 MB 15 0.7
8 HB14 0.5
9 HBS8 0.7
10 BUI 1.0
11 K57 -

12 Jacoba No. 3 -

13 Dornhoutriv or -

fhe Li the logical Units

in fig. 6.1

Venter Blorp

Lava

for the

(km)

Upper

Wi [water rand

Lower

Witwater

93
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6.6 Hoar Tencrat ion in the JcfnrC ba;a;,”nl iratii tc
The heat generat ion for eaiii radioeI* nt, and the total heat gen-
eration in each successive kilometre is 1li tod in Table f>.6. It is

interesting to note that throughout the profile Th is the major producer
of radiogenic heat. In the upper 3 km U generates more heat than K,
however, this relation is reversed throughout the remaining 11 km of the
profile.

In the upper 7 km of the Via di tort ba m nt profll, the contribution
to surface heat flow do, to the radii ictiv> element i 0.32 111U whereas

the lower 7 km of crust contrihuli 0.18 11V to surl.ice heat flow.

The exposed crust and its heal generation can be portioned as

follows:
Average Cc itribution
Heat generation to heat flow
(HOU) ... {11y
6 km Stratified rocks 3 0.20
7 km Upper portion of Vredefort A q *
basement protile
7 km Lower portion of Vredefort 0 "g
basement pro:ile
20 km 0.70

Thus the total <M inured contribution vf the stratified rocks and

"observed" basement to the heat Il v in this area 1i0.70 I1FU.

6.8 Heat prodm tion in tjie h'"m , ru t

The total measured h<at producti,n iven above, accounts for 20 km
of upp'r and middle crust.il material. Obt lining the heatproduction in
the lowermost crust 1is more speculative. However, use can be made of

geophysical studies a well a the rudi, element con ent rat ions in the
rocks which occur on surface in the renttal » ion ot the Vredefort
dome . Seismic refraction measm i,ents in Ihe western and southern

Transvaal (Gane et nl ., 1956) revealed a eru .tal tin*v.kn, sa of 36 km.
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This leaves 16 km of cru. tal maleri ii 1lialL h«i @ Lo be accounted lor.

Mafic Archaean rocks ire sporadically cx|>o..cd in the central regions
of the Vredf-fort douie, and extend lrum the SMZ inward: . However, apart
from the SMZ where the overall quality of the ixpi ures of mafic and
felsic rock is good, wentheting and the thin !" 1 1 v.oic cover make it

difficult to establish the proportii'i of r !iK t felsic rocks, and the

extent to which the abundance of mn* i inc ' i i increases tciwards the
centre.

The 30 mgal central positive gravity n ily it Vredefort (Maree,
1944; Stepto, r .. in prip tition) d, m ti it that then 1i? a large
volume of rock with a higher density than t. beneath the exposures
of the most central region. Tlii denser r* : t ther intrudes the In-
landsee leucogranofels, .r t rupr. ut a v.ry teeply domed portion
of a denser lever cru t, um'irlyir./ the 1i c leucogranofels.

Two hypothetical r idols for the lowei 1 1 of basement have been

compiled. Lower Crust A (I (A) con i is tnt ii ! of mafic rocks in the
granulite favie represent 1 by thr,> oi t e centrally exposed
mafic granulitis in the Vr 'L : rt tructurv inen no's. <®, 352 and
377) . In the lower Cru ¢ 11 (KB) del, -tl the lowem>st 6 km (im-
mediately ib-vi tin* Moh< limtinuity) n i t of such mafic granulite.

Above it is 10 km of roct with equal proporti v of 1LG and mafic granu-
lite. LCB accordl betur with gravity diit i and i preferred.

Table 6.7 uimrari - the heat pr< hi tion for these two models for
the lower 16 km of crust. The radiot lenient c¢ ni intrat ions for mafic
grnnulites has been obtained by aviia;;ing the concentration of the mafic
rocks expcsco 1in the mo t central depth .'ones (0.08 ppm U, 0.14 ppm Th

and 0.59% K).
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TABLE 6.7 Models for the lu .it product ion for the lower 16 km of the crust.

Model Thickness Constilution

LCA 16 km Mafic gr.im.1l\te 0.27 0.04

LCB (10 km (50% ILG 2.4 0,12)
( (50% Mafic grmulitc 0.77 0.01)n .,
( )
(6 km Mafic gr.mulite 0.27 0.02)

The total contribution to surfno 1 it flowas a result of heat

production due to the radioel Bnm s in tin contint Lai crust (southern

Transvaal) is thus *aloulat.e at betwo - .'.74 and 0. 5 HFU. In the

lowermost part of the crust, tass in th< most ij-nif it int contributor

of radiogenic heat.

Noting the surface heat flow wvain 1,1 HIU doptcdearlier 1in
this study for the Carletvnv i L .rt i, tin lt X r.d LCB approximations
for the lower crust, the ht 1l.w a1 tht M vicic di continuity
respectively. The error tat i it- in . of th . .alues 1is at least
+ 0,1 HFU, due to the sy to i diff ub rvt d in bon hole heat

flow m i»urtments.

These wvalues should bt compared with the e tv .te of Sclater and

Francheteau (1970) who ¢ n tru< ted a e.i*ale modal t.f , three layered

lithosphere on top of a primitive upper mantle, 1in a shield area with

assumed heat flow of 1,0 to 1,05 HFU:

TABLE 6, 7 Heat production ; ¥oi a taor 1 iyvi! 1lithe'sphere.

Contiibut ion i

Thickness (1 :.2)
heat flow

Upper radioactive layer 6 0.25
Lower crust 32 0.20
Dun1le peridote lithosphere 100 0.05
Total 138 0.50
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In their model, a heat fluvo) 0,53 -r 0,60 HI'U moves through the
base of the crust. Slack (1974) <alculat 4 corrc .poihling flux of 0,68
HFU for the North American craton and shu M ireas.

6.10 Consequences of low mantlt Iy

The base of the lithosphere i. cm I >lie most important geophysical
boundaries of the earth. It is often a ! to coinvide with the top of
the low velocity zone.' Sciater (1972) , tt it tlu low velocity

zone 1is probably a partial melt .mi that t B tiudp« i iltire gradient in the

;lying upper mantle is adiabatic. H- , fiv rcfort- conclude!, hat the
low velocity zone can Dw coa iilcvi i. W, win th- r b* If an ocean
basin or a continent. The low he t 1llo er tin j aitlc beneath the
continent:; (0.5 HF1 in his paper) .1i v t. 1 to (In imt 1 Viilue of
lithosphere under the vontinent.s wvia twi > thick as that for old ocean
basins.

Quant itively, h wever, S 1l-t :1le¢ nry iff. red b inse of inadequate
information on the radio lemcnt < n enti .'i n thi iu at the crust. The
new information on the heat pr< iat ti, Transv ,alcrust (presented
in this study) serve s to update thi : L.

The mean heat fl1l w fr m ben, ith the lithosphere of the Kaap Vaal
craton has been calculated at 0. 10 HFU. I'i wvalue 1is approximately one-
third of the heat flow under th< ocean t in:

Assuming that the ru.m then il conductivity of the continental
lithospheric mantle i the .ime .r that & iv th the old ocean basins,

then the mantle heat flow that reache the M-il iscont inu ity must be

*Footnot e
For the ocean basins, this depth i readiI\ iMlculattd from seismic surface
wave observation.. For the continent . and rarticulaily the shield areas,
the low velocities are proven only for the hear wave data. Even in these

profiles of S wave velocity vs. depth, the top of the layer is not well
def ined.
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SHIELD OCEAN
f
M HFU.
11 Ur.u.
O 74 lo 0 95 HFU 5km
36 MOHC
95 km
100
km
700
300 T:1500 C

FIGURE 6.2 Ocean and continental lithosphere (modified after Sclater
1972) .
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proportional to the gradient, and therefore inversely proportional to the
lithosphere thickness.

Thus 1in order to maintain an equality between oceanic and continental
flow, the lithosphere beneath the continental shields must be at
least three times as thick as under the old basins (Fig.62). On the basis
of this argument, the depth to the low velocity zone is calculated at 300

km.

6.11 Conclusions

(1) The heat production from the exposed profile in the Vredcfort
basement, together with the st.atified rooks of the Carletonvilie area
(upper 20 ke..' is considerably grt .ter than previous v timates of the

heat production in the crust.

(2) The . it production in the lower 16 km of <rust 1is partly conjecture
However, assu. in-, the preferred model LCR, then the total contribution to
surface heat flow lor a 36 km continental crust is 0.83 HFU. The heat
flow from beneath the mantle has been calculated at between 0.35 (Model
LCA) and 0.25 (Model LCB) i1in the Carlet nville area.

(3) thing this rmtlc heat flow value the thickm < o. the lithosphere
below the southern African shield ha. been calculated at approximately
300 km, following the method of Sclater (1972).

(4) The Vredefort d.ta together with the stratified rocks from the
Witwater .rand basin permit a new budget of U, Th and K concentrations

in the Archaean continent il crust. Hart et al. (ms. in preparation)

show that new estimate: of the total mass of each individual radio-
element in the terre trial »ru-.s weaken the criticisms of the chondrite
model (for the earth's primitive constitution) made by Birch (1965) and

Cast (1968).
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7 GEOCHRONOLOGY OF THE VRFI I'CRT ' " r

21 Intinduction

The geochronology of the bnsement },r.mite of the Vredfcfort structure

was first investigated by Sl.r on (1V7<>). A Rb-Sr whole rock isochron
yielding an age of 2830* 60 n.y. (A 1.V) x 10 ''years ') and an in-
itial Sr ratio (i.e. Sr'/Sr® ) of 0.70(vt + 0.0009 (V') was obtained.

Primarily the objective of Slawson's tudy was to investigate the Rb-

Sr isotopic systumnt ics, and 11 test th< liypothc i of Polderviart (1962)

of a possible age difference In-tween t: >tutic and the extreme margin

oi the granite core resultin,7 ft m th upd :ding "I thi Vredefort granite.

Poldervaart (1962) suggested 1 it Rb-St < di .ciipmcies may in turn
"yield information vn the ago f the :.jor upthru; t of the core".
The Rb-Sr isochron obiai Iby S n, however, suggested that

over the area s xpl.d, the o» icnical gi dientb within the Vredefort

basement, at lea.t for Rb and r, were rabli hi 1 during the early

stages of crustal i lut ion i have %« iim 1 umi: turb d by the up-

doming and overturninj of the Viedel it jranite.

Without except i a 1ill 13 iplt h ited on the Rb-Sr whole rock

isochron Dby SI.twM » (1976) wen f<1 ¢ in i.mpo it ion. Nine samples

were collected from the outer /rani tc ivi ., three (VI 5, 24 and 66)

from the Iniandsee I(uco,ran fel , and one sample (VT 28) 1is inter-

mediate b» tween the two rock suites. The 1initial test whether the

data p lints on SI iw on’s isochron ire truly rcpre nted by granitic

basement with a common Sr iaotop ic sy. ttin was made by recalculating

Slawson's data omitting the latter fout ample:.. An older age of

3025 1 110 m.y. (1 ) and a lo'.-—. v initial ratio of .698 * ,004 was ob-

tained (using - 1.41 x 10 years ) a compared with the 2820 + 60 m.y.
(X m 1.41 x 10 years ) and an initi.l ratio of .7064 for the 13 point
isochron obtained by tIawson. The data p'ints for the ILG samples define

an isochron plot whi'li has a shallower slope but a higher initial Sr
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ratio than the 0OGG isochron pint. Thus t: four relatively unradio-
genic ILG samples have the effect of redu. ing ILiu- age while increasing
the initial Sr ratio of the O0GGisochron calc Iat inn.

A more detailed knowledgeol the gi On v (Stvpto nts. 1in preparation)
and geochemistry (this study), and the git iter precision of the mass
spectrometer now available, afforded tin opportunity to re-examine the
geochronology with a view to est nhltshit * relationships between
the different rock groups recv i1 <d in tin field. Furthermore, in the
light of the 'crust .n edgel model, such adiitional knowledge may in
turn yield information of the , feet of < ;th in tin crust on 4isotopic
systematics.

