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RIDGE REGRESSION INVERSION 
APPLIED TO CRUSTAL RESISTIVITY 

' SOUNDING DATA FROM SOUTH AFRICA 
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Ridge regression inversion has been used to lest 
Ihe applicability of various one-dimensional crustal 
models to the interpretation of deep Schlumberger 
sounding data from southern Africa (Van Zijl and 
Joubert, 1975), Four main models were investigated: 
a simple three-layered eanh, a layered earth with a 
transition zone exhibiting a linear decrease in log 
resistivity with depth, a similar earth with the transi­
tion zone determined by cubic splines, and a niodel 
having exponential resistivity behavior at depth. The 
last model corrcspond.s to temperature-dependent 
semiconduction through .solid niinerai grains (Brace, 
1971), It was found that all of these models are 
capable of fitting the sounding data from south­
westem Africa, while all except the semiconduction 
niodel fit the data from southeastern Africa. One is, 
thereby, immediately alerted to thc problem of lack 
of resolution in Schlumberger sounding dala where 
geologic control is not available, 

A major problem with the inversion of Schlum­
berger data alone is that accurate infonnation is 

I 
obtainable only for the resistivity-thickness product 
of the resistive portion of the crust. On the other 
hand, magnetotelluric dala, when available, tends 
lo provide information on the Ihickness, but very 
Utile information on the true resistivity of the section. 
In order to resolve bolh resistivity and thickness it is 
possible to invert simultaneously Schlumberger and 
inagnelotelluric (MT) dala. Results obtained from the 
combined inversion of the African resistivity data 
and hypothetical MT data show that a considerable 
improvement in niodel resolution can be achieved 
using MT amplitude dala even of poor accuracy 
from a relatively limited frequency range (0,1 to 
IOO Hz), whereas inclusion of MT phase informa­
tion is of negligible additional benefit. 

Unfortunately, no significant test can be made, 
from dala available al ihe time of our analysis, of 
the applicability of one-dimensional inversion in a 
geologic circumstance which probably demands 
more dimension. 

INTRODUCTION 

Deep crustal sounding data from various areas 
of the world usually indicate three main '/Lones of 
differing conductivity. The ,suiface zone is com­
posed of porous, weathered material or sedinientary 
rocks with resistivity usually less than 5(X) fl-in. 
Below this layer, the basement rocks typically have 
a much higher resistivity, between 10'' and 10^ fl-m, 
corresponding lo much lower porosities. These high 
resistivities persist for several kilometers, usually 
followed by a decrease in resistivity of at leasl an 
order of magnitude (Keller, 1971). The exact depth 

at which this decrease occurs is usually noi well 
known, nor is the mechanisin which causes it. 

Recently some very deep Schlumberger soundings 
(VES for vertical electric sounding) were conducted 
in southern Africa (Van Zijl and Joubert, 1975). 
Although Iheir paper suggests a relatively detailed 
model for the resi.stivity of the crust, little informa­
tion is given concerning the uncertainty of the model 
or whether olher models may equally well fit the 
data. Accordingly, we have attempted a further 
analysis of the .soundings using ridge regression in­
version. We are attempting only the next obvious 
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step in inipiovcmenl of data analysi.s, and we are 
nol aiiempling to extract nor evaluate the maximum 
ainount of information from thc available dala sets. 
Therefore, the objectives of our analysis are limited 
to the following. We wished to ascertain (I) if the 
linear decrease in log resistivity at depth, indicated 
by Van Zijl and Joubert. was truly well-dcterniined 
by the data, (2) if other crustal models such as that 
proposed by Brace (1971) could be safely excluded 
from consideration, and (3) what additional benefit 
magnetotelluric (MT) data would provide in resolving 
the resisiivily of the crust, 

INVERSION THEORY 

We shall present only a brief sunimary of the 
least-squares inversion method used in thi.s siudy. 
More detailed discu,ssions regarding geophysical 
applications have been given by Glenn ct al (1973) 
and Inriian (1975), A description of the statistical 
estimates may be found in Glenn and Ward (1976), 
We will follow their notation as closely as is practical. 

Least-squares method 

Our geophysical probleni may be linearized as 
follows: 

^2 = AG'AG (4) 

AG = AAP + 6, (1) 

where the n x m matrix of derivatives A relates a 
small change in model parameters AP to a small 
change in data AG. When the departure from linear­
ity € is small, we may obtain AP from 

AP = (A''A)-'A'''AG, (2) 

where we have merely multiplied both sides of (1) by 
the generalized inverse operator, 

H = (A''A)-'A'' (3) 

By premultiplying H by A we may define S, Ihe 
informaiion density matrix, Thc diagonal of S con­
tains large values al positions corresponding to data 
points which are conlribuiing significant informa­
tion to the total model determination. The derivative 
matrix A, on the other hand, gives an approximate 
breakdown as to which data poinis contribute to the 
deterniination of each parameter. Therefore, through 
the use of either the information density matrix or 
the derivative matrix, it is possible to deduce Ihe 
range of data required to resolve a particular model. 

Once a niodel is selected and the data oblained, 
the object of least-squares inversion is to minimize 
the square error between the calculated model and 
Ihe ob.served data, given by 

If the problem is exactly linear, only one determina­
tion of AP will be necessary. All geophysical 
sounding problems, however, are nonlinear and 
usually several iterations are required to obiain a 
satisfactory solution from a given iniiial guess. 

Weighted least-squares 

Thus far, our least-squares inversion technique 
a.ssunies uniform data error. This may be a rather 
poor assumption when considering several data sets 
simulianeously. To overcome this difficulty, we 
must resort to weighted least-squares in which the 
various data sets (or data points) are appropriately 
weighted in such a way that very noisy data do not 
contribute the same degree of influence over the 
inversion as relatively precise data. 

We accomplish this by multiplying (I) by a weight 
matrix W, so that the expression for parameter 
change becomes. 

AP = (A' 'W' 'WA)- '(A' 'WW) AG, (5) 

and the weighted square error, which we minimize 
i.s. 

If, = A G ' ' W W AG, (6) 

When the usual assumption is made that the error 
at each data point is independent of the error at all 
other data points. W reduces lo a diagonal matrix. 
Thus if we know the standard deviation CT; of each 
of the data points, it is natural to detennine the 
elenients of the weight matrix as follows (Lawson 
and Hanson, 1974): 

o-i 
(7) 

Often, however, we have a better idea of the 
relative error belween dala sets than of the true error 
at each point. In such situations, we may use weights 
equal to 1,0 for the first data sel and relative weights 
for each subsequent .set. An estimate for the true 
variance of the data in the first sel may then be ob­
tained from the reduced chi-square. 

Xi-
I' 

(8) 

where 7̂„ is defined by (6) and v is thc degrees of 
freedom n — in. 

Ridge regression 

There is still one other difficulty with which we 
must contend before obiainine an efficient inversion 
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routine. Should one or more of the parameters be 
very poorly determined, the matrix A'A will be 
nearly singular and an eigenvalue decomposition of 
this matrix would reveal one or more near-zero 
eigenvalues. To overcome this difficulty, we could 
reduce the rank of the matrix by repai-ameierizing 
ihe problem, A similar result may more easily be 
achieved, however, by simply weighting out the very 
small eigenvalues through the addition of a small 
posiiive constant X to the diagonal elemenis of 
A''A before inversion. This technique is known as 
Marquardi's method or damped least-squares 
(lawson and Han.son, 1974), The equation for 
determining parameter change then becomes, 

AP = (A'' 'WWA -f \ 1)-' (A ' 'WW) AG, (9) 

A large value of \ results in an algorithm which is 
slow to converge, but which is very stable. On the 
other hand, a value of X which is smaller leads to an 
algorithm which is faster, but which may diverge. 
Routines which carefully select an appropriate value 
for A. at each step in the inversion process are called 
ridge regression algorithms, and it is this lype of 
algorithm which we have used in our inversion 
approach (Levenberg, 1944; Foster, 1961; Mar­
quardt, 1963; Bevington. 1969). Note that all param­
eter stanstics must be calculated with \ = 0, 

Parameter statislics 

Once the inversion process produces a model which 
best fits the observed data, the question of funda­
mental importance is: how accurately are the model 
parameters known? 

We may obiain some feeling for how well our 
model is determined from the data by examining 
the parameter covariance matrix, which for the 
weighted least-squares technique is given by, 

cov (P) = xr.(A'''W''WA)- (10) 

An estimate for the standard deviation of each pa­
rameter may be derived from the square root of 
the appropriate diagonal element of cov (P) and the 
parameter correlation coefficients may be obtained 
by nomializing the parameter covariance matrix 
in the following manner: 

corAi = 
covPij 

(cov Pii -COVPjj)"- ' (11) 

A linear relationship between two parameters is 
implied by a correlation coefficient wilh an absolute 
value near 1,0, If the correlation coefficient is near 
— 1.0, only the product between two parameters 

(e.g,, T = pi) is well determined. Conversely, if 
the correlation coefficient is near -1-1,0, only the 
ratio between two parameters (e,g,. S = t /p ) is 
resolved. In order lo estimate how well 5 or T is 
determined, we effectively reparameterize the prob­
lem by holding either the resistivity or the thickness 
constant and obtain statistics on the remaining pa­
rameter, Anolher approach, aimed at individual 
parameter definition, is to include additional data 
containing more information concerning one of the 
parameters. 

PARAMETERIZATION OF PROBLEMS 

There are perhaps three main considerations in­
volved in parameterizing problems. The first of these 
is the choice of dimensions for the dala. Since 
Schlumberger apparent resistivity data usually have 
an error which is a fixed percentage of each mea­
surement, it is very convenient lo parameterize the 
VES probleni in terms of log apparent resistivity. 
In this way we avoid the requirement of a weight 
matrix wilh elements inversely proportional to the 
magnitude of each measurement. 

The next important consideration is to try to choose 
as parameters only those truly important variables 
which have some hope of being resolved by the data. 
Of course, there are situations where Ihe relative 
importance of a variable is not at all well-known 
beforehand. In these situations it is necessary to in­
clude the variable as a parameter and then to analyze 
the resulting statislics. Usually, however, the inter­
preter will have some feeling, perhaps from piior 
curve-matching experience, as to which simple 
models niight be determined from inversion, and will 
thus be able to avoid selection of grossly insignificant 
variables as parameters. 

The last consideration involves the choice of 
dimensions for the parameters, ll is important that 
we choose an appropriately dimensioned parameter 
space such dial our inversion probleni is reasonably 
linear. This requirenienl is met for the layered earth 
model, if we invert with respect to log resistivities 
and log thicknes.ses. The logarithmic iransformalion 
has the effect of completely excluding negative re­
sistivities and negative thicknesses from considera­
tion. As a result, parameter confidence regions are 
approximaiely ellipsoidal and are accurately de­
scribed by the parameter correlation matrix and 
percentage parameter standard deviations, 

CALCULATION OF THE FORWARD PROBLEM 

Since first derivatives with respect to any param­
eter of any model may be readily approximated by 
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FIG. 1. South African deep resistivity sounding dala 
and theoretical curves presented by Van Zijl and 
Joubert (1975), Associated models are shown in 
Figure 3b, 

taking the first forward difference, the main require­
ment of the ridge regression inversion technique is 
that a fast algorithm be available for the calculation 
of each model. The approach we used in our study 
was lo segment our crustal models inlo thin layers 
and then use the fast algorithms already available 
for the layered earth MT and resisdvity sounding 
problems (Ward, 1967: Rijo et al, 1976), 

RESISTIVITY INVERSION 

Shown in Figure 1 are the data from the three deep 
crustal Schlumberger soundings conducted in south­
ern Africa, The reader is referred to the article by 
Van Zijl and Joubert (1975) for a discussion of the 
data acquisition and accuracy. The sounding loca­
tions are shown in Figure 2, Prior to inversion, the 
sounding data corresponding lo AB/2 less than 
3 km were deleted. This was neces.sary since the 
shorter AB/2 portion of the sounding data exhibits 
considerable error due to lateral varialion of the 
5i value associated wilh the surface weathered layer. 
This effect is particularly noticeable for VES 2 and 
VES 3 in Figure 1, Since a correct fit to the remainder 
of the dala depends upon the choice of Si, we chose 
a nominai 100 Cl-m resistivity value for the thin 
overburden and allowed the inversion process to 
vary t,. In this way we were guaranteed an optimum 
Sl value coinparible with the larger spacing data. 
Subsequent examination of the derivative matrices for 
all models confirmed that as long as 5i was deter­
mined, the deletion of the shorter spacing data had 
negligible effect on the determination of the main 
crustal parameters of interest in our study. 

Layered earth model 

Our first approach was lo invert each sounding 
separately in order to determine the best three-layer 
model fitting each daia set. Although the data fits 
were just as good as those obtained by Van Zijl and 
Joubert in Figure I, the parameter statistics were 
not very satisfactory, as shown in column IA of 
Table I. Evidently VES I i.s the only sounding 
which provides information on both the resistivity 
p2 and ihickness I2 of the resistive portion of the 
crust. This layer is apparenily very thin under south­
eastern Africa so that VES 2 and VES 3 merely in­
dicated p^ti products of 4.85 x 10* fl-ni^ and 
4.77 X 10" ft-m^ respectively. 

Since po is not at all well-determined by the latter 
two .soundings alone, we wished to incorporate in­
formation somehow from the easlern part of the con­
tinent in order to arrive at a best estimate for p^ 
compatible with all Ihree sets of sounding data. To 
do this, wc inverted the three VES simultaneously, 
thus coupling together information on pj from all 
three soundings inlo one derivarive matrix. The re­
sults of the inversion are shown in columns II and 
IIA of Table I and in Figure 3a, The best estimate 
for p2 common to all three soundings is 67,600 
fl-in, and since the daia fit for the simultaneous 
inversion is approximately the same as that for each 
separate inversion, it appears that the hypothesis of 
a comnion p^ is not totally unreasonable, consider­
ing the VES data alone. 
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FIG, 2, Locafion of three Schlumberger sounding 
sites (Van Zijl and Joubert, 1975) and geothermal 
gradient values from Lee and Uyeda (1965). 
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Table 1. Summary of percent parameter standard deviations associated with (he three-layered earth model 
for various data set coinbinatioiis. 
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If wc.assume, then, ii relatively constant p..,, il pendent upon the assumption of a relatively homo-
would appear that the thickness /j of 'he resistive geneous crust. As the gravity data shown by Hales 
portion of the cmst may decrease across southern and Gough (1962) indicate, this assumption may 
Africa from about 11,5 km in the west to 7 km in the not be a particularly good one, Thc obvious next 
east. This decrease in ihickness, however, is de- step in analyzing deep resistivity dala in South 

FIG. 3. Crustal conductivity models derived from the South African resistivity sounding dala. (a) Our three-
tayered models, (b) Models proposed by Van Zijl and Joubert (1975). 
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FIG. 4, Reparaineterizcd models using linear and spline functions to approximate the transition zone. Error 
bars show parameter standard deviations as.socialed with various components of the models. 

Africa is modeling of two- or three-dimensional 
slructures by either forward or inverse algorithms. 
Unfortunately, the available electrical data do not 
warrant or even permil this degree of sophistication. 

Linear transition zone model 

The next one-dimensional crustal model which 
we chose to investigate was the one suggested by 
Van Zijl and Joubert (1975). As illustrated in Fig­
ure 3b, they propose a linear decrease in log resistiv­
ity with depth between the resistive and underlying 
conductive region of the crust. Since the authors 
neglected to mention evidence substantiating this 
feature, we wished to find out if the iransition zone 
was truly well-determined by iheir dala. 

To parameterize the niodel, we chose the norinal 
parameters for a three-layered earth and added one 
addifional parameter, slope, which was responsible 
for specifying the resisdvity and ihickness of six or 

seven additional layers which defined the transition 
-zone. As shown in Figure 4a, this slope parameter 
is extremely poorly determined by the data from 
VES 2, and yel this sounding provided the best 
estimate for slope among thc three VES. The main 
difficulty in determining the slope is that it is ex­
tremely highly correlated with the thickness (2 of 
the second layer. Thus, there are many parameter 
combinations ranging from small /•> and near-zero 
slope to large 1.2 and near perpendicular slope which 
equally well fit the data. 

Spline transition tone model 

In order to explore further-the transition zone 
postulated by Van Zijl and Joubert, we investigated 
a niodel having a very flexible cubic spline depen­
dence for log resistivity as a function of depth. Al­
though the transition zone is characterized by only 
two parameters, corresponding-to the base poinis of 
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the spline, the model is free to simulate virtually 
any smooth functional behavioi- in the depth range 5 
10 20 km. Beyond Ihis range, the model again has 
all the standard three-layer earth parameters except 
for i.i. 

The results of the inversions with respect to the' 
spline transifion zone are shown in Figure 4b, c, 
and d. It is evident that the two base points specifying 
the functional,behavior of the transition zone are very 
poorly determined, ll is noi really possible to ascer­
tain if the transition is indeed abrupt as suggested 
by VES I or is slowly gradational, as perhaps in­
dicated by VES 2, The only parameters wliich are 
reasonably well determined are the resistivities of 
the resistive zone and of the underlying conductive 
layer, 

Semiconduction model 

The last model which we wi.shed to investigate 
was one which includes semiconduction through 
mineral grains as the major conduction mechanism 
at depth in the cmst. For this model the rock resistiv­
ity depends upon absolute temperature T, as 

£o 

P=Pi>e + -w, 

where Et, is the activanon energy, k is Boltzmanh's 

constant, and po is an empirically determined coti-
staht (Parkhomcnko, 1967; Hermance, 1973), 

Brace (1971) has presented bounds for rock re­
sistivity assuming crack and pore-dominated C9ri-
duclion in the upper few kilometers of the earth's 
crust and semiconduction at greater depth, His bourids 
for observable dry semiconduction behavior ctjrre-
spond to £o = 0,6eV, p„ = 30 fl-m (upper bound), 
and £o = 0.7eV and po = 0.03 Jl-ni (lower bound). 
Accordingly, our first attempt at inversion of the 
semiconduction model was to choose median semi-
conduction behavior corresponding to 

p = 1.0e-^#, 

where T was specified in terins of the geoihermai 
gradient i and depth z by 

T^K = Ji -I- 300, 

Inversion of VES I to a two-layered model 
modified by semiconduction behavior al depth; gave 
an estimate of 23°C/kni for the geothermal gradient 
in southeastern Africa, This model is plotted as 
curve A in Figure 5, Also shown in the figure are 
the upper and lower Brace bounds, assuming a geo­
thermal gradient of 22°C/km. 

Our next step was to invert with respect to aciiva-
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tion energy £o and po, as well as geothemial gradient 
s, iri an attempt lo obiain the optimum set of param­
eters fitfing the data from VES 1, The resulting 
Hiodel is shown as curve B in Figure 5, Tliere was 
relatively,minor change in £„ ahd po- indicating that 
the average semiconduction behavior was a reason­
able assumpuon. The estimate for gebthermal gra­
dient decreased slightly from 23°C/km lb 2rC/kiii, 

Shown in Figure 6 is the resulting dala fit for 
model B conipared; with the best-fitting 3 liiyered 
earth model for VES 1. the fit is about the same for 
both models. The results concerning the data from 
VES 2- and VES 3 are considerably different, how­
ever. There is no (;oiiibinalion of semiconduction 
parameters which can provide a good fit to the latter 
two soundings, 

MT IJWERSION 

Iri order tp determine what role MT data might 
play in the resolution of a crustal conductivity model, 
we generated hypothetical MT amplitude and phase 
data using the models obtained from the simultaneous 
resistivity inversion. The MT data were then con­
taminated wilh prescribed amounts of log normal 
error to simulate the effect of real field dala, 

MT dala were generated over two frequency 
ranges. One set covers the frequency range from O.l 
to 100 Hz while the other covers the extended range 
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FlG. 8. VES I. Experimental Schlumberger arid hypo­
thetical MT sounding dala with best fitting theoretical 
three-layer sounding ciirves. Associated model is 
shown in Figure 3b. 

from 10"'' to 10'' Hz. the narrow range contains orily 
information concerning those parameters found to be 
poorly determined by the inversioh of. individual 
resisiivily data sets, whereas the: extended range 
represenls the complete spectrum of useful fre-
qtiencies concerning all bf the three-layered model 
parameters. The appropriate frequency ranges were 
determined from an analysis of all columns of the 
derivative matrix A, 

As iirusti"aied in columns UD and HE of Table 1, 
inversion of the narrow range amplitude data con­
taining 50 percent noise was incapable of defining 
any of the model parameters. The inclusion of phase 
inforriiation at the same error level improved only 
the estimate of pa and / j . 
, Somewhat similar resulls were obtained when 

the extended data set was inverted. As shown in 
Figure 7, the addition of phase informaiion had 
relatively minor influence on the resolution of the 
most impoi-tant crustal parameter fj. This was not 
the case for all parameters of the three-layered 
niodel, however. When only MT amplitude data 
were available, the addition of phase information 
was useful in the total model determination. 
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FIG, 9, VES 2, Experimental Schlumberger and 
hypothetical MT sounding dala wilh best fitting 
theoretical three-layer sounding curves, A,ssociated 
niodel is shown in Figure 3b, 

resistivity dala and log MT ampliiude data to a 
layered earth model are shown in column IIB of 
Table I, The data fits are shown in Figures 8 
Ihrough 10. It is evident that the addition of MT ampli­
tude information results in increased resolution of 
all parameters, particulariy p^ and t-̂  for VES 2 and 
VES 3 (compare columns IA and IIB). The addition 
of both MT amplitude and phase information to the 
VES dala, however, results in only relatively minor 
improvement over the addilion of MT amplitude 
data alone, as shown in column IIC of Table I, 

Linear iransiiion zone niodel 

Since the addilion of MT data significantly aided 
the resolution of poorly determined layered earth 
parameters, we chose as our last study in this paper 
lo investigate the benefit of simulianeous VES and 
MT inversion on the resolution of the linear transition 
zone model proposed by Van Zijl and Joubert, We 
specifically wished to determine what accuracy of 
dala would be required in order to resolve indepen­
dently the highly correlated slope and /j parameters. 

To investigate the effect of noise on both the VES 
data as well as the MT data, we generated theoretical 
dala .sets for both, using the models given by 
Van Zijl and Joubert in Figure 3b. The range of 

SIMULTANEOUS RESISTIVITY AND 
MT INVERSION 

Although it is possible to invert resistivity and 
MT dala separately, thus obtaining independent 
estimates for p^to and t.̂ , one of the major objectives 
of our sludy was to investigate the simulianeous 
inversion of resistivity and MT data. We particulariy 
wished to determine whiither noisy MT amplitude 
dala from the narrow frequency range 0,1 to 100 Hz 
could substantially improve resolution of p , and ti. 

To carry oul the simultaneous inversion, we com­
bined derivatives wilh respect to both VES data and 
MT amplitude data into a single A matrix. However, 
since the error in the MT dala was much greater than 
that for ihe VES data, it was necessary to use a 
weight matrix W in order to adjust appropriately 
the contribution to parameter determination from 
each data sel. For the elements in VV, we chose the 
value 1,0 corre.sponding lo the VES data and the 
ratio of logarithmic VES error to logarithmic MT 
error for the elemenis of W corresponding to the 
MT dala. 

Layered earih model 

The results of the simultaneous inversion of log 
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frequencies and AB/2 was the same as that shown 
in Figures 8 through 10. 

Table 2 presents the results of the simullancous 
inversions for various combinations of data noise. It 
is apparent that a data accuracy belter than 10 percent 
for VES and better than 20 percent for MT amplitude 
data is required in order to resolve the model. The . 
addition of MT phase information results in only 
minor improvement in resolution, 

DISCUSSION AND CONCLUSIONS 

Our analysis of the African sounding data was 
mainly intended to illustrate the application of ridge 
regression inversion lo a difficult problem in geo­
physical inlerpretation. We have by no means ex-
hau,sted all po.ssibilities for useful data combinations 
or for one-dimensional models that will fit the data. 
Of those models investigated, three provide reason­
able, if admittedly simplistic, views of the crustal 
conducnvity profile. 

The first acceptable model is that of a simple 
three-layered earth. Assuming a relatively consiant 
resi.stivity of about 68.000 fl-m for the resistive sec­
tion of the crust, this layer appears to decrease in 
thickness from approximately 11.5 km in south­
western Africa to 7 km in soulheaslern Africa. Below 
this resistive zone, there is perhaps a two order of 
magnitude increase in conducUvity. 

One geologic section which is compatible with this 
tliree-layered model is that of a granitic upper crust 
underlain by basalt (Keller, 1971), The boundary 
belween these two rock types may account for the 
increase in conductivity and for the increase in shear 
wave velocity to 3,75 km/sec at a deplh of 8 km ob­
tained by Bloch et al (1969) from surface wave dis­
persion analysis. 

The second acceptable model for Ihe crust is one 
which has a linear decrease in log resistivity wilh 
depth. Although Van Zijl and Joubert appear to favor 
this model, our analysis of their data indicates that 
the linear transition feature is very poorly resolved. 

This poor resolution for the transition zone became 
very evident when the third model, exhibiting cubic 
spline funcfional behavior, was used to fit the data. 
Since the spline base points are highly correlated 
with one anolher, there are a great number of possible 
functional dependencies for the transition region, all 
of which fit the data equally well. 

Thc only unsuccessful attempi at fitting the data 
occurred when wc tried to fit the rfesults from VES 2 
and VES 3 to the semiconduction model. While the 
last dala poinis from these soundings are relatively 

Table 2. Summary of percent parameter standard 
deviations for parameters associated with a 

linear transition zone for simultaneous 
resistivity-MT inversion with various 

combinations of data noise. 

RES 
POT OATA 

ERROR 
MT \fo\ 

PCT DATA 
ERROR 
MT P 

PCT DATA 
ERROR 

PCT STD 
DEV SLOPE 

PCT ST DEV 
THICKNESS 

5% 

5% 

5% 

11% 

13% 

5% 

5% 

-

14% 

17% 

10% 

20% 

— 

50% 

55% 

20% 

20% 

— 

70% 

79% 

10% 

50% 

— 

UNDET 

UNDET 

noisy, they do appear to indicate a reasonably con­
stant resistivity of perhaps 700 fl-ni below the re­
sistive zone. Assuming thai these data are reliable, 
it is difficult lo attribute the resistivity decrease 
under southeastern Africa to purely temperature-
dependent semiconduction behavior and a relatively 
constant geothernial gradient. 

There is no similar difficulty, however, with the 
data from VES 1 in southwestern Africa, Using aver­
age rock semiconduction properties, we were able to 
obiain a good fit to the data by inverting to an un­
known geothermal gradient. As shown in Figure 2, 
the values of 21°C/kni and 23°C/km obtained from 
the inversion compare very favorably with the nearest 
published value of 22°C/km obtained by Lee and 
Uyeda (1965). 

Carte and van Rooyen (1971) have published geo­
lhernial gradient values of 18°C/km very close to 
VES I, but a slight change in po to .527 fl-m and 
£o to .608 eV is sufficient to counter the effect of a 
lower geothermal gradient, and give essentially the 
same resistivity section as that of model B shown 
in Figure 5, 

One of the main deficiencies wilh inverting VES 
dala alone is that usually only a resistivity-thickness 
product may be determined when a thin resistive 
layer is encountered. We partially overcame this 
problem by simultaneously inverting VES I with 
VES 2 and VES 3 in order to obtain a value for pj 
which was compafible wilh all three soundings. The 
result, however, is only as good as the assumption 
that p.2 is reasonably constant from VES I to VES 2 
and VES 3. 
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Much better results may be oblained when MT 
dala are simultaneously inverted with VES data. Our 
analysis indicaies that a substantial increase in pa­
rameter resolution can be oblained from inclusion of 
MT amplitude data, with as much as 50 perceni 
noise, over the relatively narrow frequency range 
0.1, Hz to 100 Hz. 

Models more complex than a layered earth, how­
ever, will require more precise data in order to be 
truly well-resolved. For example, the detection of 
the linear transifion zone postulated by Van Zijl and 
Joubert will probably require simultaneous inversion 
of resistivity data wilh less than 10 percent noise 
and MT amplitude data wilh less than 20 percent 
noise. This "noise level" includes all effecis of 2-D 
inhomogeneities as well as measurement inaccuracies. 

One somewhat surprising result indicated by our 
simultaneous inversion studies was the relatively 
minor benefit achieved by the addition of MT ph-ase 
information. Although phase data are a useful addi­
tion to MT amplitude dala alone, the constraints 
provided by phase appear very similar to those pro­
vided by VES data. Thus, when deep VES mea­
surements are available as they are in southem Africa, 
it appears necessary only to collect MT amplitude 
informafion in order to provide increased parameter 
resolution. 

The reader should be cautioned that we have nol 
attempted to find a total suite of one-dimensional 
models which fit the data. As far as we have studied 
the problem, a simple three-layered model fits the 
dala as well as the more complex models. Of even 
more importance, we have not evaluated 2-D nor 
3-D models. The data do tend to be dominated by 
one-dimensional effects; much more data are required 
before a significant attempt at 2-D and 3-D modeling 
can be made. 

ACKNOWLEDGMENTS 

We would like lo thank Dr. J, S. V, Van Zijl for 
friendly, construcuve criticism of this paper after 
submission for publication, and for providing us with 
a preprint of a paper on his further crustal invesfi-
gafions presenled at the ONR Symposium on the 
Nature and Physical Properties of ihe Earth's Crust, 
Vail, Colorado, August 2-6, 1976, We also wish 
lo thank Bruce Smith at the U.S.G.S. in Denver and 
David Chapman for help in obtaining informafion 

useful in this presentation. This research was spon­
sored by the Energy Research and Development 
Agency (ERDA) under contract EY-76-S-07-160I, 
and by the Nalional Science Foundauon (NSF) under 
grant GA-24421. 

REFERENCES 

Bevington, P, R,, 1969, Data reduction and error analysis 
for the physical sciences; New York, McGraw-Hill Book 
Co,, Inc. 

Bloch, S,, Hales, A. L,. and Landisman, M.. 1969, Ve­
locities in the crust and upper mantle of southern Africa 
from multi-mode surface wave dispersion: Bull. SSA, 
V, 59, p, 1599-1629, 

Brace, W, F,, 1971, Resistivity of saturated crustal rocks 
to 40 km based on laboratory studies, in The structure 
and physical properties of thc earth's crust: AGU 
Geophys, Monogr, no. 14, p, 243-256, 

Carte. A, E,, and van Rooyen. A,1,M,, 1971, Further 
measurements of heat flow in South Africa: J. Mine VenU-
lation Soc, of So, Africa, July. p. 94-98, 

Foster, .M,. 1961, An application of the Wiencr-Kolmogorov 
smoothing theory to matrix inversion: J, Soc, Indust, 
Appl, Math,, v, 9, p, 387-392, 

Glenn, W, E,, Ryu. J,, Ward. S, H,, Peeples, W. J,, and 
Phillips, R, J,. 1973, The inversion of vertical magnetic 
sounding data: Geophysics, v, 38, p, 1109-1129, 

Glenn. W, E., and Ward, S, H,. 1976. Statistical evalua­
tion of eleclrical .sounding meihods. Part 1: Experiment 
Design; Geophysics, v, 41, p, 1207-1221. 

Hales, A. L., and Gough, D, I,. 1962. The gravity sur\'ey 
of the Republic of South Africa, Handbook 3, Pan 11: 
Isostatic anomalies and crustal structure: Geological 
Survey of South Africa. 

Hermance. J, F,, 1973, An elecu-ical model for Ihe sub-
Icelandic crusi: Geophysics, v, 38, p, 3-13, 

Inman, J, R,, 1975, Resistivity inversion with ridge re­
gression: Geophysics, v, 40, p, 798-817, 

Keller, G, V,, 1971, Electrical studies of the crust and 
upper mantle: AGU Geophys, Monogr, no. 14, p. 107-
125, 

Lawson, C. L,. and Hanson, R, J,, 1974, Solving least-
squares problems: New York, Prentice-Hall, Inc. 