Alt!.

the Archaean basement rock typ. , a Kb- xr hile r B i; 'chron for the

younger intrusive bi tite grani i+ <m mr in tin < ntral porfim of
the dome is also pn rated. lht di;a & + ' i® intruive body have a
strong bearing on the theory of i if t evolution of the lower crust
a-'d provide additional kn vi< a th.. ti : ft:1 ticn of the Vrede-

fort structure.

The Th-U-Pb geochronology re ults \ai h ire u: din the discussion
that follows are reprted in i . iper by V- 1 et al., (ms. in prepara-
tion) . The U and Pb isotopic analyses on the Vredt !ort basement rocks
were carried out by 1l. We Ike a: 1 the Th an 1lvsvs were executed by the
author by the delayed neutron MEtivati n thod (i ** Appendix C) . The
paper has Let a written jointly by 1.l. Wv 1! B K.d. nItrt and L.O. Nico-
laysen.

7.2 Results

The linear plots given below were obtained by fitting regression
lines to the data points for tin individual rock suite:, (localities
shown in Fig. 7.1), using the : thod of YetV (196b). This technique

is discussed 1in greater detail in Appendix A. The regression analyses
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were tested following the theory of Irooks et

for the critical distinction between an

In this study this distinction is based

sum of the residuals (M-Sum, York, 1969

number of samples and degree

If the M-Sum is less than the F ratio,

isochron.

.ot fn adorn at tlie 9V
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Al . (1972) which allows
isochron and an vrrorchron.
on a comparison of the mean

) to the F ratios for a given

confidence level.

then the data points define an

Details of this procedure ate given in App< a h x A. All the
ages reported are calculated using a ng—37 & ay constant of 1 41 x
iO_llyears_
(a) Met aha itv and tatan Ii .nt <'-!'®@ tlynsl raal Met a-
norphic .otn
Seven mafic xenolithic r its 11, the t'l: ha\ been studied by th
though the mafic xen Litl in hide 1 'of di; ntary and igneous
origin, which ire not nv < ivily e. at e i ;, .*<lo eilal evi-
dence clearly indicates d. it they aia .11 oldei than the felsic rucks
of the ILG (St .pto per nal e :iuni< ition). I'c data points for the
SMZ metamurphv:, 1 mafia ro* -nd r ° 'iT nts in fact show
(Fig. 7.2) small but si.nil i ant s< ’'t«r, and t > r'-prv- *ion line de-
fines an errorchron (M-fura 7.3; F rati -= 2.7) giving an age of 3656
320 m.y. (la) and an initi ! Sr rati. HE O. 11.0004 (1 1i).
Two of the samples tudicd (kK 1 and T'IJ 10 I have been described
by Stepto (ms. 1in preparat im) as ch.. nockitic ne i-.se ;. Although

older than the IIG they int t ale the met aba- it«

KK 103are excluded from the

points then define an iso.hr n (M-Sun

defined by the isochron 1 <478 1 110

ratio is 0,7006 * 0.0002 (lo). Tin' age

is not significantly differin' from th

chron.

I.ochreu plot,

juence. If KK 15 and
the five remaining data
1.0; F ratio 3.1). The age
.y. (1) and the initial sSr

given by the 5 point isochron

age given by the 7 point error-



TALI.i 7.1

SAMPLE

VT642

V1524

VI4de0

KK15

KK100

XK101

KK103

(a) At

TALI 7.2

SAMPLE

Vt) 2

VD3

VT24

VT127

Vi 175

KK12

KK13

KK14

KK16

* Sr/\l/\/sr/\/\

Rb87

2.

17

K

30

26.

19.

26.

40.

29.

22.

25.

28

20.

889

.79

.620

.265

.408

.021

.ic rat ins

b87

.38

29

48

20

88

56

78

10

.30

97

Sr Ttnitopic

Sr86

25.

21

59

.04

42.

39.

73

31

14.29

8.886

4.358

Rb

Sr Isotopic Data for the

fur tti? Stcynskraal

MeLasedimcnts and Met aba:; itvs

Rb87/5r8f, (a)

0.0965

0.8359

0.2211

0.0576

0.0286

1.0032

0.1319

Inl and see Leucoe.ranotvls

Sr86

33.16

40.

38

.74

25.

16.

17.

54.

30.

22

99

30

10

69

18

.24

26.

ratios determined

fa) Atomic ratio

05

Rb87/Srhb (a)

0,9056

0.6436

0.9965

2.480

1.708

0.4117

0.8221

0.7957

on spiked solutions

105

Sr87/Sr8*

0.70504

0.74404

0.71146

0.70482

0.70218

0.75257

0.70874

Sr87/Sr86

0.7412*

0.7298

0.7947

0.7455%*

0.8049

0.7739

0.7215

0.7373

0.7552

0.7377
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TABLE 7 .i Rb - Sr Isotop » Dal. 4 fc: tho

Outer Gran it i Gnvi

SAMPLE Rb87 Sr86 Sr87/Sr*8
KK6 23.16 31 .00 0,7385 0.73396
KK.7 31 .38 22.69 1.36/ 0.76197
KK47 16.12 7. 28 0,220 , 0.71 140
KK63 17.8I 33.70 0.51 6 0.72427
VT34 78.10 10.74 7.539 1.0230
VI36 56.88 11.50 4.889 0.9'. 64
VT40 80.08 13.32 5.9 .: 0.9639
VT52 49.24 19. .6 3,4b 5 0.8102
(a) Atomic rat ios
TABLE 7.4 Ko - Sr 1s t.oi EMN1

Centiil
SAMPLE Rb87 Sr86 Rb8//Sxh6 (a) Sr87/Sr88
BGI 41 .91 31 .56 I.311 0.74621
BG2 50.27 31 .83 1.561 0.75360
BG3 45.81 34.18 1.375 0.74737
BG4 58.76 23.69 2.431 0.77785

(a) Atomic ratios
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(b) inl 1k !Sv# Joucop.r.Miofol 3
Analytical data for the ILC are given in Table 7.2 and are plotted
on an isochvon diagram (Fig. 7.3). Ton points were fitted to a regres-
sion line that defines an isochron (M-Sum = 1.22; F ratio B 2.4), yielding

an age of 2828 1 32 m.y. (lo) and an initial Sr ratio of 0.7044 + 0.0004

(la)
© Outer . m ik, itkies
Rb-Sr whole rock analyses were made on 8 samples of the O0GG. The
analytical data arc riven in Table 7.3. A regression fit gives an age

of 3001 1 27 m.y. (1 ) and an initial Sr ratio of 0.7019 v 0.0002 (la).
The data points (Fig. 7.4) define an isochron (M-Sum = 1.83; F ratio -
2.6).
(d) Centi 1i nI— ‘V- - VLtlilT@il
The <HEntral intrusive biotit granite outcrops over an area of
only a £ +4 square i tres and only 4 samples of sufficiently different
Rb/Sr ratios to give a reasonable pread on an isochron diagram were
obtained. ©Nonetheless the four M4 .iles investigated define a good
isochron yi Iding ,n age of 1950 * 60 m.y. (1 ) and an initial Sr
ratio of 0.7100 * 0.0014 (1 ) (Fig. 7.5). (M-Sum = 1.1; F ratio <«
3.5).
(e) U-Ti bge Bhrm 1 "’ t, suit s
The I'-Th-Pb results (Welke et al. ms. 1in preparation) are summarized

in Table 7.5



110

TABLE 7.5 Summary of the Th-Pb, U-Pb and Pb-Pb isotoplc data
Age (m.y.) Initial rat io
0GG Th-Pb isochron 3060 £50 31.78 £ 0.14

+
N
o

Pb-Pb secondary isochron 3080 12.712 Y 0.045 (206/204)
14.216 1 0.021 (207/204)
The U-Pb concordia plot show that some samples have suffered

recent U loss : the discordia plot (which defines a straight

line) intercepts the concordi i curve at 150 and 3090 m.y. re-

spectively.
Age (m.y.) hn tial ratio
ILG Ih-Pblyoungerlisochron* 3070 + 110 31.67 * 0.25
1LG + SMZ Th-Pb 'older' isochron* 3540 70 32.77 1 0.04

The U-Pb data on the PbY /Pb" 7 - U'~/Pb"0™ plot, indicate

open system behaviour; the majority of the points are scattered
and lie well above a 3050 m.y. referenceline. Some of the
scatter (for four of the samples) 1s due to recentU loss. A

comprehensive interpretive tudy has been made of all the U-Pb

isotopic analyses for the ILG and SMZ rock suites, and a 3 stage

evolution model fits the data reasonably well. Inthis model

small changes in u value were effected 3800 m.y. ago and a

major diminution in v values occurred 'v 2800 m.y. ago.

*Although th« data for must of the felsic rocks from the 1lnlandsee aiea
plot on a Th-Pb isochron giving an age of 3070 1 110 m.y., the data for
some of the felsic rock , fall on a steeper isochron, characterised by
the mafic metamorphic suite, and giving an older age of 3540 £ 70 m.y.
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7.3

Before discussittg the Vt~defort isotopic data, the methods of in
terpretation of whole rock isochron data an briefly reviewed.

Whole rock ages as defined by an isochron relate cither to the time
of crystallization of a magma, or to the time of a major metnmorphic
event that effected < plete notopic W', (' openi zat ion. Initial ratios
are believed to reflect the nature of tl, source regions. For example
a magma derived dirt etly from th< manlll B uld be expt cted to be ehm tc
terised by a relatively low Sr initial ratio varying from 0.699 at 4650
m.y. ago to about 0.704 at the present dty it a single stage development
of the mantle was followed.

Spooner and Fiirbairn (1970), and - -re recently X,orbath (1975),

contended that the low primary i.itios tea ;ured in certain Precambrian

gneissic terrains are inherit from t r title, and that the magmas
were transferred int the cn. t short1l\ ' ¢ re the tie f emplacement.
Moorbath concluded t: it such unger Ti. "rian granite gneisses, mainly
from Scotland and Grenland, old m * h:vt been d, ;ived as a result of
reworking the pre-existing older crust 1 v k ; 7/ precluded the possi-
bility of long periods of i.rv;t ' re ; n prior to the ago given by an

isochron.

Bridgwater and Colicr n 19'6) on the other hand argue that such

calculations of brief crustalr Bidenct t im. are only valid if the
average Rb content of the rock nit* V iy is the same as the avetage
content at the time of initial .paration from the mantle. They sug-

gest that a low Sr initial rat ichat nt 1i tic ot the upper mantle,
need not necessarily indicate 1 .hort cru.tal history it a lock suite
which previously had a low b/f- ratio gained Rb duting the m. ta

morphic processes which effecti 1 isotopic n liomogc m /.at ion.
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A further important, but until recently, commonly overlooked

aspect of isotopic geology 1is centred around the possibility of mantle

inhomogeneity in Precambrian times. The characteristically low Sr

isotopic wvalues for oceanic volcanic rocks are believed to reflect the

isotopic composition of the mantle. Mantle derived magmas in conti-

nental areas, however, often have high and variable initial Sr ratios

(Brooks et al., 1976; Kramers, 1977). With specific reference to

southern Africa primary Sr ratios from both acid and mafic phases of

five intrusive complexes of different ages are reported by Davies et

al. (1970) . The initial Sr rat:os of the intrusives (Table 7.6) which

are possible derivatives of the upper mantle, all lie above the single

stage upper mantle growth curve. The majority of the points lie along

a line which has been drawn in accordance with a two stage model for

the isotopic evolution of the continental crust. Because mantle de-

rived magmas in continental areas have to traverse between 30 and 40

kilometers of sialic crust, the high md variable initial ratios

(Table 7.6) may also be ir.terpr. ted a . being due to crustal contami-

nation (Davies et al. 1970).
While the evidence for a two stage mantle development beneath

southern Afri a it not altogether , .inclusive, the author docs believe

that the data in Table 7.6 possibly reflect mantle isotopic hetero-

geneities. Lead and strontium isotopic patterns from South African

cretaceous kimberlit« s and mantle derived xenoliths are interpreted

by Kramers (1977) as providing strong evidence that the upper mantle

beneath southern Africa is isotopic.illy heterogeneous on a regional

scale.
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TABLE 7.6
Rb/Sr

Intrusive Age **Ro (A< id rocks) **Ro (Mafi ¢ rocks) Mafic rocks)
Great Dyke 2541 ~ 30 0.7024 £ 0.0008 0.30
Rushw Id 1954 1 30 0.7153 > 0.0088 0.7065 4 0.0020 0.005
Losberg 1881 - 282 0.7064 B 00,0024 0.20
Trompsburg 1372 t 142 0.7066 ' 0.0196 0.7043 0.0004 0.005
Ushushwana 2874 t 30 0.7029 * 0.0016 0.7031 4 0.0028 0.04

2931 ' 38% 0.7009 ' 0.01365
*Excluding UC 11
**Ro - initial Si' /Si ~ rat it's
After Davies et al. (1970).
7.4 Discuss ion of n .ul*

The Rb-Sr whole rock ..suits fall into tinct well defined groups
which are consistent with the division o ( the t m Archaean rock types
on the basis of geochemical and field evidence.

(a) Met ah i ites and at iser ' if ¢ of Steynsk raal metamorphic

zom* .

The mafic met morphic 1 cl ' exi '.tiding the charnockitic gneisses
yield an age of 3478 : 130 m.y. and an initial Sr ratio of .7006 =
0.0002. They are amongst the oldest known rocks in southern Africa and
the age and initial ratio an comparable to those obtained from the On-
verwacht formation of the Swaziland greenstone belt (Jahn and Shin,
1973) .

Provided that the average Rb/Sr ratio of the mafic metamorphic
rock suite has been preserved, which in the author's view 1is probable

because of refrai tory nat tin of the mineral as: ,mb lages, then the low

initial ratio of 0.7006 whidi is only slightly higher than the oceanic
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mantle for this age, shows that these rocks did not tom more than
200 m.y. before % 3500 m.y. ago. It 1is concluded that the Rb-Sr
isochron reflects the age of a group of rocks of both sedimentary
and igneous origin, and of different ages, possibly formed over an
extended period, and which have subsequently suffered isotopic homo-
genization ' 3500 m.y. ago. Further, the initial Sr ratio of the
mafic metamorphic suite is significantly lower than the wvalue sug-
gested for the sub-continental mantle ( 3500 m.y. ago) by Davies et
al., (1970) and provide* evidence for m mtle. isotopic heterogeneities,
rather than for two stage mantle development beneath southern Africa.

The Rb-Sr whole®ago agrc-s within experimental error with that
obtained by the Th-Pb method (Welke et al., ms. 1in preparation).
However, the initial Phg‘f/PbEO& ratio (Table 7.5) 1is relatively high
for rocks of this age and correspond: rather to a model age of 3000
m.y. (Stacey and Kramer; , 1975). This dimplies that the mafic meta-
morphic suite of rocks had participated in a system with above-normal
Th-Pb ratios prior to losing Th and taking on their present composition
with normal to sub-normal Th-Pb valu 3500 m.y. ago (Welke et al.,
ms. in preparation).

(b) Inlandsee Icull “ran W r 1<

The 1initial Sr tatio ot 0.7044 * 0.0004 for the 282b 4 32 m.y. old
ILG lies well above tin ;ubo(ranir mantle development line. In the
light of the previous di u ,ion, there are two possible explanations
for the relatively high init : 11 Sr ratio. The lirst possibility

recti

that the ILGAwere derived from a sub-continental mantle characterised
by relatively high Sr initial ratio., and the second 1is that the ILG
were derived from a mantle similar to that found beneath the oceans
(with respect to Sr isotopes) long before 2800 m.y. ago, and sub-

sequently developed in a crustal environment characterised by an

average Rb/Sr ratio higher than that of the sub oceanic mantle. The



measured age of » 2800 m.y. then relates to the time of cessation of an
anatectiu or metamorphic event wliiiH effect' I <omplefc Sr isotopic homo-
genization. Assuming maintenance of the prv:mt day average Rb/Sr ratio
of 0.20, the period of crustal residence prior to ~ 2800 m.y. is given by
linear extrapolation of the primary Sr rati, hack to the oceanic mantle
development line (as indicated in 1iy. 7.6). this show, that the parent
rocks may have had a crustal res ih nee of 550 m.y., provided the av-
erage Rb/Sr ratio was preserved. II the 11.0 le t Rh at 800 m.y. ago,
then the duration of cru tal resid>m a pri i to 2800 m.y. ago would
be shortened, depending on the extent nI the Rh loss. However ' icie is
no convincing evidence that the 11.W racks have lost Rh, except that these
rocks have unusually high K/Rb ratios, <e:jp. i 11y for felmi. rocks , which
could be interpreted as Icing due t Rb 1lo

Faced with these contrasting explanat i n h w,dowt then interpret
the ~2800 m.y. age obtained for tl: 1LG? ot tunately, the Th-Pb iso-
topic data (Wolke et al., ms. in preparation) provides a further con-
straint on the historv of these ¥:. Although the data for mot.t felsic

rocks from the Inlandsev area plot on an ilkhron giving an age of n

3070 m.y., some of the felsic rod (KK I*.,, VD 3, VD a and VT 211) fall
on a steeper isochron, nta ini: all the r fi< meta rphi. suite, and
giving an age of 3540 .y. (Table 7.5). On the b, is of the high Sr

initial ratio together with the Th-Pb i otopic data the 2800 m.y. Rb-
Sr age 1is thus interpreted as a " etamorphic" age, whereby Sr isotopes
were homogenized. A corollary Bf the Rb-St 2800 m.y. met morpbic age
compared to the Th-Pb age is that 1in certain instances the Th-Ib isotopic
system may remain unaffected by m tamorphic conditions which, otherwise
result in Sr isotopic homogeni zalion. In turn the extreme the
data points on the 1b' '/Pb vs ) /1o diagram for . fels
rocks suggest that U is the most vulnerablt of the t idiovl.-menft? to meta-

mo rphic influences.
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One of the most, interesting features of the Rb-Sr geochronology
of the lower Vredefort crust is the fact that die metamorphosed mafic
inclusions, engulfed by granitic rocks which exhibit an age of ~ 2800
m.y., have retained their older ~ 3500 m.y. age. This suggests that
because of the refractory nature of the mineral assemblages of the meta-
sediments and metabasi tes, the kb-Sr chemical system within the mafic
metamorphic suite remained unaffected by the metamorphic event. This
event nevertheless reset the Rb-Sr chemical system of the sur ounding
felsic rocks. Furthermore it is suggested that since an older age of

3500 m.y. 1is d fined by the mafic: inclusions, this rock suite has been

characterised by a relatively dry mineral assemblage since 3500 m.y. ago.

(c) OouUt >;neiss

The relatively high present day average Rb/Sr ratio of 0.35, and
low initial Sr ratio of ~ 0.7010 (compared to suboceanic mantle) for
the ~ 3000 m.y. old OCG permits a prior crustal residence time of
only 'vw 100 m.y. To account for a ctustal residence for the OCG cf
any significant length (e.g. ~ 500 m.y.) a pre-existing rock suite
which an average Rb-Sr r tic of ibuut 0,1 would bt required. Thus on
the assumption of retenti n of the Rb-Sr ratio during the O0GG-forming
event, it would appear that the OCG rocks were derived from the mantle
shortly (less than - 100 m.y.) before »~ 3000 m.y. ago.

It has already been mentioned, however, that the above analysis
is only wvalid 1if the avenge Rb content of the OGG today is the same
as the average content at the time of initial separation from the
mantle; then are two further criteria witii respect to the OGG which
must be examined before conclusion . a.$ to the origin and evolution of
the OGG can be drawn. Kir tly, th< regional geology of the OGG indi-
cates that these rocks have undergone a complex tectonic and meta-
morphic history (Chapter 2.2), which cannot easily be reconciled with

a crustal history of only 100 m.y. prior to a ~ 3000 m.y. metamorphic
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event. Secondly, although the Th-Pb whole rock isochron date of %W

3000 m.y. (Table 7.5) 1is in good agreement with the corresponding Rb-

Sr age, the initial Pb"""/Pb ratio of 31.7 1is anomalously low, and
corresponds rather to a model age of 3500 m.y. (Stacey and Kramers,
1975) . This suggests that the outer granite gneiss has participated

in a Th-Pb system of low K\\ values during a certain interval of time

prior to gaining Th and taking on their present day values = 3000
m.y. ago. At that stage the Th/Pb ratios increased to normal-.bove
normal values (Welke et al., ms. 1in preparation). It must be men-
tioned that all of the discussion on Pb‘' "~/Pb initial ratios is

dependent on the existence of mantle homogeneity, and mantle hetero-
geneities would nullify most of this latter argument.
(d) Central intrusive r.mitc

"he age and initial Si ratio of the CIG provides information not
only on the tins, of the Vredt tort ujdoming event, but also on the evo-
lution of crustal material under conditions of partial melting.

The point defined by the CIG samples lies on stezp initial Sr
ratio versus timn. development line (Fig. 7.6) common to the Vredefort
lower crust (SMP. + 1LG) The slope of the 1line is characterised by a
Rb/Sr ratio of 0.14, which closely approximate. the crustal average

of 0.15 (Armstrong, 1968).

A similar alignme a points on a Sr87/St86 versus time plot
for granitic rock from . T ir:an basement of Swaziland has been
interpre* ed by Davies and All ( » ai vidence for repeated meta-
morphism and Sr isotope horn -gtni/.at .on within the sialic crust. The

high initial Sr ratio, and the fact that (on a Sr"'/Sr'” versus time
diagram) the point for the CIG samples plots on the strontium develop-
ment line, 1is compatible with such a model and suggests that this small
intrusive granite has a genetic relationship with the surrounding

country rocks.
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The occurrent @ oi the cent' tL intti : B biK cmlt< i th«
central regions of the .truetun [>rovi 'me . 1lu evidence for a
thermal event in the deeper region;; of the Vredefort crust at 1.950
m.y. ago. This age could be interpi .:ed < Dbeinv iminimur c £

the time of formation of the Vredefort stru< tur<

7.5 Movement of LI1I elenient in tIn V; .-1v' it >n

On the basis of the geologic 1 evidente, and u be ,. T

pi.y.) characterised by relatively low Rb r and :n/Pi rat; and norma]
U/Pb rati >s, 1s suggested for the- O0GG. The time Jf escent of the 1,11
elements into the enrich, d uppet / u of th 0(ve, ly ! e S W
sector, occurred prior to, or at the tins. iven by th. Rb-Sr, J-i%
and Th-Pb who le rock isochi m date : n00 m.y.

While the lower crust (ILG + SMZ) hav v.ffeiel epi di 1< of
uranium and pos ibly Th, this epi ode c.mn-'t be convincingly c¢ rr. -

lated with the entry of LI! elen-c: in: > th< upper crust. W. Ik, et

as well as a large proportion of the felsi, ILG samples suffered Th
loss t 3100 m.y. ago, These rock . mid th* ,o.fore only have served
as a Th source for the 0GG if the transfer of thorium took place at
least 3500 i .y. ago.

The upper regions of the OGG, particularly in the South-West,
have a "uranium prehistory" which is sharply complementary to that
of the SMZ and ILG. It might be >nje< turei th it the uranium losiby
the SMZ and ILG "parent" was gain, d by the OGG when it took on its
present form 'v 3000 m.y. ago, but the time of uianiumIv NK'H 0 = v.

ago) from the lower crust contradicts this conjecture.