Lee. W, H, K,, and Uyeda, S,, 1965, Review of heat flow 
data: AGU Geophys, Monogr, no, 8, p, 87-190, 

Levenberg, K,, 1944, A method for the solution of certain 
non-linear problems in least squares: Quart, Appl, Math,, 
V, 2. p, 164-168, 

Marquardt. D, W,, 1963. An algorithm for least squares 
estimation of nonlinear parameters; J. Soc, Indust, Appl. 
Math,, no. 2. p. 431-441. 

Parkhomenko. E, I., 1967, Electrical properties of rocks: 
New York, Plenum Press, 

Rijo. L.. Pelton. W, H,, Feitosa. E, C , and Ward, S, H,, 
1977, Interpretation of apparent resistivity data from 
Apodi Valley, Rio Grande do Norte. Brazil: Geophysics, 
V, 42, p, 811-822, 

Van Zijl, J, S, V,, and Joubert, S. J,, 1975, A crustal geo­
electrical model for South African Precambrian granitic 
terrain based on deep Schlumberger soundings: Geo­
physics, v, 40. p, 657-663, 

Ward, S, H,. 1967, Electromagnetic theory for geophysical 
applications, in Mining geophysics: Vol, 2. SEG. Tulsa, 



PkiL Trans. R, Soc, Und. A. 286, 049-505 (11I77) [ 049 ] 

Printed in Creat liritain 

. Fluid inclusion study of thc Witwatersrand gold-uranium ores 

BY T. J . SHEPHERD 

Insliluie of Geological Sciences, Geochemical Division, 04-78 Gray's Inn Road, 

London WClX 8NG 

[Plate 1] 

Fluid inclusions, prescn'cd in quartz pebbles of the uraniferous and auriferous 
Precambrian oligomictic conglomerates ofthe Witwatersrand Basin, provide a unique 
insight into the genesis of the ores. Using differences in inclusion characteristics in 
conjunction with intra- and inter-dcformational textures for adjacent pebbles, a 
distinction is made between pre- and post-depositional inclusions. Excluding those 
related to subsequent brittle fracture, the former comprise five principal t)-'pes; two of 
which are distinguished by tlie development of liquid carbon dioxide. Collectively 
they indicate a moderate to high pressure-temperature environment of vein quaitz 
formation. Systematic variation in the relative abundance of these '.nclusion assem­
blages for diflerent sections of the orefield demonstrates the importance of well-
defined provenance areas or multiple entry points into the basins. A marked sym­
pathetic relationship between uraniferous banket ores and tlie presence of vein quartz 
rich in liquid carbon dioxide inclusions, together witli a corresponding antipathetic 
relationship for gold, strongly suggests separate sources for tlie metals. The temporal 
and .spatial aspects ofthe association 'U-COg' also imply a uranium influx into the 
basin from disrete areas of the hinterland contemporaneous with the sediments. 
Post-depositional inclusions are subordinate and offer no support for the alternative 
epigenetic model and show only a later interaction of relatively cool circulating 
groundwaters. A discussion is given ofthe probable nature and origin of uranium in 
tlie source rocks and its mode of transportation. In conclusion, a proposal is made for 
the use of applied fluid inclusion research in the evaluation of and exploration for 
similar deposits. 

/ 

INTRODUCTION 

In tlic soutliern part of the African Shield, thick sequences of relatively undisturbed Precam­
brian sediments are well preserved in a series of intercratonic basins. The sequence in the 
Witwatersrand Basin, considered to be the world's principal source of gold and uranium, 
comprises four Proterozoic super-groups; the Transvaal, Ventersdorp, Witwatersrand and 
Dominion Reef Systems (figure 1). Together they rest unconformably upon an extensive 
Archaean basement complex of granites and high-grade metamorphics. Economic cohcentra-
•tions of gold and uranium arc characteristically, though not exclusively, confined to thin 
oligomictic quartz conglomerate beds which occur throughout the succession, particularly 
witliin thc Upper Witwatersrand and Lower Dominion Reef formations. 

The application of fluid inclusion studies to the genesis of these ores depends on the ability to 
differentiate between pre- and post-depositional inclusions. The latter refer to fluids active 
after the deposition of tlie enclosing sediments and are relevant to the epigenetic 'hydro-
thcrinar model of mineralization, whereas thc former refer exclusively to fluids which were 
circulating in the source area before erosion and thus relate more closely to the alternative 
syngenetic 'modificd-placer' model. 

[ 3 1 6 ] ifiii 
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Apart from a brief reference to South African uranium and gold-bearing conglomerates by 
Krcndclcv, Zozulenko & Orlova (1973) fluid inclusion data for the Witwatersrand ores is non­
existent. In their paper they establi.sli a distinction between pre- and post-depositional in­
clusions but arc unable to apply it with any certainty'. From an examination of only three 
sainples they conclude 'The sulphide mineralization in the Witwatersrand conglomerates was 
foriucd by the reaction of rocks with solutions at temperatures from 220''-400°G'. 

Wilwaiersrand 

' . ' , : : ] Granito and gneiss 

Mining distr icts 

0 50 km 
I I I I I I 

FIGURE 1. Simplified geological map of the Witwatersrand Basin beneath the Ventcrsdoqi and 
younger cover (after R. Borchers 1961). 

Preliminary work 011 the banket ores suggested that the ubiquitous pebbles of vein quartz 
pro'vided the most suitable material for preserving the various generations of inclusions. Conse­
quentiy a special study was made ofthe type and distribution of inclusions in vein quartz from 
23 major mineralized conglomerate horizons in the Witwatersrand Basin. 

INCLUSION CHRONOLOGY AND THE EFFECTS OF METAMORPHIC 

DEFORMATION 

In conventional studies one is concerned with the distinction between primary, pseudo-
secondary and secondary inclusions in minerals which are in situ and have undergone littie or 
no deformation. As delincd by Ermakov (1965), primary inclusions arc those formed during tiie 
growth of the enclosing mineral due to irregularities in crystal growth or fluid inhomogeneity. 

[ 31G ] 
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Pscudosccondarics occupy fractures formed during crystal growth, while secondaries occur 
along fractures formed at some .subsequent time. For the Witwatersrand pebbles this sequence, 
where preserved, represents only the fir.st stage of their more complex history. Unlike thc pre-
depositional inclusions, forniation ofthe post-depositional inclusions was due to the healing of 
fractures in the pebbles caused by later deformation. Morphologically such inclusions are not 
easily distinguLsliable from secondaries sciwi slriclo. 

Excluding .samples which exhibit localized post-depositional tectonism, the quartz shows a 
wide range of deformational textures. This is most readily explained by its derivation from a 
variet)' of metamorphic and deformational eiivironments equivalent to or of higher grade than 
the host sediments. Confirmation is provided by the coexistence of strongly contrasting deforma­
tional textures in pebbles from the same sample (see figure 3a, plate 1). According to White & 
Treagus (1975) quartz veins deform naturally by a dislocation creep mechanism analogous to 
that produced in metals and ceramics. The associated optical strain features are continuous 
and discontinuous undulatory extinction, deformation bands, deformation lamellae, narrow 
sub-grains and Boehm lamellae. With increasing strain the intercrystaUine dislocation struc­
tures are replaced by misorientated sub-grains, leading ultimately to a complete recrystalliza­
tion of the quartz. Without exception, the Witwatersrand pebbles display varying degrees of 
the above features making it necessary to allow for the effects of later deformation on the pre-
dcpositional inclusions. No systematic study of inclusions during progressive deformation has 
yet been' carried out but the present observations agree closely with those recorded by R. 
Kerrich (personal communication 1975). Thc development of undulatory extinction and 
deformational bands appears to have had little effect on pre-existing inclusions and caused 

'. only a 'necking' ofthe more irregular shaped inclusions. With the establishment of advanced 
; sub-grain development the smaller inclusions ( < 10 |,im) become disrupted and driven to sub-
i grain boundaries. The current consensus of opinion is that inclusions in deformed crystals are 

unreliable geothermometers and give anomalous homogenization temperatures. Synmeta-
i morpliic intercrystalhne deformation is often succeeded by a period of brittle fracture, accom-
' panying tectonic upUft, and capable of generating further sets of secondary inclusions. How­

ever, the task of differentiating between pre- and post-deformational secondaries is beyond the 
scope of the present work. For the Witwatersrand quartz pebbles the chronology of events 
may be summarized as follows: 

Stage I: Crystal growth in the source area. 
1. Formation of primary, pseudosecondary and secondary inclusions. 

Stage I I : Metamorphic and tectonic deformation in the source area. 
1. Intercrystalline deformation and modification of pre-existing inclusions. • 
2. Brittle fracture and the formation of a second generation of secondary inclusions. 

' Stage I I I : Post-depositional tectonic deformation. 
! 1. Minor modifications due to inter-pebble pressure solution phenomena for conglomer­

ates with a liigh packing index. 
2. Brittle fracture and the formation of a third generation of secondary inclusions. 

Stage IV: Post-depositional contact thermal metamorphism (probably overlaps with stage III) 
I 1. Thermal mpture of inclusions adjacent to minor intrusives. 

Had the Witwatersrand and Dominion Reef Systems suflcred a higher grade of regional 
metamorphism it is doubtful whetiier many source area inclusions would have survived. 

[ 3 1 7 ] 
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Because ofthe difficulty in distinguishing bet\vecn stage I and II secondaries, only the prim­
ary and pseudosecondary inclusions were selected for study. Even so the data probably still 
contains a small component of secondaries. 

Thc comb texture produced by nucleation at a surface followed by growth perpendicular to 
the surface with mutual impingement is notably lacking in the quartz pebbles. This arrange­
ment is generally taken to imply low-temperature deposition. Instead, the quartz consists of 
single crystals or interlocking anhedra, typical of higher temperature hydrothermal or syn-
metamorphic veins, greiscns and pegmatite zones. The apparent granular appearance is con­
sidered therefore to be a primary growth texture unrelated to the strain mosaics produced by 
later deformation. 

TYPE 1 a,b,c TYP-S 11 

2 Phase 3 Phose 

Solid daughter 
mineral 

TYPE III 

Complex 3 Phase 

TYPE IV 

Complex 4 Phase 

TYPE V a,b 

1 Phase 

—Liquid COa 

Gaseous COj 

Aqueous liquid 

Liquid COj 

Gaseous COj 

Aqueous liquid 

Solid dauyhler 
mineral 

Aqueous liquid, 
waler vapour 
or gas 

FIGURE 2. Diagrammatic representation of the principal types of fluid inclusion. 

D E S C R I P T I O N OF PLATE 1 

FiGUliE 3. (a) Photomicrograph of typical uranium-gold banket ore showing contrasting deformational textures 
in adjacent vein quartz pebbles (p.t.s. 1940, transmitted light, crossed nicols, bar = 0.25 cm). Locality: 
Main Reef, West Driefontein, West Wits area. 

(i)-(/)Photomicrographs of selected inclusions in pebbles of vein quartz. 
(b) Group of prc-depositional type I two-phase inclusions (p.t.s. 2006, bar = 60 nm). Locality: Dominion 

Reef, Dominion Reefs, Dominion Reef area. 
(c) Large pre-dcpositional type II three-phase inclusion showing rhombic anisotropic daughter mineral 

(p.t.s. 20.')0, bar = 100 nm). LocaUty: Vaal Reef, Vaal Reefs, Klcrksdorp area. 
(d) Multifacctcd pre-dcpositional type III three-phase inclusion containing liquid and gaseous carbon 

dio.xide; as airowed (p.t.s. 2006, 18°C, bar = .00 nm). Locality: Dominion Reef, Dominion Reefs, Dominion 
Reef area. 

(«) Plane of pre-dcpositional type I inclusions growing onto and enveloping solid rutile needles; as arrowed, 
(p.t.s. 1969, bar = 50 nm). Locality: Main Reef, D.iggafontein, Ea.st Rand area. 

(/) Planar arrays of post-depo.sitional type I inclusions along fractiu-es having a common orientation with 
respect to adjacent pebbles (p.t.s. 2011, bar = 20 \im). Locality: Dominion Reef, Domijiion Reefs, Dominion 
Reef area. 

{g) Photomicrograph of flame-Ukc Boelim lamellae in vein quartz pebble, (p.t.s. 1909, bar = COnm). 
Locality: Main Reef, Daggafontcin, East Rand area. 
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T Y P E S OF INCLUSION 

The quartz pebbles contain five principal types of inclusion, varying from < 1 ^m to 80 pm 
in diameter, but normally < 20 |xra (figure 2). 

Type I : Simple two-phase inclusions (aqueous liquid-^ vapour) (figure-3 i) . These are by far 
the most abundant and may be divided into thi^ec sub-groups according to their vapour/total 
volume ratio: (a) < 0.05, (b) ~ 0.1 to 0.15, (c) ^ 0.2 to 0.4. For a 10 •% (by mass) NaCl 
solution this is equivalent to hprnogenization temperatures of (a) < 110°C, (i) ~ 170-225°G, 
(c) -- 275-400 "G. 

Typ,e I I : Simple three-phase inclusions (aqueous liquid, vapour-l-solid daughtervminerals) 
(figure 3,f). Thotigii less-abiintiant they show considerable variation in daughter mineral con­
tent, suggesting a wide range of-fluid compp.sitions. Isotropic, anisotropic-, euhedral, anhedi'al, 
cubic arid rhombic pha.ses are well developed. The vapour/total volume ratio for this group 
ranges from 6,05 to Q.2 but never-less than 0.05. 

Ti/pe III: Complex three-phase iriclusidns (aqueous liquid, litiuid GO ̂ -f.gaseous COg) 
(figure Zd).. 

Type IV: Complex four-phase> inclusions (aqueous liquid, liquid COg, gaseous COa-l-solid 
daughter minerals). 

Types HI atid IV are highly distinctive and contain appreciable qua.ntiti<!s of liquid GO2-
Depending upon the temperature at which, the COg-rich phase.homogenizes to the liquid state 
they contain either liquid GO^ or liquid CO j-f gaseous GO^ at room temperature. The ratio 
of aqueous liquid/liquid CO2 varies from about 1.5 to 5.0 for the type III inclusions but 
generally < 2.6f6i the type IV group^ Numerically the complex four-phase inclusions are the 
least important and show little variation in daughter minerals. Iriclusipns containing liquid 
GO2 respond \aolently to thermal overprinting arid frequentiy explode due to a^rnassive build­
up in internal pressure. The black inclusions surrqunded by haloes of tiny satelhte incltisions 
commonly associated with the type III inelusjons are thought to be, the remains of disrupted 
mclusions with a higli initial Uquid COg content. 

Type V: Single phase inclusions (a) aqueous liquid or (^) wholly gaseous, The sub-types 
Va and Vi are mutually exclusive ahd correspond to different conditions of foriiiation. The 
aqueous variety is interpreted as a metastable Joiv temperature type I inclusion which has 
failed to nucleate a-:smaH vapour bubble (Roedder 1967). By contrast the gaseous variety 
though supeiiicially similar to the disrupted type III inclusipn.ls without a debris halo. Where 
proved coeval witii typell . III or IV inclusions it is considered to be diagnostic oiFfluid boiUng; 
representing the vapour phase of a-heterogeneous tvvo,-phase':liquid-vapour system. 

In addition to fluid inclusions, some ofthe quaitz crystals .contain solid rutile indiisions, 
especially in peb.bles < 4 mm diameter. The degree of rutilation, shape, dimension and 
orientation of tlie needles is variable. Aw unusual association noted in certain grains is the 
growth of secondary inclusions dn contact with or enveloping the rutile; (figure:3e). 

PRE-DEPOSITIONAL INCLUSIONS 'PRIMARIES* 

Witli the exGcption of type Va, the 'primaries' are represented by all five.inclusion types. 
For any one pebble the number of different types rarely exceeds three, but in a, nprmal speci­
men of banket ore tiiere may be several pebbles with different assemblages, of inclusipiis. 
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Theoretically tiiis allows a large number of permissible combinations. Thc fact that tiiis is not 
obsci'vcd demonstrates a restricted P-T-X environment for the veins, which Umits tiie range of 
possible source areas for thc quartz pebbles. Thc occurrence of difl'erent inclusion as.scmblages 
and deformational textures in adjacent pebbles provides a useful giude to thc recognition of 
pre- and post-depositional inclusions and supplements thc general recognition of primary, 
pseudosecondary and secondary inclusions. While types I and II generally conform to the 
Ermakov criteria, types III and IV often occur in ciirxang zones or discontinuous irregular 
plaiiar arrays. This is quite distinct from the rnore continuous regular arrays of unequivocal 
secondaries decorating well-defined healed fractures. UnUke a large euhedral crystal wliich 
records the whole P-T-X history of a mineraUzing event, an interlocking aggregate of anhedral 
crystals cannot be expected to respond in the same manner. Thus witiiin the context of a smaller 
crystal, fundamental changes in fluid chemistry during the main phase of quaitz deposition 
may only be recorded in the secondaries. The COg-rich inclusions are therefore regarded as 
pseudosecondaries with secondary inclusion characteristics. This relationship is probably 
equivalent to the complex refilUng mechanism and development of secondary inclusions des­
cribed by Kalyuzhnyy & Voznyak (1969) for Zanorysh-type pegmatites. The correct recogni­
tion of'primaries' related to quaitz deposition is confirmed by the relative exclusion from the 
data of incompatible combinations of inclusions as might be expected by superimposing pre-
depositional secondaries unrelated to vein fbrmation. 

- Since dissolved salts arc known to suppress tiie onset of critical phenomena in tiie system 
HgO-COj (Takenouchi & Kennedy 1965) type IV inclusions represent the trapping of super­
critical fluids at temperatures liigher than those for the corresponding type III variety. Where 
the Uquid COj content ofthe latter inclusions is greatest they are sometimes accompanied by 
coe-Kisting type II inclusions suggesting sub-critical immiscibiUty and thc simultaneous trap­
ping of two-fluid phases (a C02-rich phase and a HjO-rich phase). Many intermediate condi­
tions exist, as shown by the range of HaO/Uquid COj ratios, but all suggesting elevated P - T 
conditions. 

POST-DEPOSITIONAL INCLUSIONS 'SECONDARIES' 

The only unarhbiguous 'secondaries' are those occurring along fractures traversing both 
pebble and matrix, or as planar arrays with a common orientation in pebbles of different 
crystallographic orientation (figure Zf). For specimens showing no apparent fracture fabric, 
the occurrence of 'secondaries' along planes of weakness due to crystal anisotropy can not be 
discounted. Even so, conipared to the 'primaries', the post-depositional inclusions are poorly 
developed and represented almost exclusively by types la or Vb; more rarely by lb. Without a 
petrofabric analysis ofthe host rocks it is impossible to assign even a relative age to the 'secon­
daries'. 

INCLUSIONS OF UNCERTAIN ORIGIN 

Occupying a position between the two main classes are a group of inclusions whose origin 
is less certain. By virtue of their occurrence they arc clearly secondaries sensu slriclo. Of these the, 
least problematical arc thc minute inclusions decorating Boehm lamellae, which impart a 
reddish-brown colour to thc quartz as a result of Tyndall light scattering (figure 3^). Closely 
associated are the arrays of sinall inclusions (< 5 (im) orientated at 90° to thc deformation 
bands and elongated .sub-grains. Both appear to have originated during the pre-depositional 
deformation ofthe quartz veins but are not necessarily contemporaneous. 
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R E G I O N A L VARIATION IN INCLUSION ASSEMBLAGES 

When considered regionally thc fluid inclusion data for individual goldficlds or sections ofthe 
Witwatersrand basin suggests a marked variation in thc nature and origin ofthe vein quaitz. 
This is most clcai-ly illustrated by differences in thc prc-depo.sitional inclusion assemblages for 
separate geographical areas (figure 4). Qtiartz pebbles from the Klerksdorp-Dominion Reef 
area arc significantly cUffercnt from those ofthe East Rand and probably also from those ofthe 
O.F.S. and West Wits areas. Collectively, the evidence would appear to support a sedimento­
logical model of multiple entry points into thc basin (Brock & Pretorius 1964). A further ob-
ser\'ation not wholly reflected in the bulk mineral composition ofthe sediments is the persistence 
of a ratiier distinctive source for the vein quartz in thc Klerksdorp region throughout the 
Dominion Reef and Upper Witwatersrand periods. Similarly, the dominance of type lb 
inclusions and presence of rutilated quaitz impUes a unique source for the East Rand quaitz 
pebbles. 

% frequency 
of occurrence 

no. of 
samples 

20-
Klcrksdorp 

n J E L 32 

20-

Dominion Reef 

Orange Free 
Slate 

o-J 

20-| 

21 

" 

n 1 IS 

West Wits 

East Rand 

20-

0-" 

•10-

20-

— 

1—1 1—1 

n 
1 
1 21 

0- n n 51 

To H) 11 Ic III IVriitilc 

inclusion types 

FIGURE 4. Regional variation in inclusion assemblages for thc Witwatersrand orefield. 
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C O R R E L A T I O N BETWEEN URANIFEROUS ORES 

AND GO2 INCLUSIONS 

After allowing for differences in thc stratigraphic range of samples, several patterns emerge 
concerning thc spatial and temporal distribution of uranium not discernible in thc regional 
evaluation. Figure 5 shows thc data re-plotted using a geological succession for the reefs 
suggested by Whiteside (1970). Ofthe six most economically important uraniferous reefs in 
the O.F.S., Klerksdorp, Dominion Reef, West Wits and East Rand areas, five are characterized 
by the presence of vein quartz pebbles containing type III or IV Uquid CO2 inclusions (i.e. 
the Intermediate, Leader, Vaal, Dominion and Kimbcrlcy UK9 reefs). The only exception is 
the Carbon Leader Reef of the West Wits which differs from the others in representing thc best 
example of ore associated with hydrocarbon in the Wit\vatersrand Basin. Ofthe 19 major 
auriferous reefs studied, including the Afrikander Reef of the Rietkuil Syncline, vein quartz 
containing Uquid COg inclusions is present in only four cases (i.e.'the Leader Reef of the O.F.S., 
the Black Reef, Ventersdorp Contact Reef and Vaal Reef of the Klerksdorp area). Both the 
Leader and Vaal Reefs are uranium producers and hence do not constitute real exceptions. 
Since the Black Reef and Ventersdorp Contact Reef represent a reworking of the underlying 
Upper Witwatersrand sediments it is conceivable that the quartz pebbles containing Uquid 
CO 2 inclusions have been derived from the Vaal Reef. 

The positive correlation between uraniferous banket ores and associated quartz pebbles 
containing type III and IV inclusions strongly supports the contemporaneous deposition of 
metal and associated sediments. Though favouring a syngenetic origin, the e\adence offers 
no criteria for distinguishing between detrital uraninite and uranium precipitated chemically 
from the water in which the sediments were being laid down. In view of the work of Coetzec , 
(1965), Hiemstra (1968), Liebenberg (1955) and Minter (1976), and the successful application 
ofthe 'placer' model, one must conclude that some uraninite, free from carbonaceous matter, 
is a primary detrital component. If this is correct, then the occurrence of vein quartz rich in 
liquid CO2 inclusions reflects the presence or proximity of detrital uraninite. With regard to 
uranium in solution, a clue to the importance ofthis component may lie in our understanding 
ofthe hydrocarbon-rich ores and their relation to the banket ores. Brock & Pretorius (1964), 
De Kock (1964)- and others have for many years advocated an algal origin for the 'carbon', 
implying growth and accumulation in a low-energy environment. Recent work by Hallbauer 
(1975) now appears to confirm this suggestion and demonstrates that .simple organisms are 
capable of extracting Au and U from pre-existing minerals and depositing the elements inter-
and intraccllularly. Occupying the distal parts of alluvial fans, the hydrocarbon-rich ores 
probably represent the efficient biogenic extraction of U from solution in areas beyond thc 
zone of active fan accretion. 

Unfortunately, samples were not available from the eastern part ofthe West Wits area and 
hence it was not possible to test the concept of a distal to proximal facies change eastwards 
over thc Bank Break from the Carbon Leader ofthe Blyvooruitzicht section to the more typical 
banket deposits ofthe Libanon section. However, unless the area was located at the confluence 
of two alluvial fans one should expect some detrital uraninite together with diagnostic vein 
quartz in the adjacent Libanon section. Further south, in the O.F.S. and Klerksdorp areas, 
hydrocarbon-rich ores in thc Basal and Vaal Reefs share their horizons with typical banket 
type ores. In describing the geology ofthe O.F.S. (central section), McKinney (1964) notes 
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that economic amounts of uranium arc only found in thc centre ofthe basin where carbon is 
more abundant. The present data suggests a predominance of quartz pebbles containing type III 
and IV inclusions in thc soutiicrn section (Virginia) and their absence in tiie northern section 
(FredcUcs). This is in keeping with a southerly proximal facies related to a movement of 
sediment from south to nortli as inferred from palaeocurrcnt direction. In thc Klerksdorp 
area, Mintcr's work (1976) confirms thc importance ofthe association 'uranium-hydrocarbon' 
in the Vaal reef orebody but from an exhaustive treatment of sedimentological and mine data 
he derives a close relationship between reef isopachs and uranium values, which combined 
with thc observed hydraulic equivalence of uraninite with other heavy minerals, strongly 
supports the case for a major detrital component. Thc alluvial fan complexes of the O.F.S. 
and Klerksdorp areas may therefore represent situations where both tire detrital and solution 
components of syngenetic uranium arc developed at the same stratigraphic horizon. 

O R I G I N OF THE URANIUM 

Concerning the significance ofthe association U-CO2, the spatial relationsliip for the basin 
does not prove a genetic affinity in the source area. Inclusion data for the 'primaries' does 
suggest, however, that P -T-X conditions during vein formation were typical of those for 
hydrotiiermal uranium mineraUzation. Tugarinov & Naumov (1969) in describing various 
uranium deposits in the U.S.S.R. report a temperature range of 350 to 50°C and pressure range 
of 2000 to 400 bar. This agrees closely with the temperature range for intergranitic uranium 
veins in the Massif Central, given by Poty, Leroy & Cuney (1974). Both groups record a 
pronounced enrichment of CO2 in the orefliiids; a feature interpreted as indicating uranium 
transport as uranyl carbonate complexes. Tugarinov & Naumov also note that whereas 
uraninite is the most stable mineral above 250 °C, pitchblende is characteristic ofthe lower 
temperature deposits. Opinions differ as to the (distinction between these two phases, but 
whatever terminology is used the less resistate 'pitchblende' would be more susceptible to 
solution during weathering. Furthermore, since the 'secondaries' were of a low temperature 
type it is unlikely that post-depositional fluids were responsible for the development of the 
allogenic uraninite phase. 

The marked contrast in gross mineralogy of the Dominion Reef and Upper Witwatersrand 
systems has promoted several workers to advocate separate origins for the uraninites. The 
abundance of accessory garnet, monazite, columbite and zircon in the older sediments is taken 
as evidence for a pegmatitic source whereas the relative absence of these minerals in the 
younger sediments is indicative of a non-pegmatitic source. If, however, one assumes the 
diagnostic quartz pebbles reflect the depositional environment of quartz-rich uraniferous 
bodies in thc hinterland, then the similarity in inclusion asscmbiages for thc Dominion Reef 
and Klerksdorp areas implies that thc uraninites were formed under similar conditions 
(figure 4). This apparent contradiction can best be explained by considering the uranium to 
have been derived from a suite of uraniferous veins emplaced in a terrain of variable meta­
morphic and granitic rocks, the heavy mineral content ofthe reefs being determined by thc 
mineralogy ofthe eroded country rocks. Furthermore thc discrete distribution of uranium in 
the basin also implies a restricted distribution in the source areas such that thc influx of 
viranium was controlled by the occurrence and erosion of these veins. With the exception of 
the Black Reef and Ventersdorp Contact Reef it is doubtful whether a reworking of older 
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minerahzed sediments, as proposed by Vos (1975) for the gold ores, could produce conglo­
merates uniquely defined by thc presence of one particular type of vein quartz. 

Recent work by Touret (1971), Hoefs & Touret (1975), and HollLster & Burru.ss (1976) 
has demonstrated the important role of supercritical HjO-COg fluids during high-grade 
metamorphism and migmatization. Lambert' & Heier (1968) have also shown that increasing 
metamorphism is accompanied by a progressive loss of U and Th from the system. Given thc 
extreme mobiUty of uranium in carbonated fluids, a situation ivhere both processes were 
operating simultaneously would create the optimum conditions for uranium remobiUzation. 
Such a situation may have existed in tiie granite-greenstone belts ofthe Kapvaal craton sur­
rounding the Witwatersrand Basin. In the Barberton area. Hunter (1968) and Viljoen, Saager 
& Viljoen (1970) describe the intrusion of volatile-rich metasomatic granites and migmatitic 
granite complexes along the margins of older low-volatile tonaUtic gneiss domes. A con­
comitant expulsion of C02-rich fluids, enriched in uranium may have triggered an additional 
remobiUzation of uranium from the metavolcanic/sedimentary cover to be redeposited at 
liigher levels as uraniferous quartz veins. Depending upon the source ofthe metal and conditions 
during its extraction and precipitation, one would expect the Th/U ratio of the resultant 
uraninite to vary accordingly. 

As a corollary, it is suggested that tiie relative proportions of detrital uraninite and uranium 
in solution entering the Witwatersrand Basin were governed by the mineralogical character 
ofthe uraniferous veins; a high solution component reflecting a predominance of pitchblende 
in that part of the source area. 

CONCLUSIONS 

The pebbles of vein quartz, characteristic of the minerahzed oUgomictic conglomerates, 
show considerable variation in the degree of interciystalline deformation and the development 
of fluid, inclusions, both within and between samples. These features indicate the heterogeneous 
origin of the quartz, not always apparent in hand specimens. According to differences in 
morphology, mode of occurrence and relative phase proportions, the inclusions may be classified 
into five main types. Using these differences together with the associated dislocation creep 
phenomena and crystallographic orientation of adjacent pebbles it is possible to distinguish 
between pre- and post-depositional events. 

As shown by tiie progressive modification of pre-existing inclusions corresponding to changes 
in the intensit)' of deformation, the inclusions also record the pre-depositional metamorphism 
ofthe parent quartz veins. The effects, though variable, cannot be discounted entirely and must 
be considered when assessing the phase relations for primaiy and pseudosecondary inclusions. 

The 'primaries' or pre-dcpositional inclusions are represented by all five types, of which 
those containing liquid CO2 are the most cUstinctive. Their presence, especially where co­
existent \vitli high vapour two phase inclusions, indicates formation at elevated temperatures 
and pressures. P-T-X data for this group provides direct information on physico-chemical 
conditions in the source area. 

The 'secondaries' or post-depositional inclusions are less well developed and represented 
by only the lowest temperature t)'pes. The temperature rtigimc as defined by these inclusions 
appears too low to account for the deposition of uraninite but is adequate to account for a 
later secondary remobiUzation of uranium by circulating groundwaters. 

Regional variation in pre-dcpositional inclusion assemblages follows a coherent geographical 
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pattern, implying a systematic variation in thc source areas for individual sections of thc 
Witwatersrand basin. Within each section there is a po.sitivc correlation between uraniferous 
banket ores and the presence of vein quartz containing liqiud CO, inclusions. This suggests a 
syngenetic origin for thc uranium and though thc hydrocarbon-rich ores appear at first to 
contradict this model it is thought they represent the precipitation of uranium from solution 
by organic matter in areas beyond thc zone of active fan accretion; and hence beyond the 
areas of significant detrital uraiunite. . 

Data for the 'primaries' demonstrates that conditions during vein formation in areas 
supplying uranium to the basin were typical .of those for hydrothermal uraninitc/pitchblende 
deposits, especially with regard to the enrichment of COg in the fluids. 