120

There is no convincing evidence that. Rb lost, in , the lower crust
has occu'red. However the Rb/Sr isotopic data from tin lower ,cruet
suggests that: firstly, the mafic metamorphic suite h .ve relLained their
Rb content since 73500 m.y. ago and secondly, that if the ILG had lost
Kb, this most probably occurred at around 2800 m.y. ;o0, although Rb
loss from the ILG prior to v 2800 m.y. np.o cannot bt excluded,

Wliat then is the source of LIL element in tin em iehed upper zone
of the O0GG-?

Geochemical evidence suggests that the lower n i. . of the 0GG
have lost substantial amounts of U and, to a lesser extent, Th which
ere thought to have been redistributed via fluid ph. < during, partial
melting processes operating within the O0GG. As vyet , however, there is
not enough isotopic evidence to quantitatively test th! . hypothesis.
The source of the Rb in the OGG remains an enigma; th ii.latiw ly high
present day average !b/Si ratio (which in -.luX ; both the upper and the
lower OGG) suggests that these rocks have rained Rb on a regional scale
in order to account for a crustal residence of t 500 ; .y, prior to
3000 m.y. ago.

The present-day location of the uranium lost from the ILG + SMZ
at 'v 2800 m.y. remain:; an unsolved problen. The author ugg. ,t$ how-
ever that there might be some genetic link between the uranium loss
in the lower crust, and those samples with anomalously high radio-
element concentrations (KK 16 and VT 127) occurring in the outer
regions of the SMZ which result in a "hump" at the 9 to 10 kir depth
zone of the radioelement profile (Fig. 5.2). There 1is also isotopic
evidence for one of these samples (KK16) incurring m inium gain at

‘v 2800 m.y. (WecIke < ., ms, 1in preparat ion).
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8 FNTKRPRKTATION OF RESULTS
8.1 Models 1lor the evolution of the Vredefort crust

The geochemical, geochronological and geological evidence is now ex-
amined with the aim of reconstructing the history of the Archaean basement
rocks exposed at the Vredefort dome. Two models for the evolution of the
Archaean crust providing possible explanations for the data obtained in
this study are outlined below. A schematic view of these models is given
in Fig. 8.1 and 8.2, and are summarized in Table 8.1.

The early (pre~ 3.6 b.y.) history for both models is the same (Fig.
8. "Aand 8.2A): the crust consisted of a thin (5 to 10 km) sequence of
sedimentary supra-crustals and interlayered basic to intermediate volcanics.
This thin primordial crust was invaded and largely broken up by sialic
material derived from the mantle, during a major period of crust-mantle
differentiation close to 3.6 b.y. ago.

In Model 1 the 3.6 b.y. old proto sialic crust was still relatively
thin (15 to 20 km) (Fig. 8.IB) and was characterised by geological and
major element features observed in the lower Vrtdefort crust (ILG) today,
except that the ro-'ks had not as yet obtained granulite facies mctar.orphic
conditions; thus tin ILG * SMZ precursor h a a non-depleted geochemical
character with 'nor-all contenf of V, Th aid Rb. The precursor for the
upper crust (OGC) represents either juvenile igneous rock derived directly
from the mantle shortly before 3.0 b.y. ago, (which is the case shown in
Fig. 8.1C and D) or a ".Lab of pre-existing crust mechanically emplaced
on top of the lower crust (ILG) precursor. The actual mechanism of em-
placement of this upper crust is not specified; it will suffice to sav
that its emplacement was concommi tant with downward movement of the lowt r
crust precursor to the depth required fir granulite facies metamorphism,
with consequent upward loss of I.II. elements.

In Model IT most of the sialic crust is di f!# ntiatod from the mar tic

early on in the earth's history, and no further significant addition of mantle






00

@O:ﬁ

to

oz

v At
rex

o Qi
SEE

4J

U4

Om»-4

CL 3



123

Pre 3-6by.
B Major emplacement of sialic differentiate
Primordial Cfuil- basic volcomci
from the mantle completed by3 6b.y
& scdimenlry suprac ruslol s
'orr + . + + is-20
km Parent km
ILG
A+
c s 0 New period of metamorphism with partial me'Mng ond felmc material
ascending into the upper sequence shortly before 3-i’b y.
> n ..
V. Lr
e 11 L ! ’
tttt* 4 + + * 1<t
< Tv-2
E R« .tnh «tion f III e «ment$ mthe Sr isotopic rchomog ni/alion and episodic
0GG dost' to 30b Y U loss from the '1G at 2 8b y.
; A % 4 P 'r"t'/.
« i i 2 e . .
v, o1 e e e . Mok T o ] lie
¢ 4 4,4 ¢ ¢t L o#[F * )
of t
Wi ¢ . ‘
. o 0GG £1. "
L I
B L1L cleivit-ats lined in th< upper crust (0OGG)
>'IGL'KI. 8.1 Model 1 'or the evolution o: the Vredefcrt crust
Pro 3 6b y. ) R, )
Major emplacement of sialic differentiate
(*i- 'd olcrvit- bosit volcunics from the mantle completed by 3 6b y
8. sedimenfry svprocrustols
30-35
5-10
km

Short ly nftrtr 3-6 h.y.

Upward movement of water U Th & Kb
inti tiat, ng partial n elfmg

final termination of partial melting and
in Iht
0GG

metamorphism at 3 07b > m theO G G

0GG

v 1,
ILG

K1GU1l < 8.2 Modal 11 for the evolution of the Vredefort crust



124

material to the crust occurs subsequent to the *~ 3.6 b.y. crust forming

event. (A major difference between the two models i” that in the former

model further addition of sialic material, and crustal thickening, 1is re-
garded as essential.) The sialic magma invaded the primordial s4«mt-c crust,
causing its fragmentation, and resulting in the formation of a 35 km thick
continental crust, consisting of fragments of sedimentary supracrustals and
mafic volcanics enclosed by a silicious TI.G type granite (Fir. 8.1R) . At

this stage the upper crust must have had chemical compositions fundamentally
different (in terms of LIL elements) to those seen in the upper crust 1in later
geologic times. The younger O0l:G formed largely by anatexis of the upper levels
oc this piinitive crust.

Model II requires that the felsic differentiates of the lower crust were
emplact-d into a hij’h pressure - hivh tt" pvt tture environment where granulite
facies metamorphism prevailed. This imp 1ii that the geochemical character-
istics of granulite facie rocks of the lower Vredefort crust are character-
istic of the chemistry of the early protocrust rather than a product of high
grade region il metanv-rphism. This possible explanation for the evolution of
granulite facies n-'ks was first propcsvd by Heitfr(1976). The mafic inclu-
sions caught up in the transfer of sialic m iterial into the crust suffered
a relative downward motion by v rtue of being "spaced out" in a thickening
crust, and thus attained granulite faei« t BLatnorphi sm. U, Th and Rb intro-
duced into the lower crust during .turt-mantle differentiation were incom-
patible with their high pressure environment, and started to move upwards along
with the hydrous components a; the lower crust began to crystallize. The con-
tinuous introduction of volatile, into the upper crust induced partial melting,
whereby the basic volcanic and Sedimentary remnants in the upper crust were ex-
tensively remobilized and mixed in with the more felsic components resulting
in the complete isotopic nomogenization of the upper crust (the 0GG). This
event culminated ~ 3.0 b.y. ago.

What 1is the source f the LIL elements which started to move into

the upper crust during the strong reworking? They are presumed to have
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originated in episodes of LIL-clement expulsion from deeper crucial
levels. Model II has (thus far) no obvious explanation for th ii in-
itial concentration in the lower crust, and their relative depletion
in the upper crust.

8.2 Summary ind Ton--lus iou ,

The findings of this study are now summarized, with the aim of
evaluating the proposal of a Vredefort 'crust on edge model' and genetic
schemes for the evolution of the Vredefort crust.

Rocks of the granulite tncioS have been proput id by many previou'
writers as a major constituent of the lower crust. Accepting the fran -
work of a 'crust on edge model', it 1is noteworthy that at Vred fort the
principal metamorphic facies 1lie in their .xported vortical sequence,
with granulite facies rocks occurring inthe central regions of the
Vredefort done (Fig. 2. ), Chipter 2).

(a) Ceochi istrv t'n / iddli Vvr®m h 'rt rim ! ('1L,0 + S"7)

In the Vredel irt middle crust (exposed basement from 10 k, to 15 fm

below the Orange Grow quart zite) rocks of granitic & mpoait ion (in y, .nn~

litc facies) predominate. In this part of the Vredefort base :ent, mafic
granuli tes consti tut' a lesser proportion than felsic rocks. Thi chat m >r
of the mafic granulite relicts indicate - that most of them wer probaMy ipra-

crustal strata before recontruction of the middle crust took place
(Fig. 8.1A and 8.2A).

The surrounding quartzo-fcldspathic 1I.G rocks are characterised by
a fclsic mineral assemblage, and low com untrationt of ferrc; gnc dan
minerals. The major element chemistry of the IIG shows little variat ion
over the area sampled.

The ILG rocks have unusually high K/U and Th/U ratios and high K/Th,
K/Rb and Ita/Rb ratios. These ratios are consistent with the concept of
strong depletion of U and to a lesser extent Th and Rb during retamor-

phism only if the primitive rocks at some cime priot to met amorphi am had
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an overall 1lithophile clement content similar to that of typical felsic
upper crustal rocks currently exposed at the earth's surface. "Normal"
K/1 , rh/1' and K/Fh ratios in the mafic inclusions , indicating that for
these rocks 1h and U have not been depleted relative to K, suggest that
the mineral assemblages of the rocks had a strong control on the
behaviour of Th and U during met .miorphi sm. 1 conclude that U and Th

vmie I.OvmLed in the .ocklormmg minerals of the m.il Ic rocks, whereas in

the surrounding quar tif elIdsp.ithi. rocks Th and U occupied interstitial
sites.

The questions of the time of U (with Th and Rb) loss aim subsequent
U gain elsewhere in the Vredefort crust is discussed after the isotopic
data are sir: trised.

(b) Geochemistry of t73M ''i:tr Or ni tr Gnei <s

On average the OILC zone shows a slight but nonetheless significant
increase in cafemic character with depth. The distribution of the alkali
earth eli ents Ba and Sr shows a strung positive correlation with the
major oxide Na.,0 and Al ,0, , which therefore suggest $ tnat Ba and Sr ontents
controlli 1 by the plagioclase fellspar content. Both Ba and Sr exhibit
trends expe ted fron a crust on edge profile, i.e. they are relatively
enriched in the lower Vre iefort crust and f ill off sharply towards the
margin. Tlv linear relationship vtween Ba and Sr (Fig. 4.8) as well as
the observed relationship Dbetween the refractory elements such as Fe and
$r (Fig.' 'l) arc corn only ascribed t partial melting processes (eg.
McCarthy, 1976 ).

The distribution of the 1lithophile elements over the upper 8 km of
the Vredefort crust conforms to an exponential decrease with depth, and
shows a roughly inverse correlation to the more refractory elements such
as Ba and Sr. Like the ILG, the lower half of the OGG his unusually high
K/U and Th/U ratios, as well an high K/Th, K/Rb and Ba/Rb ratios and it is

only the outer 5 km of tin Vredefort basement granite that has .osolute

are



element abundances and interelement ratios that approach values obtained
for near-surface shield rocks in other continents. It is proposed that
the lithophile elements in the OGG have been redistributed via fluid
phases released during metamorphic and partial melring processes in the
upper crust.

The geochemical trends observed in the OGG are consistent with ex-
pected trends through a section of the upper and middle crust, and sup-
port a partial melting model for the reconstitution f the upper middle
crust, at least in this area. I believe that the'- partial melting pro-
cesses, and the "granitizat ion" of supracru tal strata, were largely re-
stricted to the upper crust (0GG), pi ibly due to higher concentration
jf volatiles, while the lower crust, which remained in 3 relatively dry
environ: .?nt, was therefore better able to resi.it partial melting pro-
cesses (M:del 1II, Fig. 8.2C). The above contention is born out by the
fact that in the lower am-:, t, rocks of extremely different compositions
(ILG + SMZ) have retained t!n ir isotopic identity over the past ~ 3.5 b.y.
whereas the OGG was homogenized (at least for the Sr and Pb isotope
systcs) at 3.0 b.y. ago.