Thc marked similarity in inclusion assemblages for the Klerksdorp and Dominion Reef 
areas suggests that the contrasting bulk mineral composition ofthe Dominion Reef and Upper 
Witwatersrand Systems may not have a direct bearing on the origin ofthe associated uraninite, 
but more a reflection of the country rocks adjacent to the uraniferous quartz bodies. The 
discrete distribution of uranium in the basin impUes a restricted distribution in the hinterland 
such that the influx of uranium was controlled by the occurrence and erosion of tiiese uranium 
enrichments. 

Given the important role of supercritical H2O-CO2 fluids during high grade metamorphism 
and migmatization, it is proposed that the intrusion of migmatitic granite complexes into the 
granite-greenstone belts of the Kapvaal craton was responsible for the remobiUzation of 
uranium and its subsequent deposition in contiguous quartz veins. 

F U T U R E RESEARCH 

Thc obvious exploration potential given by the abiUty to recognize uraniferous horizons 
from a study of inclusions in pebbles of vein quartz needs to be developed more flilly. If inte­
grated with routine pebble counts, as practised by several mining companies, fluid inclusion 
studies may provide a much better understanding of the distribution of U and Au witliin 
particular reefs. An important extension of the present work should be the sampling of areas 
as yet untested (i.e. tiie West Rand, South Rand and Evander goldfields). Satisfactory con­
firmation of this model for the Witwatersrand Basin opens up the possibility of using this 
technique to evaluate similar uranium prospects in the eastern Transvaal, northern Natal 
and ultimately otiier oligomictic quartz conglomerate sequences in Brazil, Au.straUa, Canada 
and Algeria. 

Equally, a more detailed characterization of inclusions for thc auriferous reefs may provide 
criteria for differentiating between barren and mineralized conglomerates. The important 
role of uranium-bearing quartz veins would be greatly substantiated if it could be demoastrated 
that COj-rich inclusion fluids were uraniferous. 

I should like to thank Dr S. H. U. Bowie for suggesting the study and my many colleagues 
in the Geochemical Division for tiieir advice and constructive discussion during all stages of 
thc work. I also wi.sh to acknowledge H. C. M. Whiteside and A. G. Darnley for providing the 
specimens at Dr Bowie's request. 
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A P P E N D I X I 

T A B L E S . 1 - 5 : T 'ABLES OF. SAMPLES USED irOR FLUID INCLUSION STUDIES ACCORDING TO 

GEOGRj\PHlCAL ARE.'^S DESCRIRED IN THE TEXT 
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2066 
'2067 
2068 
2069 
2070 
'2071 
20,72 
2073 
2074 
2070 
2077 
2078 
2099 
2.i00 
3108 
2109 
2110 
2111 

sample -
no.. 

1 
,2 
3 
4 
4 
5 
6 
7 
8 
10 
i l 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
21 
22 
23 
24 
23 
26 
MK. IA 
MK IB 
M K 3 
UG 914o 
UG 9146' 
UG-9J47 
UG 9148 
UG 9149 
TJG 9160, 
UG 9ISl 
UG 9162 
UG9I53 
,UG 9154 
U'G 01.55 
UG,9156 
UG 9157 
UG»9i5S. 
UG9160 
U G 9 i e i 
UGi9ie2 
A 233 
A.233 
MR 1 
PR I 
V C I 
E C l 

mine 
property 

Daggafontcin 
Daggafontein 
Daggafontcin 
DaggafqiUcin' 
Daggafontein 
Daggafontein 
Daggafontein 
Daggafontein 
Daggalbntein 
Dagga^iitein 
Daggafontcin 
Daggafontein 
Daggafontein 
Daggafontein 
Daggafontein 
Daggafontein 
Daggafontein 
Daggafontein 
Daggafontein 
Daggafontcin 
Daggafontein 
Daggafontein 
Daggafontein 
Daggafontein 
Daggafontein 
Daggafontein 
Daggafoiitein 
Daggafontein 
ID'aggaforitcin 
Daggaforitein 
East Gcduld 
East Geduld 
East Geduld 
East Geduld 
East-Geduld 
East Geduld 
East Geduld 
East Geduld 
Eas tGeddd 
East: Geduld 
East'Geduld 
EastGcduid 
East, Geduld 
EasLGfiduId 
East Geduld 
East Geduld 
East Geduld 
Iifast Geduld 
East Geduld. 
Springs 
Sallies 
Sallies 
Sallies 

T A B L E 1. E A S T R A N D A R E A 

stratigraphic 
horizon 

MainRee'f 
Maiii Reef 
Main Reef 
Main Reef 
Main Reef 
Main Reef 
Mail! Reef 
Main Reef 
Main Reef 
Main-Reef 
Main Reef 
Main Reef 
Main, Reef 
Maiii Reef 
Main Reef 
Main Reef 
Main Reef 
Main Reef 
Main Reef 
Main Reef 
Main Reef 
Main Reef 
.Main Reef 
Main Reef 
Main Reef 
Main Reef 
Main Reef 
Kimberley Reef 
Kimberley Reef 
KimberlcY Reef 
Main Bird 
Main Reef 
Main Reef 
Maiii Reef 
Main Reef 
Main Reef 
Main Bird 
Kimberley Reef (UK3) 
KimbcHey Reef (UK3) 
Kimberley Reef (UK'l) 
Kimberley Rcef(UK5) 
Kimberley Reef (UK7)' 
Kimberley'Rcf;f (UKS) 
Kimbeflcy Reef (UK9) 
Kirnberlt;y Reef 
Kimberley Reef 
Kimberley Reef 
Main Reef Leader 
Kimbcrlcy Reef 
Main Reef Leader 
Foot,vvali:Rccf 
Ventersdorp Contact Itcef 
Elsburj^ Gongldinerab-

malerial 

conglomerate 
congl onicratc 
coiiglpinci-ate 
conglomerate 
conglomerate 
conglbniera'te 
conglomerate 
coriglomei-ate 
conlglomerate 
conglomerate 
conglomerate 
Gongionicratc 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
eoriglomerate 
congl oni erate 
conglomerate 
conglotiierate 
conglomerate 
conglomerate 
conglomerate " 
congloinerate 
conglomerate 
cpjiglbtiherate 
conglomerate 
conglomej-ate 
conglomerate 
conglomerate 
quartzite 
conglomerate 
conglomerate 
congloriierate 
conglomerate 
conglomerate 
Quartzite 
congforrierate 
conglomerate 
quartzite 
conglomerate 
congldmerafc 
quartzite 
conglomerate 
conglomerate 
cjuartzite 
conglomerate 
conglomerate 
congl pra orate 
conglomerate 
conglomerate 
cpngloracrate 
conglomerate 
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TABLE 2, WEST WITS AIIEA 

polished thin 
section no. 

194,0 
1941 
1942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1968 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
2084 
2085 
2080 
2087 

sample 
no. 

I A 
I B 
2A 
2B 
3 A 
SB 
3 C 
3 D 
3 D 
4 A 
4B 
6 
6 A 
OB 
6 C 
6 C 
7A 
7 A 
7B 
8 A 
8B 
8B 
9A 
9 A 
9 A 
9B 
9B 
9B 
A 217 
A 218 
A 219 
A 220 

mine 
property 

West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
West Driefontein 
Western Deep levels 
Western Deep levels 
Western Deep levels 
Westem Deep levels 

straligraphic 
horizon 

Main Reef 
Carbon Leader 
Main Reef 
Main Reef 
Carbon Leader 
Main Reef 
Main Reef 
Main Reef 
Main Reef 
Main Reef 
Carbon Leader 
Carbon Leader 
Carbon Leader 
Carbon Leader 
Carbon Leader 
Carbon Leader 
Carbon Leader 
Carbon Leader 
Carbon Leader 
Main Reef 
Main Reef 
Main Reef 
Carbon Leader 
Carbon Leader 
Carbon Leader 
Main Reef 
Main Reef 
Main Reef 
Ventersdorp Contact Reef 
Carbon Leader 
North Leader 
Carbon Leader 

material 

conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 

TABLE 3. ORANGE FREE STATE AREA 

polished thin 
section no. 

2052 
2053 
2058 
2059 
2093 
2094 
2095 
2096 
2097 
2098 
2102 
2103 
2104 
2105 
2100 
2107 
2112 
2113 

sample 
no. 

V I 
V 3 
V 2 
V 4 
A 226 
A 227 
A 228 
A 229 
A 230 
A 231 
F W I 
FW2 
FW 3 
F W 4 
F W 5 
FWC 
.F\-V7 
T l 

mine 
property 

Virginia 
Virginia 
Virginia 
Virginia 
Freddies 
Free State Saaiplaas 
President Ste>'n 
President Stcyn 
Free State Saaiplaas 
President 
Freddies 
Freddies 
Freddies 
Freddies 
Freddies 
Freddies 
Freddies 
Freddies 

Brand 

stratigraphic 
horizon 

Basal Reef 
Leader Reef 
Basal Reef 
Leader Reef 
Elsburg Reef 
Leader Reef 
Intermediate Reef 
' A ' Reef 
Basal Reef 
Basal Reef 
Basal Reef 
Basal Reef 
Basal Reef 
Basal Reef 
Basal Reef 
Biisal Reef 
Ba.sal Reef 
Basal Reef 

material 

conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 

[ 329 ] 



504 T.J. SHEPHERD 

TABLE 4. KLERISDORP AREA 

polished thin 
secuon no. 

2032 
2033 
2034 
2035 
2036 
2037 
2038 
2039 
2040 
2041 
2042 
2043 
2044 
2045 
2046 
2047 
2048 
2049 
2050 
2054 
2055 
2050 
2057 
2060 
2079 
2080 
2082 
2083 
2088 
2089 
2090 
2091 

sample 
no. 

V R l 
V R ' 2 

V R 3 
V R 4 
VROA 
VR6B 
V R 6 C 
V R 6 
V R 7 
V R S 
V R 9 
VRIO 
V R l l 
VR12 
VR13 
VR14 
V R 1 5 
VR16 
VR17 
VR20 
VR21A 
VR21B 
VR22 
VR19 . 
A 212 
A213 
A 215 
A 216 
A 221 
A 222 
A 223 
A 224 

mine 
property 

Vaal Reefs 
Vaal Reefs 
Vaal Reels 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reefs 
Vaal Reels 
Westem Reefs 
Westem Reefs 
Western Reels 
Westem Reefs 
Western Reefs 
Western Reefs 
Westem Reefs 
Westem Reefs 

stratigraphic 
horizon 

Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Vaal Reef 
Black Reef 
MB 10 Reef 
Ada May Reef 
Ventersdorp Contact Reef 
Vaal Reef 
Ventersdorp Contact Reef 
Elsburg No. 5 Reef 
Dennys Conglomerate 

material 

conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
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TABLE 5. DOMINION REEF AREA 

poli.shcd thin 
section no. 

1997 
1998 
1999 
2000 
2001 
2002 
2003 
2004 
2005 
2006 
2007 
2008 
2009 
2010 
2011 
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 
2021 
2022 
2024 
2025 
2026 
2027 
2028 
2081 
2101 

sample 
no. 

BR7 Nl A 
BR7 Nl B 
BR5 N2 A 
BR5 N2 B 
BR7 N2 A 
BR7 N2 B 
BR8 N2 A 
BR8 N2 B 
UG9187 
BR8 N5 A 
BR8 N5 B 
BR9 52 A 
BRO N3 A 
BR6 N3 A 
BR10N2A 
BRIO N2 B 
UG 9184 
BR8N6 
BR8 82 A 
BR8 S2 B 
BR6 N4 A 
BR6N4B 
BR5 N3 A 
BR5N3B 
BR 952 B 
UG9181 
UG 9183 
UG9184 
UG9185A 
UG 9185 B 
UG 9186 
A 214 
A 234 

mine 
property 

Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion R eefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Dominion Reefs 
Afrikander Lease 
Dominion Reefs 

stratigraphic 
horizon 

Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Domuiion Reef 
Dominion Reef 
Dominion Reef 
Dommion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Dominion Reef 
Afrikander Reef 
Dominion Reef 

material 

conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
quartzite 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
quartzite 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
conglomerate 
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•̂'̂ ^ mSEABC&l If^STITUTE 
E^i^TH SOIENCE LAB. 

l-'iir'hcr Mcnsiircniciiis i f lli-iit i-'iow in Soiilb Africa 

French Triinsliitinns 

Tirrough llii.s p;!uc tickiuowlcdycmcm wa.s iinidc in thc April Journtil to iwo ni-wiiihcrs 
who oiTcrcd their .services in this conncclioii. 

Thc Society h:is received a third offer of a,ssi,stiincc, iMr, .1. ?. Recs. former Fidiior of 
the .loiirnai. ha.s also oil'crec! to help with llic iraiisiations, 

Thc Sociely appUuiri.s t!ic eniluisiasm of these meiiiber.s anci appeals to oiher member.; 
iO as.sist with transkiiion.s in German. Rumanian. Dutch and even Russitm. 

FURTHER .MEASUREtVlENTS OF HEAT FLOW IN SOUTH AFRfCA:;; 

By .A. E. C;i.-le and A. \. N\. van Rooycn*f 

iVlcasurements of heat flow are given for 15 localiiics in Soulh Africa. Thc values range 
from 1,0 10 1,8 :j,cal/cm- sec. Shield values tend lo be lower than those outside the shield, 

INTRODUCTION 
,-\dditional measuieiiients of eanh heal llow have been made in Sonlii Africa, liiiherio, 

practically all such measiiiemenls were coiiliiieil to the goKlliekls of the Transvaal aiul Or.-iiirc 
l-'ice .'̂ iale or l(» the soulliern Karroo (liullard. ly.'̂ '); Carle, l'J.S4; Cimigli, 1963). The ob.̂ e^valion,̂  
have now been e.\iem,ied lo olher parts o'i the country. This \vorl< lornis a coniriiniiion lo ihe 
Internaiionai Upper iVIanile Project. 

iMi-rriiODS 
The thermal coiuiiicliviiy ol" rock specimens was measured tinder pressure in a modilieil 

Uirch-iype of apparalus as u.sed hy Gough (196.1), The specimens were di,sks aboui 6 mm in 
thickness, Tiieir siirlaces were groimd parallel and plane lo within the limits used by Hiillard 
(I9.VJ), Praclically ali llie'measuremenls were made at ;i mean specimen temperature of .'IO C 
Tlic apparatus was calibrated with respect to (used silica tiiid crystalline quarf/.. 

Boreliole temperalures were measured by cither mercury ma.ximum ihcrinomeiers or a 
ihcrmislor probe. In some ca.scs the measuremcnls were made by mining companies, using various 
ty-pes of electronic ihermoinctcrs, 

.•\ccuratc icmpcrauire measurements were made in one borehole (Roodepoori R57 near 
Klerksdorp. Transvaal) in 1939 and 1951 (Carte, 1954). Thciic measurements agreed to wiihin a 
few hundredths of a degree. During 1965, the depth ofthis hole was increased from almost 1 7S0 in 
to more than 3 000 m. Temperatures measured in August, 1966 agreed closely v/ith the eariier 
mcasiiienicnts. This borehole therefore provides an excellent site for checking instruments for 
measuring horeliDJc lemperalures. 

The arithmetic mean conduciiviiy w;is used in tiie derivation of heat llow for regions in a 
boreliole where the lemperature gradient was constant. When numerous thin layers ordili'ereni 
comJjciivity were encountered, ihe iniegrated ihermal resistance was used in conjunction with the 
temperaiu.'-c dilTerence, (Bullard, 1939). 

:<L.SLf.'r.s 
Tiie results of heal flow determinations at fifteen localities arc sunimarizcd in Table I. 

Tempera aire gradienis and mean thermal coiultictiviiies have been tabulated for regions where 
ilic lemiieralin'c gratlicnl remained constanl. Ollierwi.se only Ileal llow is given. 

"•NMiitiiK-.l i'liysical Ki;sc-:irch l..:il)Oi-.-ilory, C.S,I,K., I'rclori:!, Soiilli Arrieii. 
'i-tr-.i ;iiihli-,!n;-.l in nct-t:nil-.cr, l'J7() hy llic Cciiloi'ieiil .Society of Siiuli; AlVic:i_:is pari iif :i .Symposium on llic 
i.;ppt.-r i'v1:,nili.- I'l'KJcci held in July, \'W> anil reprinial here by kind pcnni.s.sion of llic G,.S,S,A, 
•*IVtiiiiN-.t.pn l u i 'uhl iNii r,;cciv-».-^l J : i m i ; i r y . 1 ^ 7 1 . 

'.;.; Jiiiirnnl id tin- Mine Wciiiibiliim .Siidcly i f Siniib Africa. July, t')'lI 

y 
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No rock core wtis available IVom the .Aliwa! Nonh borehole, A weighted mean ihermal 
con-Jf.ciivi;y ssa> liiererore derived tVom the Swaribcrg and Brandfon holes. These two holes arc 
not far removed from the .Aliwal North hoie and have lithological logs similar to it. Tlic derived 
mean condcctiviiy was the same as ihe arithmetic mean conduciivity ofthe lour Karroo bore­
holes i-,iea.-5Ui'cd by Gough (1963). 

Rl,-̂ a!l̂  from Poichefsiroom have been included, even ihough il lies in ihe gold fields area, 
heca.u^e incasiu'cmems were nv.ule at a greater deptli iliaii ihc earlier ones. 

Temperature meastii'emeiit.s at Barbcrion were made in horizontal drill holes at various 
lev ela in a mine. 

The thermal coiulticiivities of various rocks arc listed in Table 2, iVlosi of tlicse rock types 
liavc not b-jcn measured before, Tlie resulls in conjunction wilh average heat llow values may 
ihererore be helpful in the estimation of underground temperatures in places where no measiire­
ments have been made. Values for sandstone and shale have also been included even Ihough 
thermal condtictivity data for them have been pubiished earlier. These rocks show great variation 
from specimen to specimen and many observations are required for iiicaningFul averages. 
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DISCUSSION OF Ri'SUl.TS 

IZvery borehole lias its own peculiarities which include drilling history, lopograpiiical 
siuiation and local siratigraphy. These will not he discussed in detail here, primarily because in 
spite of not having taken these dilTerences intoticcount ihe variation ofhcal ilii.x witii geographical 
locaiion in South Africa is reiatively small. The mtiiii limitation in the accuracy of thc results is 
esiima'.ed to be deiermined by inadequate conductivity sampling, even though over 400 rock 
specimens vvere measured. 

Several of ihc holes show a trend of increasing vertical heat llu.̂  with depth. This is apparent 
from the results in Table 1 for the holes at Sishen (Bishopswood), f^uslenburg and Graveloiie. 
It also applies to Sishen (Dingle) and Petrusville. In all these cases the trend is consistcni with ihe 
e;Tec;s of steeply-dipping bedding planes and difTerences in thermal conductivity of contiguous 
layers leading to refraclion ofthe heat. 

Heat ilow values have been ploited on a map of southern Africa (Figure 1). The solid line 
encloses the Precambrian shield as given by Vail (1966). This area is 2 600 my or more in age 
e.xcepl where crosses! by the l.impopo orogenic bell vvhich is 2 000 my. The shield boundaries are 
noi acctiraiely known, jiartictilarly the souihern boundary. 

The lowest heat llow values all lie on Ihe shield. Values for localities oil" the shield, or close 
to its indicated boundaries, tend to be higher than iho.sc on tho shield. Thc averages arc 1,1 for 
the shield and 1.4 ucal/cm- .sec for places oil'ihe shield if thc indicated souihern boundary ofthe 
shield were moved 160 km northwards. The mean value for the 28 poinis shown in Figure I 
is l,2i5 acai/'cni- sec. 
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STANDARD ENVELOPE SIZES 
Readers will be delighted to know thai in another two years there will be substantial 

uniformity in envelope sizes, Thc Universal Postal Union has decidcti that the minimum 
en\clope size will be 90X 140 mm. Also a surcharge will be placed on envelopes larger than 
!20y.2.".5 mm. In Soulh Africa, the C6 and DL sizes ( lUmmX 162 mm. and 110nimx220iiim) 
are prescribed for correspondence purpo.ses. and they arc the only two si'zes in the internaiionai 
si'iind'ard series to fall within the range of preferred sizes of thc Universal Postal Union. These 
ivvo envelope sizes will accepi A4 paper folded into 4, and 3. respectively. 

Anolher long-overdue standardization is that of the size of cheques with a view to 
cliniinaiing folding for postal transmission. Thc S.A. Bureau of Standards is siill working 
on this one. 
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The geochronology of uraniferous minerals in the Witv^'atersrand Triad; cu.^a>^ 
an interpretation of new and existing U-Pb age data on rocks and minerals 

from the Dominion Reef, Witwatersrand and Ventersdorp Supergroups 

B Y C. C . R U N D L E AND N.J . SHELLING 

Institute of Geological Sciences, Geocheinislry Division, 64-78 Cray's Inn Road, London WCiX 8NG 

Uranium and lead analyses of rock samples from the Witwatersrand, Ventersdorp, 
and Transvaal supergroups give mainly discordant ages. Samples from the Upper 
Witwatersrand of the Orange Free State give 207p)-,y206p5 ^ggg of ca. 3000 Ma. 
These data when considered together with earlier total conglomerate U-Pb analyses 
from tlie Dominion Reef Supergroup lead to the conclusion that tlie uraniferous 
minerals of the Dominion Reef, Witwatersrand, Ventersdorp and Transvaal 
conglomerates are 3050 + 50 Ma old. In the northern parts ofthe Witwatersrand Basin 

' the parent uraniferous minerals experienced a major reworking at 2040 + 100 Ma 
which brought about the partial or complete resetting of the original 3050 Ma age. 
Radiogenic lead released during this reworking crystallized as galena in veins and 
fissures which cut across the uraniferous conglomerate horizons. This reworking 
appears to have had litde eflect in the Orange Free State to die soudi. Its age and 
geographical extent suggest it was caused by thermal efl^cts which accompanied 
the emplacement of the Bushveld Igneous Complex at 1950 + 150 Ma. 

Samples from thc south, which were relatively unaffected by tlie ca. 2040 Ma 
reworking generally show the effects of recent uranium loss. In the northern part of 
the basiii discordant age patterns characteristic of lead loss have been imposed on 
uranium-lead systems which were generally reset (partially or completely) by the 
ca. 2040 Ma event. 

The presence of 3050 Ma old minerals in sedimentary sequences vvhich are probably 
younger than ca, 2740 Ma suggests the simple interpretation that the uraniferous 
minerals are predominantly detrital. 

1. INTRODUCTION 

Auriferous and uraniferous quartz-pebble conglomerates occur in the Dominion Reef, Wit­
watersrand, Ventersdorp and Transvaal Supergroups of South Africa. These weakly meta­
morphosed sedimentary/volcanic successions rest With marked unconformity on a highly 
metamorphosed basement complex comprising the Older Granite and the Swaziland Sequence 
which togetlier constitute an early Precambrian granite-greenstone terrain. 

The three lower supergroups are closely relaled bodi areally and structurally, they appear 
to constitute a major geological cycle n d have been named the Witwatersrand Triad (Hamilton 
& Cooke i960). The maximum total thickness ofthe triad has been estimated to be about 
15000 m of whicli nearly half is lava (Whiteside 1970). 

Three main theories have been advanced to explain the presence of gold and uranium in tlie 
conglomerates. These are: 

(1) The placer theoiy, which holds that thc gold and uraninite are detrital. The theory was 
later modified to allow the gold to be dissolved and rcprecipitated almost in situ. 

(2) The hydrothcrmai dieory, which considers that the gold, uraninite and certain other 
minerals, in parricular sulphides, \vcre introduced by hydrothermal solutions. 
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(3) The precipitation theory, which states that die gold and uraniuin were precipitated 
possibly together with pyrite during the deposition of the conglomerates or during subsequent 
diagenesis. 

The main development of gold and uraninite bearing conglomerates occurs in the Upper 
Witwatersrand. Uraniferous conglomerates also occur in the Basal Sedimentary Formation 
of the Dominion Reef Supergroup. Thc Ventersdorp Contact Reef occurs at the base of thc 
Ventersdorp Supergroup and is auriferous and uraniferous where it lies uncomformably on thc 
eroded and bevelled beds ofthe Witwatersrand rocks. The gold and uraninite arc here clearly 
derived from the underlying Witwatersrand sediments. The Black Reef which occurs in thc 
overlying Transvaal Supergroup is locally auriferous and uraniferous. Here again it is accepted 
that the gold and other heavy minerals, including uraninite, were derived by the erosion of 
underlying Witwatersrand conglomerates. 

Supergroup/ 
Group 

Transvaal 

Formation 

Black Reef 

Area 

1 2 3 4 5 
Odendaalsrus-
Welkom Virginia Klerksdorp Carlctonvillc East Rand 

212 Black Reef 

Ventersdorp Contact Reef 

/Elsburg 

Kimberley 229 'A'Reef 

216 
222 

Upper 
Witwatersrand 

226 Elsburg 
Freddies 

I V.C.R. 217 V.C.R. 

223 no. 5 Reef 

224 Dennys 
Conglomerate 

233 Upper 
Kimberley 

Bird 

Main 

I 228 Intemiediate 227 Leader 
Reef Reef 

231 Basal Reef 230 Basal 
Reef 

221 Vaal Reef 

f 218, 220 232 Main 
I Carbon Leader Reef Leader 

FIGURE 1. Stratigraphic correlations and sample location (1-5 as in figure 2). 

The present investigation was made on conglomerates - bankets - from the main conglo­
merate horizons within the Witwatersrand, Ventersdorp and Transvaal Supergroups (see 
figures 1 and 2). Age determinations were made on 'total rock' specimens (cf. Nicolaysen, 
Burger & Liebenberg 1962). Rock for analysis was selected from the interstitial material 
between the quartz and other pebbles, avoiding as far as possible thc inert pebbles. No claim 
is made that these total rock specimens reflect the bulk composition of die conglomerates. The 
method of sampling was adopted because microscopic examination .shows that uraninite is 
frequently associated with exsolved, and presumably radiogenic galena, which occurs both as 
specks within thc uraninites and as more completely exsolved rims. Normal mineral separation 
procedures bring about a mechanical separation of the uraninite and exsolved radiogenic 
galena (Nicolaysen el al. 1962) giving rise to discordant age patterns. 

The anaiyscs were made on a suite of conglomerates provided by Dr H. C. M. Whiteside 
and thc analydcal data arc given in tabic 1. The .specimens are all of typical 'banket' con­
glomerate composed of quartz and chert pebbles in a fine-grained matrix of quartz, phyllo­
silicates and opaques. Pyrite is the chief opaque mineral and occurs as allogenic, concretionary 
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authigenic, and reconstituted authigenic forms (Kcippcl & Saager 1974). Uraninite occurs as 
individual rounded grains lying witliin the quartzitic and scricitic matrix (the detrital form 
of Liebenberg 1958) and in some specimens is intimately associated with hydrocarbon. 
Secondary uraninite occurs as specks, patches and veinlets in thc matrix and also in the 
hydrocarbon. 

212 
21G 

(31 221 
222 
223 

lersrand 

/ 

1 I r l[ Granite and gneiss 

^ ^ ^ Mining distticis 

0 50km 
I—I—1 I—I I 

FIGURE 2. Simplified geological map ofthe Witwatersrand Basin beneath the Ventersdorp and 
younger cover. Sample locations 1-5 as in figure 1. 

2, ANALYTICAL METHODS AND PRECISION 

Portions of the matrix, avoiding as far as possible the pebbles, were cut in the form of 
cubes about 2 cm in size, fragmented in a percussion mortar and finely ground in a Tema swing 
mill (grain size < 75 (.tin). The approximate concentrations of U and Pb were then determined 
by X-ray fluorescence analysis. Samples for analysis were decomposed in a mixture of 
hydrofluoric and perchloric acids (Aristar grade) and after evaporation to dryness tlie residues 
were dissolved and made up to 100 ml in 1.2 M hydrochloric acid. Minute amounts of residue 
sometimes proved insoluble and consisted of unaltacked sample - chromite, rutile and traces 
of zircon - and cryslalline pcrclilorates which spectrographic analysis showed to be free of 
uranium and lead. 

Appropriate aliquots ofthe rock solution were taken for lead isotope analysis and for isotope 
dilution analysis of Pb and U using -"^Pb and -̂ ^U enriched tracers respectively. Uranium and 
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lead were separated using ion exchange columns of Dowex 1 x 8 resin, lead was further purified 

by dithizone extraction, and uranium by precipitation as hydroxide with amniohia gas. The 

precipitated hydroxides were dissolved and repassed through the ion exchange column and 

finally iron was extracted with di-isopropyl ether. 

Mass spectrometric analyses were made using a Thomson C S F T H N 200, GO", 30 cm 

radius mass spectrometer. Samples were loaded on a rhenium filament together with silica 

gel and phosphoric acid. Ion beam intensities were nieasured from a chart recorder for samples 

212, 218, 221, 226, 228, 229, 230 and 231. Subsequently a digital recording system using voltage 

to frequency conversion became operative. 

Lead isotope ratios were monitored throughout the investigation by analysis of the NBS 

lead isotope standard SRM. 981. The following results were oblained: (1) by chart measuring, 

206pb/204pb = 1G.914 ± 0.014, 20 'PbP' iPb = 15.445 + 0.012; (2) by digital output, ^oopbp-'Pb 

= 16.946 ± 0.007, 2»'Pb/2''''Pb = 15.498 + 0.008. Catanzaro, Murphy, Sliields & Garner (1968) 

give the following ratios for this standard: ^°'^?hl'-°^?b = 16.937, -°'''Pbl^°*?h = 15.491. 

Estimates of precision in tlie determination of uranium, lead and lead isotope ratios have been 

obtained from replicate data. Pooled standard deviations have been determined as follows: 

(1) Uranium: concentration range 39-87 parts/10*, pooled standard deviation ± 1 part/lO"; 

concentration range 100-215 parts/10*, pooled standard deviation +2.2 parts/10*; concentra­

tion range 1000-1500 parts/10*, pooled standard deviation + 22:2 parts/iO*. 

(2) Lead: concenti'ation range 18-28 parts/fO*, pooled standard deviation +0.35 part/10*; 

concentration range 190-350 parts/10*, pooled standard deviation + 1.5 parts/10*; concentra­

tion range 750-1100 parts/10*, pooled standard deviation +4.2 parts/10*. 

The precision is thus generally better than + 2 % for uranium and + 1.5 % for lead. Applying 

these uncertainties to the data, and reducing them by a factor of N~^ when N replicates 

have been made, the standard errors on the U / P b ratios are less than + 2.2 % with the exception 

of 223 ( + 3.3 % ) , 217 ( + 4.2 % and 224 + 6 % ) . For sample 230 which has an extremely low 

uranium content of 2.78 parts/10* the standard error has been calculated using duplicates of 

2.77 and 2.79. 

Replicate determinations of lead isotope ratios on these samples gave pooled standard 

deviations as follows: 206pb/204pb and 2<"Pb/2oiPb < 30, + 0.27;, 2**Pb/20"Pb, and 2«'Pb/ 

2o«Pb > 30, < 60, ±0 .17; 2o<!pb/204pb and ^o'Pb/^o-'Pb > 60, < 300, +0.37. The.se precision 

estimates are relatively poor compared with those obtained on thc NBS standard galena. They 

presumably reflect additional uncertainty introduced by sampling, chemical processing and 

blank correction. 

Errors in the 207pb*/235U and 206pb*/238u ratios have been calculated by combining in the 

appropriate way the above precision estimates. The common lead correction results in an error 

enhancement on the lead isotope ratios by a factor oiMj{M-C) where M i s the measured ratio 

and C the assumed common lead ratio. Sainples 217 and 212 are most strongly effected by this 

error magnification, and assuming the Rosetta common lead correction the 206Pb/2*'»pb errors 

are enhanced by a factor of 2.8 and 1.6 respectively and the 2<"Pb/2o-ipb errors by a factor of 

9 and 4.7. 