(c) He at prcdu tj n =rid the irpli iti ns for continental heat flow

The distribution )f th ¢ r ilioelements and the distribution of heat
production with depth over the outer 8 kr of the Vredefort crust 1is con-
sistent with an exponenti 11 dependence on depth; it is consistent with
the theoretical model of an exponent ial fall off of heat production with
depth proposed by Lachenbruch (1978, 1970). This 1in turn lends weight
to the Vredefort 'crust on edge' model.

The heat production from the exposed profile in the Vredefort base-
ment, together with the stratified rocks of the Carletonville area (upper
20 km) 1is considerably greater than previous estimates of the heat pro-
duction in the crust.

Most of the heat production, especially in the lover 7 km of the
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Vredcfort basement profile, comes from thorium docny. The significantly
greater Th concentrations in the middle crust reported in this study, com-
pared to results obtained by other workers, arise possibly from some bias
i" nrevious middle crust sampling toward; mufir granulite horizons.

The heat production of the lowei 16 km of the crust is partly con-
jectural. However, assuming the preferred heat production model LCR,
(Ch.6) then the total contribution to surtace heat flow for a 36 km con-
tinental crust 1is 0.85 HFV. 1lhe heat flow from beneath the mantle has
been calculated at between 0.15 (Model I.CA) and 0.25 (Modi 1 LCB) in tne
Carletonville area.

Using this mantle boat fh w va ue the thickn» >s of the lithosphere
below the southern African hield hat been calculated it approximately
300 km, following the meth< ! f Sclater (1972).

(d) Geochronology

The oldest Archaean neks in the Vredefcrt base-ent are the mafic

xenoliths which yield R1 ; and Th-i b whole rock re of ' 3.5 b.y. The
mafic metamorphic aite i1 jh ught to re; ; ent an ient metasedimentary
supracrustals and pyroxem g:anulit« t it were caught up and preserved

in a highly silii ious natei i 1 (TIG) d:Yfcrentiated from the mantle

shortly after w 3.'" b.y. (lig 8.1lb and 8.2b).

The fact that rocks ol b th sedimentary and igneous origin (from

the bteynskraal Met .-.orphic Z ne) have shared a common Rb-Sr isotopic
history since 3.5 b.y. & . suggest that the measured age represents
a time of isotopi, rehomogeni zation. Hie scatter on the Rb-Sr crrorchron

may indicate that isotopic hen ,rniit ion w is only part tally attained.

The duration of cm t1l resilience prior to v 3.5 b.y. remains an enigma:
the low Sr "/ar' initial ratio suggest! that these rocks formed shortly
before 3.5 b.y. On the other hand, the relatively high Ph*~/Pb"' ' in-
itial ratio suggests that these rocks participated in an extended period

of high kp prior to 3.5 b.y. Alternatively, the high .u values may have
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been inherited directly from the mantle, which in turn implies consider-
able. heterogeneities within the mantle in 3.5 b.y. times.

The high initial SrR7 /Sr' ' ratio of the. ILG suggests that these
rocks have had a crystal resident:* of at least 500 m.y. prior to the
measured Rb-Sr whole rock .go of b boy. Thi viewpoint is supported
by the observation tlut some ot the fel; it rocks lie on a steeper Th-Pb
isochron yielding an age oi j.5 b.y. The scatter of the data points
for the U-Pb plot provide - evidence IBr substantial uranium 1lo .s. The
time when mostoi the U was lost Iras been calculated at about! .: b.y.
ago. ..Wclkv et alI., s. in pr. paration).

The Rb-Sr whole re k ige oi 3.0 b.y. for the OGG agree with the

mary ratio for th< Rb-Sr isochron 1is characteristic of the oc ini. mantle

from the mantle sh. ¢ 1lv before ). 1.y. v (Modi 1 I).

The anor.nl w I ini' ¢ I i itio would then be inter-
preted as beinginherit*d :- thei m* 1 e. which implies a heterogeneous
mantle prior to3.0 b.y, Thi abov int rpretation of the data however

do not reconcile with the field evidence, which indicates that the O0GG

has parti .pat:vd n: nvi tomplex thermal and tectonic history prior
to 3.0 b.y. aml. a §01 .v.ru: t.! history characterised by rela-

Al
day i . the pt,e n id at zrpr- tit o. Thus a general " 3.0 b.y. enrichment

of LIT. elements (part) ail. "ly in <he S.W. sector) 1is the suggested ex-

planation (Model 11).

8.3 Imp1li ation- I.>r th- ev,.lut ij>n of the early Precambr ian crust
The conclusions of this study have a direct bearing on two of the

main problems concerning the evolution of the early Precambrian crust.

for
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been inherited directly from the mantle, which in turn implies consider-
able heterogeneities within the mantle in 3.5 b.y. times.

The high initial Sr”~/Sr ratio of the TI.G suggests that these
rocks have had a crustal residence of at least 500 m.y. prior to the
measured Rb-Sr whole rock ige of ~ 2.8 b.y. ibis viewpoint is supported
by the observation that some of the felsic rocks lie on a steeper Th-Pb
isochron yielding an age of = 3.5 b.y.The scatter of the data points
for the U-Pb plot provide evidence for sub ..antial uranium loss. The

time when most of the U was lost l* been calculated at about 2.8 b.y.

ago. (Welke et 1., ms. in pt\ pir.iti >u)

The Rb-Sr whole rock age of 3.0 b.y. for 'he OGG agree vith the
agec obtained by the U-Pb, Th-Pb nd PbPb whole k 1so In. ... Tht pri-
mary ratio for the K -Sr 1 ~hr.ui i h. t' .etie of tin- Oci.mic title for

3.0 b.y. times and i -on i;t n'w th t;e .out: that the i <BMwas derived
from the mantle shortly efore 3.0 b.y. ago (Model TI).

The anomalously lew P /Pb"i i 1il ratio would then bi inter-
preted as being inherited fr the itle, which plie - a heterogeneous
mantle r ir to 3.0 b.y. Tin wubovi it *erpretation of the data however
do not .- te with the field t"idvr «, which indicates that the O0OGG
has participated in a long, and complex thermal ind tectonic history pt ior

v 3.0 b.y. ago. A v 600 m.y. crustal history char ''vised by rela-
tively low Rb/Sr ratios and Pu value and normal p pri. to 3.0 b.y. ago,
followed by a striking increase to the Kb Sr, ana U values observed to-
day 1is the preferred info ?pro i :tion. Thus genera I 5.0 b.y. enrichment
of LIT. elements (particularly in the S.W. actor) 1if the suggested ex-

planation (Model 1II).

The conclusions o' this study have a direct Dbearing on two of the

main problems concerning the evolution of the early Prectimbrian crust.



(1) Thu strontium and lead isotopic ages md initi. 1 ratios boar

directly on the question of movement of mateT " I n. twet n t and :le
and taken together with the geological evidence., strongly .-.uggest th —t
the sialic crust in southern Africa was derived during a jor period of
mantle differentiation close to 3.5 b.y. ago (Model 1II). The ob >rved
variations in ages and initial ratios md the g, hemical wvnriatioi

(especially in the 0OGG) are thought to be the result of Mibscqui-nt 1.n R
scale reconstitution of the crust due to nut.i atphio and ; irtial r -lting
processes which occurred e to 3.0 b.y. ago. The prvl :red " i"l 11
provides a satisfactory expl motion for a long .;<.: 1. 9©pre < b.y.
old crustal history for the 0OGG, for the oo.;ipl« ntary nature of i, 1live

enrichment of V in the upper CGG, and for the relative W pi- ti' r: IO in

the lower Vredefort crust (ILG > SMZ). In Mo.lei It tin cent of th LIL
elements, especially U to th« enrich'd upper /one of tin < G wv. r leted
close to 3.0 b.y. ago. H wever, con traints on th ti t win" tl
granulites appear to have ;offered .: .odic Vv ! (! .R b.y.) pn <rnt t
difficulty in correlating .his epis dv with I entry I LIL el .cuts

ceptance of this model.

The isotopic results for the Swaziland Ft' bri n -neissi. rocks
(Davies and All opp, 1976) are in ny ways ¢ .; table to the result ob-
tained in tin’s sttidy. Rb- r whole for tin :azil I graniti gn. isscs
in the range from 3400 to 3100 m.y. lie on a tecp initial Sr /St ratio
versus time development line that intersects the oceanic mantle dcvel<pment
line at 3500 m.y. ago. The rocks fi m the ¢ ntr .1 pa t o! the Vredefort
dome (ILG 4 SMZ) lie on a similar steep initial Si' / i ' ratio versus time
levelopment line. The preferred interpret atir-t for th* Swaziland rocks is
that, locally, the sialic crust did not begin for ing nmdt before 3500 m.y.
ago and that wvarious gneissic rocks defining (hi stoop development line
attained their present state by iep.-atvd met. rphi = , Sr isotopic homo-

genization within the early sialic crust. Tin -¢ view it similar to my
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interpretation for the wW vvlopmcnt of the fel-ic rocks in the central
region of the Vredefort h. ement. The isotonic data for the 0OGG, on the
other hand, arc in clo' alignment with tin data for the younger granites

from the Eastern Transvaal (De Caspar is, 1hi7; Davits, 1970 and Oosthuysen,

1970) . The initial ratios Ior the rod .11 lir to the right of the
Sr~*"~/Sryh development line tor the Sw.izil.e ! isses (Davies and Allsopp,
1976) and are also out ;i the basalt fi<*l . he interpretation of the
isotopic data for the Or , a well . thi t the Rastern Transvaal gran-

itic rocks has already Ie. a discus: 1 in d , th. Other similarities exist

oetween the uppermost portion of the Vr«! "t t osement, and the younger
granites from the Eastern i'ransva.tl. For * tv, the average composition
of the Nelspruit migr.it it (Vilj .n and Vil ., 1969b) closely approxi-
mates the average cheric 1 composit: a of t (Table 4.5). A similar
degree of correspondent 1s -vailable who: ‘itig the OGG with the grano-
diorites, gn« 1 es, mi it t. ind ; :phyr ' ranitc: found in the granitic
terrain north f Johan;, but (Anha< er,lb Y« . A cl -sc resemblance be-
tween the OGG and the 11 ie rocks of the ' < sburg Dome 1is also observed

in the field.

(ii) The second it i problem i n e*rm ' nature and composition of
the ciriy At cha- 'a cm? t . 'n el (1 o t 1i; the twomain hypotheses
on the ori .in f the r rtit's primitive cri t.ihi first postulates a
thin proto crt t of siali r iteri il 1 >r.do.|  rV. in the earth's history
during rapid t in': o cn different' ition, hi I' the other theorizes that
primordial differential! n wr, lc s <umplii , md resulted in the de-

velopment of a 'proto cru t' which was mote b Itic in composition.

A mass of information has been idvm Bk ! to support both hypotheses

fiom worket in the other =« irly lre ibri hield area; of Canada, west-
ern Austi ilia, central Am. rica and the N.nih Atlantic cr aton. In most
Precambrian ri eions, the oldest re- are | 1 °*!; high grade gneisses,

while the apparent age: of the gieia tone bell arc invariably younger.
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Sut ton (1967) suggests tin same of tin earli. t 1 >wn Precambrian met a-

scdiments come from the north-east segment of thi Baltic shield in the

Kola Peninsula of the U.S.S.R., who: a var " ry ot psammiti c and pel tie
rocks were 1in existence before net.Bphi I te 3200 n.y. ago. It
was the popular belief that the soute. roci from which these sediments
weie derived might approach 4000 m.y. in a ., although 11 crust older
than 3600 m.y. would he encountered K aus. el <. tensive it. rking during
this early period of cru tilhistoi>. Mori re atly a Rh-Sr whole iso-

chron ages of 3750 t 50 m.y. for the Amitsog ¥y micses in West Greenland
(Moorbath et al. 1972) 3643 ¢ 102 1 .. fro 1 nt dykes wvi.ich cut
Limpopo mobile belt gnei s,in S. ath At ti a ( . :ne al. 1977) and 3622
f 72 m.y. for the Uivak gnt :s-'es tic N rtlivrn I ibrador (Bridgwater and
Colerson, 1976) have be. n obtained, nd pi the fit -.t direct evidence

of @ granitic crust prio. t© 3600 <« .y . age.