The percentage errors on thc ages are less tiian tiiose on the appropriate DfP ratios by a 

factor t ^ , j r ) i p ) i [ ^ n , £ , i p y ^or a 2000 Ma sample this foctor is 0.43 for the 207pb/23GU age 

and 0.80 for thc 2oopbyMau .^g^ p^j. ^ 3QQQ -^.^ sample tiic factors are 0.32 and 0.8 respectively. 
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TAULE 1. N E W U - P b DATA, TOTAL CONGLOMERATE SAMPLES FROM THE U P P E R WITVVATER,SRAND 

GROUP, VENTERSDORP CONTACT R E E F , AND THE BLACK R E E F (TILANSVAAL SUPERGROUP) 

sample 

212 
210 
217 
218 
220 
221 
222 
223 
224 
226 
227 
228 
229 
230 
231 
232 
233 

concentration 
parts/10" 

• U 

85.73 
24G,3 
25.48 
60.75 

513.9 
1486 
319.7 
772.4 

12.41 
39.50 

403.3 
102.3 
216.5 

2.78 
1051 

, 2348 
1063 

Pb 

82.49 
182.5 
98.34 
25.77 

168.0 
778.7 
179.8 
345.7 

16.83 
23.00 

485.9 
187.7 
348.7 

17.00 
1070 

115.8 
300.0 

Pb 

206/204 

34.04 
116.4 
22.29 

574.4 
2686 

139.9 
330.0 
274.9 

91.82 
60.99 
61.63 
77.80 
66.90 
52.58 

119.7 
539.8 
948.4 

isotope ratios 
A 

207/204 

18.35 
32.62 
16.45 
82.80 

3643 
33.27 
74.83 
57.61 
26.83 
21.41 
2433 
29.05 
23.26 
22.94 
37.13 
98.35 

243.2 

208/204 

40.49 
38.03 
3428 
56.75 
96.26 
40.76 
46.82 
48.52 
6471 
41.73 
32.29 
49.54 
36.32 
36.78 
38.37 
49.71 
7499 

cat 

•23»U 

1493 + 30 
2506 ±25 
29851105 
2112 ±24 
1804 ±20 
1985 ±15 
2434 ±25 
1968 ± 55 
3330 ±150 
1497 ± 30 
2927 ± 23 
4077 ± 50 
3441± 30 
8127 ±20 
3211±25 
2345 ±30 
1398 ±25 

cuiatea ages ; 

r-»'Pb 
236XJ 

2089 ±40 
2577 ±15 
3046 ±65 
2051 ±15 
1952 ±15 
2168 ±10 
2609 ±10 
2250 ±30 
2810 ±60 
1885 ±30 
2904 ±16 
3411 ±20 
3090 ± 20 
4416 ±25 
3046 ±15 
2403 ±15 
2251± 20 

via 

<="Pb 
soopb 

2738+105 
2632 ±25 
3084 ±215 
1998 ±10 
2110±10 
2344 ±20 
2746 ± 25 
2313± 10 
2453 ± 45 
2341± 66 
2887 ± 45 
.3038 ±35 
2867 ± 50 
2974 ±35 
2937 ± 35 
2451 ±10 
3150 ±10 

Decay constants: A^^U = 0.98485x 10-" a - \ A^^u = 0.15525x 10-« a - \ 
Comnion lead correction ratios: "»Pb/=«''Pb = 12.62, 2<"Pb/2o^Pb = 14.13, sospb/^oipb 32.35. 

212 Black Reef, Western Reefs mine. 
216 Ventersdorp Contact Reef, Westem Reefs mine. 
217 Ventersdorp Contact Reef, Westem Deep Levels 

mine. 
218 Carbon Leader, Western Deep Levels mine, 

100-69 2E. 
220 Carbon Leader, Western Deep Levels mine, 

97/60 Pillar Line (Reef Drive). 
221 Vaal Reef, Westem Reefs mine. 
222 Ventersdorp Contact Reef, Western Reefs mine. 

223 Elsburg No. 5 Reef, Westem Reefs mine. 
224 Dennys Conglomerate, Western Reefs mine. 
226 Elsburg Series, Freddies Consolidated mine. 
227 Leader Reef, Free State Saaiplaas mine. 
228 Intermediate Reef, President Steyn mine. 
229 'A ' Reef, President Stejoi mine. 
230 Basal Reef, Free State Saaiplaas mine. 
231 Basal Reef, President Brand mine. 
232 Main Reef Leader, East Rand area, E. Geduld mine. 
233 Kimberley Reef, East Rand area, E. Geduld mine. 

3. A G E L I M I T S TO T H E W I T W A T E R S R A N D S U P E R G R O U P 

Early attempts to assign age limits to the Witwatersrand Supergroup have been summarized 

by Hales (i960). At that time it was clear that some granitic members ofthe basement complex 

underlying the Witwatersrand Triad were at least 3000 Ma old. Hales further reported that 

R b - S r whole-rock studies by Schreiner on Dominion Reef acid volcanics indicated an age of 

about 3000 Ma. Mendelssohn, Burger, Nicolaysen & de Villiers (1958) had previously reported 

a lead-lead age of 2100 + 100 Ma on an authigenic monazite from a vein cutting Witwatersrand 

sediments which was generally accepted as setting a younger limit to the age ofthe Supergroup. 

Nicolaysen cl al. (1962) made U - P b determinations on a detrital monazite and total 

conglomerate from thc Dominion Reef conglomerate. Their data are given in table 2. Ages 

have been recalculated using the most recently determined uranium decay constants (Jaffey 

et al. 1971)-

Altiiough tiie monazite showed a discordant U - P b age pattern indicative of uranium loss, 

the lead-lead age of 3120 + 100 M a j was accepted as its age of formation, and since the 

t See comments by Nicolaysen et al. (1962, footnote, p. IS) concerning die interpretation ofthis age. 
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monazite is unquestionably detrital it set an older limit to tiic Dominion Reef Supergroup. 
This was furtiier confirmed by results on three total conglomerate specimens which contain 
small, oval uraninites, considered to be detrital in origin, together witii various other detrital 
heavy minerals and subhedral secondary uraninite. One sample gives a virtually concordant 
age of 3000 ±70 Ma (B153) while the other t\vo, KCGl and KCG4, although showing a 
lead loss discordant age pattern, give 207pb/2ocpb ages of 3048+100 Ma and 3018+100 Ma 
respectively. Altiiough the presence of subhedral uraninites suggests some degree of recrystalliza­
tion, it is clear that total conglomerate B153 has remained a closed chemical system with 
respect to both U and Pb. An age of about 3060 + 70 Ma can thus be accepted as dating an 
episode or uraninite mineralization in the prc-Dominion Reef basement and sets an older 
limit to the Dominion Reef and younger deposits. 

TABLE 2. U-Pb DATA. DOMINION REEF CONGLOMERATES 

(Nicolaysen et al. 1962) 
calculated ages/Ma 

Concentration Pb isotope ratios 
jSOCpb {!07pb {207pb 

sample % U % Pb 206/204 207/204 208/204 ^'^U ^asjj soepb 

KCGMon 0.332 0.981 195 58 596 3640±120 3322+120 3120±100 
B 153 2.46 1.77 571 142 62.6 3075±100 3059 ± 100 3050±100 
K C G l 0.201 0.112 249 68.3 62.6 2182±110 2654+120 3048±100 
K C G 4 0.620 0.350 326 847 69.1 2648±110 2S62±120 3018±100 

KCG 1 Monazite concentrate. Dominion Reef conglomerate, Klerksdorp Consolidated Mines Ltd. 
B 133 Total < conglomerate. Upper Reef in die Bramley 6, N3 secdon ofthe Dominion Reefs Mine. 
KCG 1, KCG 4 Total conglomerate reef from thc upper zone, showing supergene alteration, ofthe Klerksdorp 

Consolidated Mines Ltd mine. 
Ages recalculated according to revised decay constants (JafFey et al. 1971): 

A"5U = 0.98485 X 10-° a.-\ A '̂̂ U = 0.15525 x 10-» a"*. 
Common lead correction ratios: 2o«Pb/2"Pb = 12.62, so'Pb/^o-^Pb = 14.13, 208Pb/"<Pb = 32.35. 

In 1964 Allsopp reported whole-rock Rb-Sr determinations on various basement granites 
from the Western Transvaal. An intensive study was made of the Schweizer Reneke granite 
which intrudes a complex belt of schists some 320 km southwest of Johannesburg. The granite 
is overlain unconformably by rocks of the Ventersdorp Supergroup. Allsopp's data gave an 
isochron corresponding to an age of 2700 + 55 Ma (A = 1.39 10"^^ a~^) with an initial *^Sr/**Sr 
ratio of 0.704 +0.005. Recalculation of these data, allowing for errors (as quoted by Allsopp) 
in both coordinates, by the method of Williamson (1968) gives a slightly different result of 
2740 + 20 Ma with an initial 8'Sr/**Sr ratio of 0.703 + 0.001. Allsopp also reported apparent 
ages on a suite of granite samples, some from boreholes and others from small isolated exposures. 
Ages were calculated assuming an initial ^''Sr/^*Sr ratio of 0.705 and gave results agreeing within 
experimental error cither with the age of the Johannesburg-Pretoria granite (3200 + 05 Ma, 
Allsopp 1961, 1964) or thc Schweizer Reneke granite. One ofthe granite samples which gave an 
apparent age of 2720+ 100 Ma was overlain by Lower Witwatersrand rocks (borehole sample 
An952), another sample (borehole RSPIC) gave an apparent age of 2820 + 55 Ma and was 
overlain by sediments of tiie Dominion Reef However, Allsopp considered it likely that 
sample RSPIC had suffered chemical alteration, since it occurred only 0.9 m beneath the 
Dominion Reef contact. Although not absolutely conclusive, these data strongly indicate that 
the Witwatersrand Triad is younger than ca. 2740 Ma. The Ventersdorp rocks certainly arc, 
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and there is no reason to believe tiiat tiie episode of granite intrusion dated at 2740 + 20 Ma 
occurred after the deposition ofthe Witwatersrand sediments and before the formation ofthe 
Ventersdorp rocks. Tiic apparent age of An 952 (2720 + 100 Ma) accords with this view but 
it must be admitted that an age calculated assuming an initial *'Sr/^*Sr ratio must be viewed 
with caution. 

More recently van Niekerk & Burger (1964, 1969 a, b) have reported lead-lead and uranium 
lead ages on lavas from the Dominion Reef and Ventersdorp Supergroups so providing both 
lower and upper limits to the time of deposition of thc Witwatersrand Supergroup. They 
quoted ages of 2800 + 109 Ma and 2300 + 80 Ma respectively. Only lead-lead data are available 
for the Dominion Reef lavas; regression of these data weighted according to the quoted errors, 
and calculation ofthe age using thc most recentiy determined uranium decay constants, gives a 
somewhat younger age of 2725 + 75 Ma. Similar treatment of the Ventersdorp lavas gives an 
age of 2290 ± 85 Ma. Two zircons from these lavas give discordant age patterns indicative of 
uranium loss and yield a concordia intersection age of 2285 + 50 Ma, identical within error 
limits with the aforementioned lead-lead age. 

The age ofthe Schweizer Reneke granite and the Dominion Reef lavas cannot be resolved, 
suggesting that the unroofing ofthe granite and subsequent deposition ofthe Dominion Reef 
sediments and lavas occurred in a relatively short time. This is compatible with the obser\fations 
that the Dominion Reef rocks were deposited on an uneven floor suggesting that there was 
insufficient time for a peneplain surface to develop. 

The younger limit to the age of the Witwatersrand deposits is thus set by the Ventersdorp 
age determination of 2290 + 85 Ma. For the older limit we suggest it is appropriate to adopt 
the weighted mean age ofthe Schweizer Reneke granite and the Dominion Reef lavas, namely 
2740 + 19 Ma. 

4. PREVIOUS RESEARCH ON THE U - P b GEOCHRONOLOGY OF 

THE W I T W A T E R S R A N D 

The results of previous U-Pb .age determination studies on uraninite and thucholites mainly 
from the Witwatersrand sediments by Louw (1954) and Home & Davidson (1955) have been 
summarized and discussed by Holmes & Cahen (1957). The data, plotted on a concordia 
diagram are shown in figure 3. The concordia diagram has been constructed, and ages cal­
culated using the recentiy revised uranium decay constants. Rosetta lead has been used for 
thc common lead correction. However, if it is assumed that the ages reflect a major rejuvenation 
at about 2040 Ma (see below) then a more radiogenic common lead correction will be 
appropriate. Any lead incorporated in the rejuvenated uraninites would, at that time, have an 
isotopic composition comparable to that ofthe extracted lead. This lead has a variable isotopic 
composition and defines a secondary isochron reflecting mixing of entirely radiogenic lead 
with original ca. 3000 Ma old common lead (Burger, Nicolaysen & de Villiers 1962). We have 
accordingly adopted one of the most radiogenic of these leads, namely NPRL No. 103, 
2o«pb/2o.ipb = 23.32, 207pb/2oipb = 18.21; for thc alternative common lead correction and 
thc appropriate data points are indicated by vertical crosses (see comments below, §0). 

The calculated ages are in the main discordant and in some cases affected by uncertainties 
concerning thc common lead correction. However, Holmes & Cahen (1957) and later Burger 
et al. (1962) considered tiiat three samples yielded concordant or ncariy concordant ages which 
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were not too dependent on assumption concerning thc comnion lead correction and wlvich 
'appear to have started tiieir history 2040 + 100 million years ago' (.Burger el al. 1962). Thc 
greatest age was given by a sample from tiic Dominion Reef (2'"Pb/2**Pb age = 2700 Ma) with 
the remaining samples giving 20'Pb/2''*Pb ages in the range ca. 2000 Ma to 2540 Ma. Holmes & 
Cahen (1957) proposed two hypotheses to explain the age patterns. The first implied that the 
uraninites were of two distinct generations, the oldest having an age in excess of 27G0 Ma and 
the youngest being about 2000 Ma old. The second considered that all the uraniferous minerals 
were of thc same age as the Dominion Reef uraninite and hence older tiian 2760 Ma. Con­
cerning the cause ofthe discordant ages Holmes & Cahen were particularly impressed with the 
number of soopb/sasu ages in thc 1200 Ma to 1400 Ma range and suggested an important 
reworking causing lead loss at this time. 

3000 IVla 

'""Pb(rg)/2"u 

FIGURE 3. Concordia diagram sliowing data points for previous uraninite and thucholite U - P b age determinations. 
Sample numbers refer to Holmes & Cahen (1957), Table 1, suite V l l (sample V l l , 1 uses lead isotope 
data H. 1). 

From consideration of tiie distribution ofthe data points on a concordia diagram, Wetherill 
(1956) suggested that the Witwatersrand uraninites and thuchofites 'were formed 2040 + 50 
million years ago and suffered loss of lead because of some alteration or leaching process 
200 + 150 million years ago'. Wetherill further noted certain minor regularities which, if real, 
could be interpreted as two additional groups of minerals having true ages of 2250 Ma and 
2450 Ma whicli liad also experienced lead loss at ca. 200 Ma. Wetherill had interpreted the 
data solely on the basis of episodic lead loss. Nicolaysen (1957), however, had previously 
shown that thc characteristic lead-loss pattern of discordant ages could equally arise from 
continuous lo.ss of lead by solid difl'usion. When plotted on concordia the lead loss by diffusion 
trajectory for a ca. 2040 Ma sample hardly differs over much of its length from the discordia 
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chord resulting from episodic lead lo.ss at 200 Ma (Tilton i960). In thc present case the distinc­
tion is sonicwiiat irrelevant, lead loss is clearly indicated and could equally reflect continuous 
diffusion or episodic loss related to thc thermal disturbances which may have been a.ssociatcd 
with the widespread Karroo volcanism. Before further consideration ofthis earlier U:Pb data 
it is appropriate to review the findings of Burger cl al. (1962) concerning the isotopic com­
position of lead from galenas from the Witwatersrand and Orange Free State, whicli led to thc 
formulation of their hypothesis concerning the evolution ofthe Witwatersrand uraninites, and 
also to consider the new data obtained during this investigation. 