The v 3400 m.y. An itntOnei- C ale , D /. ; and All pp (1976) ,
represent son. of the old. rocks tI in t! rn Al i.3 . No definite
age relationship has be.n establi . v t! Ancient Gneiss Complex
and the adjacent greet.t Tie b. It ( iran St tvroup) because of fault-
ing between th- tw .. Hunter (1972, 1 4b idored the former to be
older and to represent a ; oup of svpracru t+-i 1H-ks deposited in an area
of rapid eroi : n, tr.m ,p it md d. lion mied by the extrusion

of mafic and ultramafit B ,-ia. One or more ptiieds ot intense metamor-

phism, granitization and t< tnni .m, tint pi I I, the Swaziland Supergroup,

followed.

In contra t Anhaeusr.vi (1971) <ntetui tint the greenstone belts,
which are particularly w- 11 pn ierv.: in th. ¥bevton Mountain Land,
are older than the Ancient Cm i .t piex. Auhaeusser (1973) points out

that nowhere can it be dciion trated that the lower volcanic assemblages

of the greenstone belt- overlie granitic crust. Further he notes that the

ages of these lower vol. an it assemblages me relatively imprecisely
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known because of gvoclirouolovl o diffienltivs vft(uuntered in dating

rocks of this type. The main fac. t.s oi .--uthern African early Prccambrian
crustal evolution arc summari: - | by Anh.u'm *er (1971) as follows:
(i) The lower ultramat ic unit of tlu Tran v.ial ind Rhodesian green-

stone belts is thought to have i.prr .ntc1 a prinxirilial o eanic-type crust.

The age of this thin (n 5 to 7 1:) pri nJial ,’stint is unknown but is
considered to be well in exce < of 3400 u.y. old.
(ii) The nafic-to-te! ir unit r 4 & n trate chat icteristics

analogous to modern-,lay island arcs.
(iil) Incipient yr mil.- .~eh ; ntr* ulted 'r n parti al r.elting of

the primitive lith esphere and >ive ri t tin e u ly N.t-rich porphyry

bodies, which, in turn, bee;.- . i.]«--al' 1 in <h. « ter as island arc-
like development <«d aad the ciu t ti kene : ( 12 to 18 kr.J.

(iv) The earlie: t sed. ntiry i c ori idainly chemical pre-
cipitates (handed iron t -n itior . cl m;m. -.in>r bov.ates) as well as
volean- genic debri(tuff, -1l ! ).

(v) The prinitive g: mit. im tlv pri rdlal crust causing
its fragmentation an! m it i at ion.
rheomorphis-, anit, | , md t, at! t: a l - tin of greenstone
relics. The evoluti n > tt" v.ianiti. n was icvo panied by a pro-
gress! wWintrcdu ti a f <iI< u ' v, Th and Rb, with Kin par-
ticular, being added in in ring at ,u

(vii) Protocontinent 1 iv. -nts ev. Ived in the wining phases of

island arc-like development. Crustal thickening continued and proto-
continental segment , = ~ited tn i"' the thie+! table, eratons

(y 20 to 37 km). In Anliaeu: *i moth!, lhe de\« 1opmt.it of the African
sub (ontit,'lit shot a continu'd evolutin firman oceanic to a continental

crustal ,ctling, inv->lvin/. vi'tily ch- al dif ftrvntiation processes,
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the latter leading to the production of thicker, more stable crusial
fragments which nucleated to form the crystalline shield.

At Vredefort, the presence of pre 3.5 b.y. old metabasites and
metascdimentary supra crustals, preserved u .ler dry granulitc facies
conditions in the lower crust, provide strong evidence o; a mafic proto-
crust that has been subsequently enveloped by granitic material di.
ferentiatcd from the mantle. Whether the mafic metamorphic suite oi the
lower Vredefort crust has a chemical affinity with greenstone belts can

fi.t
only he tested by rigorous geochemical comparisons and”is recommended as

a further investigation in the Vrt defort basement.
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APPENDIX A
Isotope 1)1 lut ion
A .1 Clicmia- 11 alla lydivy.

The chcmic.il extraction of Kb and Sr was performed in a sealed
laboratory, the air being electrc tat it illy filtered. High purity
chemical reagents were used 1in all casel All pyrex issware, plati-
num and teflon beakers were cleaned rigorou.ly by boiling in ¢ N M( 1
and then in deionized water.

The effectives in eli inating any serious contamination during
the course of the chemical processing is demonstrated by periodically
measuring blanks. Blank Be.*mri >;nts showed that typi. i! contamination
levels from all sources was about 0.01 gtn for Rb, and 0.06 pgm fAr sSr.

Contamination of this order it magnitude introduces negligible error in

both Rb and Sr an 1ly vs. K -u u r powder (0.5 to 1 g"i) were
dissolv d in HF am! HCi( . After silica was removed a SiF, , and sub-
sequent evap. rati t dry , the wx ;dm was di .elved in ¢ ' HCi .

The solut im was then hc'r.vgen: -8 and .piit into 3 separate aliquots.

Two of the aliquot;, were spik'd with R: and Sr ' tracers respectively
87
for the determination of ¢ n< .ntrat ion: by i .otope dilution. The “r
Sr” ratios were d. Let infned dire tly from an unspiked aliquot. Sr was
extracted by cati n <x hange. t< hnique: using Bio-Rad 50 x ¢ , "00-400
mesh, cross-linked res n and HOI eluant, Rb separation was carried

out by decanting the supern itant liquid, itter .Mowing a crystall inv
precipitate of alk ,1i p. rchlorate to term. After rinsing, the preci-
pitate was ready for mass spectrometry.

In the case of the mafic granulite the chemical methods were
slightly different: because of the exceptionally low Kb come it tat ions
in these rocks it was neies.ary to dis-olve large amounts of sample.
Because of this, as well n$. the unusual nitural composition ol mafic

franulites, complete dissolution was not always obtained. This pre-
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sented difficulties in homogi-ni ing the ! vitions. beiore splitting, re-
sulting in poor duplication of results, Tho problem was overcome by
making separate dissolutions for Hb and Si" cone.cnt.r.it ion determinations.
However, this introduced a problem of sample powdct homogeneity which

is difficult to overcome. In m. t cos, t com ( dilrations oi Rb and h
in the mafic granulitos were o low that no kt.lt)” pi< ipitate liirrw d.

In these instances concentrated am kuiio solution \ a added to the sample,
which was in solution in dilut. HCI. Prm ipitation of unsoluble hydrox-
ides (largely Fe, A! and Si) cviirrcd and the precipitate, removed by
centrifuging. Tin .upernataut ' B dried. v*xc<- ] ni.t salts vola-
tilised, leaving a 1 idue I iently enriclu : it. t pfr 1 analyses
by mass-spectrometry.

The preparation and calibration of :pike!, are described in detail

solutions for both Rb and Sr. A weight-d uni t pike was dissolved
solution is then calibrated mutely y 1sotope dilution against a
standard prepared from John n Mat the. | .pe-] n ! It;.

A. 2 In- tri o a '’

Four different feoil t .ter: wen u , 1d .ring, the course of this
work. The specifi< tions are ivon in Table A.I.

Early in the work the 1lb ¢ urd Pri- In ,t itut< DIM (based on the de-
sign by tht Department of T rr- etrial Magnet i | w -. used fo) Rb concen-
tration determination , whili tin MA't-hliu was us-d exclusively for Sr
work to avoid contamination with Rb spihe. l.ater the Bernard Price In-
stitute DTM was updated and t Then u - to determine both Rb and Sr con
central ions. The MAT-CHA was r«placed by 1i V(b Mi, romans 30 spectrometer
which was used for natural ti ntium dot-rmination . The mass spectro-

meter used for a specific analy is is in'ii ited in the data tables.
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ita collection was carried

out by means of a chart rccordt i .tem. In the cas. of the MAT-CH4 a
Leeds & Northrup recorder was modified to In'orpoitte an expanded scale
system that allowed a tenfold inciea-.e in pi, i.sion of Sr isotope ratio
measurements. The expanded seal> system employ, d for all Sr /Si
measurements carried out on the " rCli-'. 'The data obt lined on the VG-

Microm s was recorded on adiyital out pi:

roll paper. The BPI-DTM was lat.’

with an on-line compute!

Loading procedun on all t .in machii vie ;i il.ir. Dbach sample
was run on a new fila: ant, Re for Si and i tor Rb. Sr samples were
loaded on to the filament by di Ivin, t1 ivii ' b.c:. B residue in
dilute HCl, whereas lot Rb the ? pl< wa: t.dHEn up in water.

In the case of tinRPI-Dil' the " cv ., tl fil .m..t*. were en-
cased in a ct.il carii 1i: pr B'with a 1lit tin a which the beam
is emitt< I, For the \ -'lie: , 3 il. . < ate I on metal struts
which are embedded in i glass ' I un A The siurcc of the up-
dated BPI-DTM was als. t difi ! t ilit e« fil.c nt mounted on glass
A.3 Pat i P I' tii a

Early in this work al' B were re. e edon <1 rt paper and ratios
and isotop abundance by . inf tl4 [ kheights recorded.
With the a quisition of it ;< n »al M a 121 »a-lin< computer (with

16K memory), all isotopic rati measured on

directly proc« ied. The propi W vii: En

and Hope, 197b) and is iuf fic ieiitI £f1. if

analysts of any spectrum containing from two

programme; have been written foi th< a

obtained from the VC-Mi, romar.: .

modified to di

TO to pro, e

i lay, and then printed on

ital output, coupled

the upc ted BPI-DTM were
in t1 B.i<ic language
to x> toed for multiblock
to five peaks. Separate

i digital data

(Stacey
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Programmes of the least squares method of York (1966) for computing

the best fit isochron for a data set have also been written. Using this

method the slope and intercept of the isochron was determined. Thereafter
wll "

the age, taking X - 1.4 x 10 years (BP1 practice to conform with new

uranium de ay constants (Jiffey et il., 1971) were calculated.

In calculating a Sr isochron age, the best fit straight 1line is fit-
ted to a set of points which are not exactly col inear. The method used
(York, 1966) tak.s into account random errors in both the X and Y co-
ordinates. The regression technique of York (1966) d. rives its errors in
the calculated lope and intercept stri tly from the distribution of the
dita points, which 1i- considered to be mere realistic than the regression
technique of X k (1969) here the error % are derived from the correlated
expertm t ' %$rr rs ot t;e :iti (A! Isopp p<rs . com: ,)

The regression calculation must maki allowances for pre-detcrnined

experimental error* in ' ant 1. The * t ai:1*ti tht txper.mental errors
of R'o® /Sr" and Sr /St are derived fr< a consideration of th< range
in variation in th Jdupli  itel va ue . 1" twenty dupl ieate analyses,

chron errors resulting from the regression analyses are given at la levels,
therefore the exp< ri::Enta:! err r asr-igned as weighting factors to the
ordinate and the ate-i sa mu- t ai ) be introduced at mfidcnce interval
of la magnituth . Thor tore tv third:, of the value quoted as the range ot
deviation of the m nn for Rb'"/Sr8’' and s/'/Sv8" has been used in the re-
gression analyses.

The regression in ilysi were te te 1l vising the technique of Brooks et
al. (1972) which <« lows for the critical distinction between an isochron (no
excess scatter about the | itted 1line) and an errorchron (excess or geological
error)

The distinction between an isochron md an errorchron is based on a

comparison of the mean sums of the residuals (M Sum) to the table of F-
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ratios for a given number of camplea and degrees of freedom. 17he M Sum

is defined as:

M Sum =
. (n - z) J

where , Y. arc the observation*-, x., are the values ad jutted tc lie
on the straight line and w (X.), w(V.) are tin w* ijht:; of the wvarious ob-
servat ions.
A.4 Analyt i. i1 Yr. eisj.-n ! va y

The precision of tin actual me,, u- t-ment I determined by repeating
a iumber ot tneaautc .nt® a ingli = pie. lit piei .sion of a gi.in
determination i depot', lent - un« e tt tie . contamination in
the chemistry tml fracti ti n in ! s$ HMtry. ba pItug errors

were tiliminatt I H' takiu ri, i1 eSi diteti v fra ti n which weie t.orou> iX

homogenised pri a to ri iffv.e ti L 'r * lure rca.inta a.r
rigorous c¢l auin.; tcchni Bhaii.a. 1« my o1 effects through con**
solution being intn .igenc pr ic r < ;i i, the tops taken to
eliminate this p: SIcm, have .In-ad: B n 11

The greatest sour v of error ar; il the spec t:ome try anu is
introduced if Rb8' 1is pn .nt when urinp / r ' ratios. The V'
contribution to Sr wa generallynot ;or« ti.an. ind could be corrected
for. Sy doe; not interI X inme * ar '"n,;Ph , inee Rb 1is ionized at

a much lower temp* ratun than Sr.
Fractionation effect :.r. introduce sv t it ic error, though of random
magn itude when iesaiarin i i P I B A I1 1 tdonation between isotopes

of a particular element ot ui . bta iu e ! ighlei 1iw.topes are preferentially

ionized when heat d. Fractionation for Sr inotopic measurements can be
corrected for im e the rat to of a /: < " in nature is constant, the as-
sumed value being 8.375. No correction can k< applied to the measured

Kb isotope ratio a it only hr; two i*olopes, and Rb fractionation effects



, C by me.surine -« Rb r,rio ,nd, con, , t

Ih. range of v.loe. of the .e.n for rh. Rb",Sr'« ratio Jet.r.in.o
fro. duplicated ia 1.52 for the felaic rock, atndied and 32 for the
.etabasite and .etaaedimentary incloaiona. Ih, at.ndard deviation of

87 86
the mean for Sr /Sr carried out on the MAT-CH4 is 0.7080 i 0

0002
(lo) and for the Vg-Micromass the value is 0.70804 i 0.0003 (in).
The accuracy of the data used is determined by measurements of in-

terlaboratory standards. Both the accuracy and the piecision of ratios

determined are shown by the reproducibility of the Eimer & Amend Standard

SrCo-.
TABLE A.2
Sr Isotopic Composition of Eimer & Amend Standerd
MAT-CH4 VG-Micromasa The average of 4 different ana-
This study This study lysts: compiled by the NBS
Sr87/Sr86 0.7080 0.70804 0.70794

A measure of the precision of th» sgi'te used in th s study i' gi’

by the accuracy in the determinations of Rb rnd Sr concentrations in the

NBS-SRM 70a standard (Table A.3'

TABLE A.3
Rubidiumje
65.764
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Al'YKND IX H

X-ray nno ifsconce

The analyses of major element concentrations presented in this study

were performed by the General Superintenden c¢ Co. Ltd. The analyses were

carried out in the following manner:-

(1) X-ray flnon one o

si02, Al .,0~ MgO, CaO, Na”“o, K, M, TiOg, T O, , MnO

(2) Vo lumet rj c
KeO
(3) Gra\' ime trie

H20~, H,0+ and CC ,

All trace clement * ere analy 1n t "n: L1ip TIWIAIO X-ray spec-
trometer using the pro-e+¢d pellet :« td I n ih iml Cl. ppel, 1967)
Running condi ti ns ar< 1i ted in T B.1.

The analyses of Yt, :Db, Zr, K and Tl Mow th.. jeth iproposed by

Cherry et al. (1970). Xa , absorp' aocoi.e; w. re made by using
the Mo Compton method (Reyn Ids, 19 wm),TnVv rf.rence of Kbon Y, Sr on
Zr and Y on Nb were corrv ted for, : ait the relative size of
these interference peal n Sio, -!, ©1. i r Rb, i and Y respect-
ively. Average correcti n factet i« e tl ilculat-!. Background was
corrected for by making b » round ¢ a ur< « on cither side of each
peak, and extrapolating b* noeth tin pe -k.

For Ba, K and M> r 1iiss d orption collection was made as the

standards and the unknowns were all jianitie in composition, with similar

Comp ton peak-.. Three background uroint were tade for Ba to account
for changing ..lopes in this region <: tIn fa tube. The background on
either side oi the potas inn (K) nul wdiui'i (hi) pea! were relatively

flat, and thus only one background measurement was needed.
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B. 1 Data reduction: prrcii on .owut .u'ur,!'-v

Data for all elements was processed 1in essentially the same manner by
means of an IBM 360/50 computer. Where necessary dead-time, interference
and Compton peak corrections were made. The net intensity of a peak is

computed by correcting tor background.

Net intensity % measured intensity - background under peak

The concentration of an unkr iwn element for a particular sample is
determined from a work in.'" curve, which 1A computed by plotting standard

concentration v . intensity.

Concent rat ion

Intensi ty

The errors incurn I are depend nt on how accurately the concentrations in
the standards are known and the error in the men urement of net neak intensity.
The number of standards u ¢ 1 greatly influence th<statically determinederrors,
In this wcrk four -standard .were used to determine the calibrationcurve.
Concentration of standard ire given in Table B.2.

A measure of the precision and & -ui icy of th—method used areshown by
the reproducibility of standards and by the value obtained when treating NBS

interlaboratory standards a. unknown (Table B.2 and B.3).
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APPENDIX C
Delayed Ni'utron Act ivat ua_

The procedure for inducing and counting delayed neutrons using the

DIDO reactor at Harwell follows that set out by tinIe (190/).

If a nuclide having Z > 90 undergu s fi ,i n, comv of the fission

nroduct nuclides decay by negaton emission to highly excited states o.

daughter nuclei, which in their turn decay by emi'sion of a neutron.

These neutrons are emitted 1lmost ins tantant ona 1V aftd the precursor

nuclide has emitted a negaton, and consequently th.ir apparent half lives

for practical purposes coincide with that of their precursor nuclide.
These neutrons are known ,< delayed neutron

In order to iv. ude fi sion, it is necet; .rv to bombar ' the nuclides

with neutrons. Fission of the nuclid* of uranium, thorium, neptunium

and plutonium varies with neutron energy and thl dependence on neutron

energy enables one to di: ri: inatc* a .in-t ? nuclides whilst fission

products are counted. The nunts c¢ tlined irt ]i portion#! to tlie “on
ccntration of fissionable iteria) in the R vie.

Two deter Inations wc i< tt* f r < h pic, one in a thermal flux,
for the deter: initiin of I, aa !one in i B t t the slow neutrons

component being screened c¢ ‘I by cadrvi ¢ shn I lie. for .h d(eliminations.

13
The thermal and fast fluxes available in this- ic—1lity are . x 10
and 2.2 x 101 cm ec 1 respectively.
C. 1 Com;

Most analytical method for thorium and uranium suffer from inter-

ferences, which neeess it -tv destructive chemii .1 treatment of the sample

so as to allow the separation of the thorium and uranium prioi to quan-

tative determination, Table C.l1 (modified) aftc Gale (1947) presents a

comparison of the major analytical methods available.
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TABLE C.1
Method Time for single Approximate Typical
an.ilysis (h) range of error
applicability @ﬂ
(P9)
- - 5 to 2
Neutron activ.it ion - 5 10 10 o
radiochemical
separation
Isotope dilution 5 0.1 upwards - 10 to 2
- 50 5
Fluoroscopy 3 10 -1 - to
X-ray fluorescence 1 to 3 10 upwards - 50 to 5
Volumetric 3 1 - 5 x 105 1 5 to 0.5
Emission spectroscopy 2 100 upwards - 20 to 5
4
- particle to- 5 to 50 1- 10 - 15 to 3
iadiography
Colorimetry 5 10 - 10 - 5 to 1
y-ray radiometric 15 25 - 10 - 15
methods
a- particle counting 50 - 5 x 10" - 15
From this Table, it i: apparent that most of the methods are either

time consuming or far too insensitive an1 inaccurate for uranium and thorium

determinations at low lev. Is of concentration ( 10 ppm). The delayed neutron

activation technique offer a iipid ani pre iso riitthod of determination of

uranium and thorium it’l w levels, in r.ck p wer samples. For a typical
granite, for example, cont lining 10 ppm Th and 1 ppm U, a single determination

for both Th and U occupie about six minutes.

C.2 Proccdnre
3 to 4 gm of sample were weighed out into polyethylene snap-top a ,-oules

The ampoule:; which are scaled by heating, are then transferred into the reactor

in tufnol containers ("rabbits"), by moans of a pneumatic transfer tube. In the

case of the Th measurement , a different transfer system is used, which 1links

up to the fast flux in the reactor. For Th measurements the rabbits are lined
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with cadmium sheeting to screen

An automatic timer is
irradiation position inside the

pre-selected time of 60 seconds

reactor.

and than am

150

out the slow neutron.';.

started on arrival of the sample at the

irradiated for a

The ,ile is

at iv.illy removetl from the

reactor to the sending station The '.pic 1 tlun rapidly removed from
the rabbit and dropped into the counter. Aft eiu delay time of 30 seconds
(taken from the time the sample started on the urn journey from the
irradiation position) the c¢ anti r start mt ra pre-selected time

of 60 seconds.

The rabbit is not included in the

contamination

picked up 1in the transfer tube.

The delayed neutron emission for the

system of HF counter tubes < 'tri
C. 3 In.turflrrr c
The BF counters have , 11 but
28
v-rays. Irrsdiat? £ of Al causes a

lead cylinder to shield the H tt.be;
the dlscriminat >r so as to n jeet all
irradiation of Al
hardly discriminated again.

Np and Tu arc present

therefore do not present an

in the form ot uranium and oxwon

illy art

in 3 gn of ruck sample

in geological material

interference problem.

c ait b. m >f the possibility of

in B tufno) , and contamination

irra’iat sample 1s measured on a

to p.ive maximum sensitivity.

fin it. el :'i ivncy for the detection of
very hi - ; iy flux. Ry inserting a
tr .Hr , 1t 1s then possible to adjust

the yray . that may be produced from the

Tin pulse due to neutrons 1is

in minute quantities and

Thus, d tection of delayed

neutrons following exposure uili a samp]i to thermi! neutron is characteristic

of V21" whilst fast neutrons will fi> i n 1 M px' Th~<' The interference
238

of U 'on Th however can be corrected for, if the amount of uranium in the

sample 1is known.

The only other form of
very short half-lives. Thus

becomes negligible if there

interference may be due

to °l.i and 171?N which have

interfered e from this source of delayed neutrons

is an aopionii.ite delay before counting begins.
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C. 4 il-IL"l tini, pr, cisi n .uul .uvni

The concentrations ot U and 1lh were determined by a comparison of the

counts obtained on the unknown: to accurately determined gravimetric
preparations of 1 and Th. All determinat in: weri done in duplicate.
T'ranium

The sensitivity for U is theat fact 1 ol le 1 »r atnr thanfor Th. For

uranium the results we:v calulat.d wusiin; tin c((uali n

where C 1is the number of counts . d K i the calibi ! ion constant.

In the suite of rocks studied in thie w rk tin 1 wi it U value recorded was

0.02 ppm. Counts for bO second at thi lev 1 at. 11" (for 3 ,mof rock) with
a background count of 11 . Th. lowest svi !tivity "t the period in which
for U would be atfout 1+« '™ pp" ' - for I, vh,. re the back/round is 10

|

increasing the sen itivity >y a fact, r !

A measure of pneisi n h . ! n tir< ! by repeatB ! analyses on select
the results obtained in this work w th i pe diluti n results obtained for
sample over the t>n entriti n t. of 1i'.(2 ppm to 30 ppm. Periodic analyses
on NHS standards wet. il . < ii<" ant (1 Me C.¥)
Theriu-i

The sensitivity for thorinr. varied between 3.R andA.A counts/pg, and thus

for a background of 10 and 3 1p of rock, tin dote. tion limit is about 1 ppm.

The thorium results were calculated W ing the formula

A correction for background was also made.
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r, the cadmium rat'o for thorium was taken as 1

k is the calibration constant for Tit

K is the unshielded calibration coir mt for uranium in the fast flux

R,th» cadmium ratio for uraniun was taken as 19.00. This value 1is the
mean of 5 measurements (standard It iat 1 a = 0.20)
A measure of the accuracy and precisi n cl the Th measurements is Riven

in Table C.3.
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TABLE C.2 Accuracy and Vt 1i'i no1u cd Neutron
Activation K ih~< : | i.niium

Sample G2 VT40 VTA 1

1.98 27.35 20.37

1.90 26.86 19.37

1.92 27.18 19.20

1.86 28.13 19.75

1.9 'L 19.08
Mean 1.92 27.50 19.67
Std. dev 0.044 0.537 0.449
Standard This Reccnn -ndt-d

Value Di.t 'rein e
Gsp-1 . 2.68 P. 06
G2 1.92 2.07 7.81
BCR I1.63 1.80 10.43
Sample This 1S0I v[>
S!ndv Oilnt 1 i Pi fference

VT40 27.52 0.10
VT41 19.87 20. IIK) 1.16
KK4 0.24 2.50
TK6 0.35 12.00
KK8 1.38 I.419 2.83

Note: 1. Recommended values for MBS Standards from Flannagan (i%9)

2,Values rfiven arc the avt iap.e of duplicate analyses

3.Uranium com ent ration in ppm.



TABLE C.3
Sample
Mean
Std. dev.
Standard
GSP-1
Sample
KK15
VT460
VT5U5
Note: 1.
2
3.

Accuracy and Precision of delayed Neutron

117.

124.

136.

IT¢

°22.

59

75

.55

18

62

.30

Activation Methiod : Thorium
VT40
41 .09
38.05
41.81
45.99
49.47
43.28
4.47
This Recommended
Study val ue
122.62 116.40
This Isotope
Study Dilution
2.74 3.15
0.94
7.77 8.11

Recon ended value for GSP-1 from Gale

Valuv

Thurium

VT41

23.33

25.74

26.07

19.73

19.42

22.86

7.

Difference

5.07

Difference

14.98

26.66

4.38

(1967)

Yivt-n in Uic average of duplicate analyses

;on' entrat ion:

in ppm

154
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APPI'.NIVI X P

Analysis of watt-r hy hen tinr <ondon n ; o

The water content of a rock (H,0 )is the watt-r expel led from a sample at
a temperature greater than 105 - 110°C and excludes the w '.ter ) driven
off below this range. The H,/'* is bound up in the crystal lattice oi the
minerals that make up the rock, wherea the H.,0 is found absorbed to prain

boundary surfaces. Thus in any water content measurement the sample must

first be oven dried at x 1ln°c to drive off the H"O

Procedure

Temperatures of about 100C C are needed to expel all the ILO from the
hydrous minerals. However, as a rule it is advantageous to mx the rock
powder with a flux, which rves to bn k down th«> hydrous mineral structures.

The flux also svrves to retain other volatiles, and pr vide1 a supply of

oxygen to prevent reduction : water thydrogen during the i /nition (Maxwell,
1968). Lead chi «tt w :und tc h. i itable flux.

The samples,which arc in the f ri f finelv round powders, are accurately
weighed out, and mixed with f1 x in .p > .lain, platinum or silica boat.
About 2 .-ms of ro<k are uved. The r k sample in the boat is then heated in
a silic i tube for about T vinut. while a current of dry nitrogen is drawn
over . ich sample rust e he..ted :+ * thi saiize period of tine, and at the
same temperature. The wit r is ihor rhe 1 in t suitable agent such as anhydrous
magnesium perchlorate. The Irving ,ent used to dry the nitrogen should be
the samt as that used t rb the a; ile water. It is important to sep rate

the H r,+ from other volatile such , COg. The CO” is absorbed by the use of
ascarite.
Details of the apparatus isi.-d ire shown in Flfire D. 1.

All measure:ent were performed in duplicat- and agreement to within 15

was obtained f i r,6" of the samples.
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APPENDIX 2

Petrrgrnpiiy of some selected |"P I, b1Ll. 1 Wl— =
dilutioa notluHL (lo' 1lity Pi - 7)
Note: Description of the man  iotaim vVhi< suite (rYIl) , after Stepto,

Ms. 1in preparation.

Samp le (A) Mafic inc V ». of ' m

Nu' b.i

VT462 Fine to n din.i .rlin- 1 elane 'ic mafic granulitcs;

VT460 . . .

KK100 andesine is the 4 inant + 'neral, and forms 35 to 1 o:
these rocks. .1itin p.eneral’y .tubby, and are eitner
equant polygon u r irr. -1ly bound, d. The clinopyroxenr
(diop ide) 1is Uy * to gr. .nish in colour, and

is slightly pie  hr. ic. hiupside rv ;11 to 307 of these
rocks. The gr int are .ill equant . to a lesser extent
short and pri H , eit rwith p 1ly,- nal or irregular bound-
ari, .. H y p 'h.ne ul 5 to of these rocks, and

is present it. th i r H (0.4 mm)

eq, mt polyhedra
or irregularly b aided \ rt pri « Htic sections. Biotite is

present in rim . mnt , in the fotm of thin laths usually

orientated paj;all 1 to the tol iati. n direction. Accessory

quartz occurs interstitially, or a- rounded grains within

the piagio, 1.: -. Homb It I 1is al sporadically developed,

and invariably it i ¢ r< < and 1i. tr< -radcd to biotite.

VT524 Fine to coalI;e grain
KK101

I holocry talline and potphyroblastic,

thinly banded gmet para aciss; the prominent banding in these

rock; 1is produced by alt mat ing melanocratic and ! vucocvat tv



KK15
KK103
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layers of varying thickness nd grain size. Bands arc wusually
1 to 2 cm wide, but can increase to 10 cm. These rocks consist
essentially of garnet, quaitz and feldspar. iho feldspar is

largely an untwinned plagiocla e, with minor amounts < K-

feldspar, both ranging up to 2.5 cm in size, rains vary from
fairly equant polyhedra to enhedra. Quart., which forms 1. to
407. of the rocks, is present as large nnhcdral grains, up to

6 mm long in exceptional cases, but usu illy of the order ot

2 mm. The quart." shows varying degrees of recrystallization,
ill within the sate section, md many complete grains have been
changed to fine grained aggregates. The garnet and its altera-
tion products ¢ prise 20 to 50! of the sections. They are
usually pink or neutral to purplish ii >olour. The smaller
grain.! are idiobi tic to subidioblastic, but become increas-
ingly more anhedra1 with size (up to 6 n ). 1he smaller grains
often f ri small clusters. The garnets have suffered varying
degrees of alterut i whi h hive produced spectacular corona
structures. It; as* .,the g irnet - have been completely
altered. The. ill- ition pi JuciS include ortho- and clino-
pyroxene, spiv.nel andcordic-rite. Accessary biotite occurs in
short i i.-ged 1ithn and flak.-: , concentrated in irregular

bands, which often partially envelope garnets. Minor amounts

of hyper thene occurs mainly as irregular anhydral grains up

to 0.5 am in size always cl ely associated with garnets.
Opaque mineral whi h are equant to it regular in shape, occur
as inclusion in garnet and also in a secondary form along

its cleavages.

Bluish giey medium grained xenoblast ic hypersthene gneiss;

The texture varies from a weakly banded, and in some cases



VT211
VT24
VT127
VT144
VT173
VD1
VD2
VD3
KK12
KK1 3
KK14
KK16
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almost massive appearjineir, to a nrongly banded gneiss

near the margins of tli-~. 1)odies. Tlicsc rocks consist es-

sentially of plagiocl.iso quart z hypersthrnc and biotite.

Plagioclasc (oligiocl iu) 1is tin dmiinant mineral, and oc-

curs 1in equ
mm in sizv .
cleavages and grain 1> idHt iv
strain shadow: and be* lin of

tures .

TIu'm i cks <i!l.' chat.i

.at to irri-.ular it iti'")-.ck itic.

4

t\

the.ne which v.-vurs in RO w

of prist iti £rains,
The quartz h.i> be.en partly re

as small grair

to it. Cli %

incL.lt 1 in the pl loci

grains up to 1.1

Incipient r. .rwvi-.t 11Jration on fractures;

B well ,n microfaul ting,

n lam-llae- are common fea-

ri . by up to 16% hypers-

g, ®)ee>» i~ atid clusters

rh are t tin ra. , . .ald corroded.

; 1llised and often occurs

, or 1interstitial

prc <nt, lut in many

casi-rf it h largelv -a ret i .J t h irnbl- nde. Rio-
titv is ; re int s ‘' ort itre. i ir.h and flakes often
associate ! 'h *! ; t try it apatite and
zirc >n are t B on!y ° —tie

(B) J_DJ esee |y 11 '_L]j

The Inl-mdiee leuc e nolI'I

and texture but in all
minerals.
nant colours. In mu-t r ,

exhibit a strong planar

tened lenticular .ig5 K

a-s show

C.ic.i.n, gr< epink t -, and

tin

te tcni.

ol tju.-irtz.

try considerably in colour
A marked lark of mafic
redd 1 -h are the pvedomi-
Ini md oe leuccgranofels
fibric, usually due to flat-

Thi 4 is particularly

prominant in t!uw very centre ot the dome, e.g. VT211, VD1, VD2,

VD3 but de<a-rtses outv ids. Thi

or complete iccryst Mi

feature is due to the partial

it ion of quartz and the development of
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glomcrogranul ar textures, The quartz 1is completely rt'-
crystollised into aggreg 11 of equaitt 5 or 6 sided polyhydra.
The larger grains form the core and the smaller ones the
margins of such aggregates. Feld pars may often be only
partially recrys tilli sod, with pe fthite, being more 'osis

tant than plag ioclase. In addit i>n t guartz and feldspar
which forms 9V of tin 1 I>ks, brovu bi>tite, niictot line,

orthcpvroxene nul zireor ay be pr- ent in very stiall amount s,

(C) Out er va i:¢ jnv
VT34 The essential diffvt t-aces ™ tv.-.al tin Inlandsce Leuco-
VI36
VT40 granofels and the outer anite ;a 1 is that firstly, the
VT52
KK6 latter are n t t' tonil ! se< «* these reeks contain
KK7
K.K4" between : and. 11! biotit.- nd in - exceptional cases up
KKJ.'
to 30 biotit . The t &t ;e 1in th. rocks varies consider-
ably ft m st y ban HISER ¢ ting of alternating
biotite rich " leucoc: tic lay B , through to rocks of
granitic text r hi th 'br o< r 1ivec, and quartz
feldspar gran..t. pegmat it . . =« \ I and \ia0O ate o.
thi latter t The t ity f th outcrop;, however,
con ist oft, i nul it pium ;de- gncissic rocks with
ort I; cl, , pl 14i 'it i in- i ar tint- o! sphcne,
apatite and zir . Vi ., 'Kfi, 1"7, KK-. and KK53 are ot
this type.
(D) Central Ittiu ive Iot ite ,;i nite
BG1 A single outcrop (bm x bm) of a massive medium grained
BG2
BG3 biotite granilt north ol th. west un! of the Inlandsce. The
BG4

K feldspar oi iir in the fiuia of anhcdral plates ol patch
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perthitc, anu Its; 1 amount of microdino up to 4 mm in

size. Small well twinned Indra of dbite, often with

zoned extinction are local 1 concent ;ated but occur through-

out these rocks. The biotit", which is of a brown variety,

has a columnar habit and I unm ivnt ited. The quartz is

free of all strain ffeet s.
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