Burger el al. noted not only the strongly radiogenic nature of the lead in galenas occurring 
in veins cutting the uraniferous conglomerates ofthe Witwatersrand and Dominion Reef, but 
also tiic fact that many of them displayed regular hnear relations when plotted on a 207pb^2oipb 
against 2<"ipb/204pb diagram, and that the fines so defined passed through or close to the isotopic 
composition of lead from the Rosetta Mine galena. This is one ofthe least radiogenic terrestrial 
leads and occurs in rocks equivalent to those underlying the Witivatersrand deposits. The linear 
relations (metachrons or secondary isochrons) of the Witwatersrand, Dominion Reef and 
Rosetta galenas imply that they have evolved by the mbdng of Rosetta type lead with radiogenic 
lead resulting from uranium decay. Burger et al. summarize the evolution of these galenas as 
follows: 

(1) At some time in the past, an original or 'parent' uraninite was present in a particular 
region. The time of crystallization of thc parent uraninite is denoted t̂ . 

(2) The uraninite was associated with varying amounts of a primary lead. Isotopically tiie 
Rosetta lead is, as indicated above, an appropriate primary lead. 

(3) In parts of this region uraninite crystals were subjected to a sudden chemical alteration 
at time tm- Some lead was separated from the parent uraninite ores. This lead would consist 
of radiogenic lead formed between ts and t^, together with some primary or common lead 
originally present in the uraniferous minerals. 

Burger el al. show that if the alteration at time tm affects a seriesof uraninite ores with different 
U/Pb ratios tire separated lead will have different but linearly related isotopic ratios, and will 
define a metachron or secondary isochron. 

The major postulate made by Burger el al. was to identify the parent uraninite witii the oval 
and spherical uraninite grains present in the Witwatersrand conglomerates and considered by 
many works to be of detrital origin. They showed that these uraninites were at least 2550 million 
years old (this limit becomes 2602 Ma using new decay constants and the recalculated meta­
chron slope; see below) and noted the apparent discrepancy between this minimum age and 
the conclusion reached by other workers, namely tiiat certain of the Witwatersrand uraninites 
appeared to have started their present chemical history about 2040 Ma ago. 

Faced with this dilemma they proposed that a parent uraninite may undergo a solid-state 
chemical alterarion such that lead is selectively removed from the crystal, and that the oval 
and spherical Wit\vatersrand uraninites had undergone such a rejuvenation about 2040 
million years ago. They noted Liebenbcrg's observation (1958) that lead occurs as small 
veinlets and specks of galena in thc uraninite while other uraninites are surrounded by thin 
rims of more completely exsolved galena, and suggested that ivitii complete mobilization tiiis 
exsolved lead is deposited as galena in veins cross-cutting the uraniferous conglomerate horizons. 
Thus at about 2040 Ma parts of the Witwatersrand Basin experienced a thermal event 
of sufficient intensity to locally mobilize lead present both as a trace component in thc 
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Witwatersrand detrital sulphide, and tiiat generated over the preceding 1000 Ma in the uraninites 
and thucholites. This lead was mixed and deposited as galena in niinor cross-cutting quartz 
veins. Thc great majority of these veins are entirely barren of uranium, gold or sulphides, 
and only carry sulphides, including galena, where they cut or lie within thc minerahzed 
conglomerates. 

In more recent time further mobilization of both uranium and lead has occurred, as is 
testified by the presence of secondary uranium minerals in mine workings, and three-stage 
galenas (Burger el al. 1962, section VI(i)) . 

We would note that the new uranium decay constants, some new analyses of galenas from 
cross-cutting quartz veins (Koppcl & Saager 1974) and refinements in the method of calculating 
regression lines necessitate slight modifications to the original treatment of the metachrons. 
Following Koppel & Saager (1974) the original galena isotopic data given by Burger et al. 
have been corrected on the basis of the measurements of the U.S. Geological Survey lead 
standard reported by them, and by Catanzaro et al. (1968). These modified data have been 
regressed following the method of Williamson (1968). Samples 33, 34 and 35 of Burger et al. 
(1962) have been excluded from thc regression of the Witwatersrand galenas since we agree 
with Koppel & Saager (1974) that they may represent three-stage leads. Two additional galena 
samples analysed by Koppel & Saager (1974) have been included. The Witwatersrand main 
trend and the Dominion Reef galenas give metachrons of secondary isochrons of slopes 
0.386 + 0.003 and 0.413 + 016 respectively. At the two-sigma level there is no significant dif­
ference between these metachrons. Their weighted mean, however, is strongly influenced by 
the high precision of the Witwatersrand metachron which largely reflects the high precision 
of Koppel & Saager's measurements on two extremely radiogenic samples. We accordingly 
think it more realistic to take an unweighted mean ofthe two slopes, namely 0.399 + 0.019. 
Adopting 2040 Ma as the age of rejuvenation the metachron equation gives the age of tire 
parent uraniferous mineral phases as 3065 + 100 Ma, somewhat older than the age of 2980 + 100 
Ma (= 2911 Ma using revised decay constants) originally proposed by Burger et al. 1962)."f 

5. T H E SIGNIFICANCE OF NE^W TOTAL ROCK U - P b ANALYSES 

The new analytical data are given in table 1. Ages have been calculated using the isotopic 
composition of lead from the Rosetta galena for the common lead correction. 

The ages fall, into two groups, one composed of samples yielding 207pb/2oopb ages of ca. 3000 
Ma, namely 217, 227, 228, 229, 230, 231 and 233, while thc second gives younger ages. Two 
of the ca. 3000 Ma samples, 217 and 227, give concordant ages of 3029 + 55 Ma 2921 + 13 Ma 
respectively. Of the remaining samples in this group, 228, 229, 230 and 231 show a typical 
uranium loss pattern of ages while sample 233 shows a lead loss pattern. Wc would suggest that 
a first approximation to the age of the ca. 3000 Ma samples is given by regression of their 
207/204 against 206/204 ratios (figure 4). The regression applies thc appropriate pooled standard 
deviation to each ratio, and yields a best-fit line of 2945 + 40 Ma. Sample 233 was excluded 

t Slope of metachron or secondary isoehron 

_ exp (A235<,)-exp(A235<,„) 
~ 137.8 [exji (A238/J-CXP (A238/,,,)] 

where A235 and A238 are thc decay constants for -"''U and ^''U respectively, and /, and /„ are as defined in the 
text. 
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from the regression because its extremely high ratios dominate the calculation. The Rosetta 
lead fits this line within limits of error so providing independent justification for thc use of 
this lead for thc common lead correction. The mean sf4uarc of weighted deviates (hereafter 
m.s.w.d., Brooks, Hart & Wendt 1972) is high (about 4), indicating tiiat tiic scatter of data 
points -about the best-fit line is greater than can be accounted for by experimental error alone. 
The inclusion of 233 in the regression gives a significantly greater age of 3090 + 30 Ma with no 
improvement ofthe fit of data points about the line. 
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FIGURE 4. =<"Pb/="*Pb against soGp^jioipb pj^t fg^ Upper Witwatei-srand "and Ventersdorp 
Contact Reef samples giving lead/lead ages of ca. 3000 Ma. 

This ca. 3000 Ma-old suite of samples includes total conglomerates from both the Upper 
Witwatersrand and Ventersdorp Contact Reef. The age immediately suggests an affinity with 
thc uraniferous minerals ofthe Dominion Reef and it is pertinent to plot the Dominion Reef 
total conglomerate and monazite data (Nicolaysen et al. 1962) on concordia together with the 
ca. 3000 Ma AVitwatersrand and Ventersdorp samples (figure 5). It will be seen that total con­
glomerate samples 233, KCGl, KCG4,217, B153, 228, 230, and detrital monazite KCG M give a 
good hnear array. The best-fit line through these points gives a slope of 0.0329 + 0.0007, and 
an intercept of - 0.0262 + 0.0111. The m.s.w.d. is only 0.4, indicating that all scatter of points 
about the line can be accounted for by experimental error alone and the line intersects con­
cordia at 3050 + 50 Ma. Thus all these samples can be regarded as having been derived from 
parent rocks containing 3050 + 50 Ma uranium bearing minerals, some have experienced recent 
lead loss (233, KCGl and KCG4), others recent umnium lo.ss (KCG M, 22S and 230), while 
others have remained closed systems with respect to U and Pb and yield concordant ages 
not significantly diflerent from 3050 + 50 Ma (217, 3029 + 55 Ma and B153, 3001+25 Ma). 

It might be argued that the inclusion of sample 230, which has extremely high 206*/238 
and 207*/235 ratios, has a dominant effect on, the regression calculation. However, it can be 

[ 343 ] 



578 C. C. RUNDLE AND Ni J. SNELLING 

shown tiiat exclusion ofthis sample has no significant eflect on tite calculation and results in a 
3000 + 50 Ma intersection of the regression line with concordia, an eflcctivcly zero intercept, 
and an identical m.s.w.d. 

Samples 227, 231 and 229 lie appreciably to the left of this fine and tiieir inclusion in thc 
regression calculation, although giving a similar chord/concordia intersection of 2975 + 60 Ma 
results in a significantly higher m.s.w.d. of 3.4. Thus scatter of these data points about the 
best-fit Une is greater than can be accounted for by experimental errors alone, indicating that 
samples 227, 231 and 229 have experienced geochemical disturbance in addition to recent 
lead or uranium loss. 
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FIGURE 5. Concordia plot of ca. 3000 Ma-old samples from the Dominion Reef, Witwatersrand 
and Ventei'sdorp Supergroups. Sample 230 cannot be shown. 

We suggest that this disturbance can be correlated with tiie 2040 Ma reworking proposed by 
Burger el al. (1962). Lead loss from rock samples occurring at this time would cause their data 
points to migrate along a chord between 3050 Ma and 2040 Ma. Two samples analysed in the 
course of tiiis investigation (216 and 232, figure 0) in fact plot on the 3050 Ma/2040 Ma chord 
within limits of error and it wiU be noted that the use of a more radiogenic common lead 
correction merely displaces tiic data points along thc chord. This effect is to be expected since 
thc radiogenic common lead is one of the galenas from the Witwatersrand metachron. Burger 
et al. (1962) postulated that this lead was extracted at ca. 2040 Ma from a ca, 3000 Ma parent 
uraninite. If this postulate is correct then the use ofthe isotopic composition of any galena which 
plots on the Witwatersrand metachron as a 'radiogenic' conimon lead correction, is bound to 
move thc respective data points along a trajectory parallel to thc 2040 Ma/3050 Ma discordia. 
Sample 218 (figure 0) is virtually concordant irrespective of tiie common lead correction with 
a weighted mean of 2oopb/'.;Mu and 207pby23r.u ages of 2005 + 13 Ma. This docs not differ 
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significantly from thc reworking age of 2040 + 100 Ma, proposed by Burger el al. and it is 
clear that sample 218 experienced rejuvenation and virtually complete lead loss at this time. 

Samples 227, 229 and 231 which wc have shown to He .significantly to the left ofthe extension 
ofthe zero to 3050 Ma chord, tiius show thc effect of recent uranium loss imposed on slight lead 
loss at 2040 Ma, i.e. lead lo.ss at 2040 Ma moved the data points a little way along the 3050 Ma/ 
2040 Ma chord to about a point X, figure 5, and recent uranium loss caused thc data points 
to move off the 2040 Ma/3050 Ma chord along trajectories away from zero and across concordia. 
Such a trajectory is indicated by a dashed Hne in figure 6. It will be observed that recent 
uranium loss from sample 227 was just sufficient for the datum point to come to rest on con­
cordia and the sample provides a possibly unique case of accidental concordance. 
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FIGURE 6. Concordia plot of'total conglomerates' from the Witwatei-srand, Ventersdorp and Transvaal Super­
groups. Line A, ca. 3050 Ma/2050 Ma discordia; line B, ca. 2050 Ma lead loss by continuous diffusion 
trajectory; line C, ca, 3050 Ma lead loss by conlinuous diffusion trajectory; line D, recent episodic lead 
loss trajectory from ca. 3050 Ma sample. 

These results provide a striking confirmation of the hypothesis first advanced by Burger 
el al. (1962) concerning the evolution of uraniferous minerals in the Witwatersrand Supergroup 
wliich predicts an age of tiie parent uranium minerals of 3065 + 100 Ma, virtuaUy identical 
with the estimate of 3050 + 50 Ma derived above. The results carry the impHcation that the 
uraniferous conglomerates of the Dominion Reef, Witwatersrand and Ventersdorp Super­
groups contain a common suite of parent uraniferous minerals. The age of 3050 + 50 Ma for this 
parental suite is significandy older than the older Hmit to the deposition of tiie WitAvatersrand 
sediments (2740 + 19 Ma) and impHcs that the uraniferous minerals are detrital in origin. 

With tiie exception of sample 224 the remaining samples (212, 220, 221, 222, 223 and 226) 
when plotted on the concordia diagram (figure 6) all fall within the triangular area bounded 
by thc 2040 Ma/3050 Ma, zcro/2040 Ma, and zero/3050 Ma chords. We suggest that tiiese 
samples originally contained 3050 Ma-old uranium minerals which suffered variable lead loss 
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in response to the 2040 Ma reworking such that their data points were distributed along the 
2040 Ma/3050 Ma chord. Subsequent lead loss, either episodic or by continuous diflusion, 
would then cause the data points to migrate into the triangular region defined above. It is not 
possible to decide which lead loss process was operative. Thus sample 220 must have experienced 
virtually complete resetting at 2040 Ma and now plots on tiic 2040 Ma lead loss by continuous 
diffusion trajectory. However, over most of its course this trajectory does not differ from the 
200 Ma/2040 Ma episodic lead loss chord. Similarly, although the discordant age pattern of 
sample 212 is completely explicable in terms of lead loss by continuous difliision from a 3050 Ma 
parent (it plots on the 3050 Ma continuous diffusion trajectory), it could equally reflect partial 
resetting in response to the- 2040 Ma reworking involving about 50 % lead loss at that time, 
with further lead loss in response to a more recent {ca. 200 Ma) disturbance. 

Sample 224 plots above concordia and gives a uranium loss discordant age pattern. We 
consider that this reflects a similar history to that experienced by samples 227, 229 and 231. 
In this case considerable lead loss ( x 50 %) from a 3050 Ma parent occurred in response to 
the 2040 Ma reworking moving the data point about half way down the 2040 Ma/3050 Ma 
chord. Recent uranium loss then caused the point to move away from tiie origin, and across 
concordia to its present position. 

It is now appropriate to reconsider the early uraninite/thucholite U-Pb age determinations 
in the light of the above considerations. Wetherill (1956) had observed that most of the 
determinations when plotted on concordia fell on or close to a 200 Ma/2040 Ma chord indicating 
episodic lead loss at 200 + 150 Ma from a 2040 Ma parent (see figure 3). Over most of its 
length the 200 Ma/2040 Ma chord hardly differs from the 2040 Ma lead loss by continuous 
diffusion trajectory so that thc discordant age patterns of samples 1, 2, 3, ib, ig, ih and 4/ 
can be equally well explained in terms of episodic lead loss at 200 Ma or lead loss by continuous 
diffusion since 2040 Ma. Sample 4/plots above concordia and its age pattern can be explained 
in terms of recent uranium loss effecting a 2040 Ma parent. All these samples coidd have 
evolved from 3050 Ma old parent uraninites which experienced virtuaUy complete resetting 
at 2040 Ma. , ' ' ' 

Ofthe remaining samples, 4a, ic, ii, in and 6 are considered to have had an original age of 
3050 Ma but experienced only partial lead loss in response to the 2040 Ma resetting event such 
that tiiey plotted on the 2040 Ma/3050 Ma chord. Subsequent lead loss, either in response to a 
more recent resetting event (200 + 150 Ma?), or by continuous diffusion, caused the data 
points to migrate into the triangular area bounded by the 2040 Ma/3050 Ma, zero/2040 Ma, 
and zero/3050 Ma chords along trajectories indicated by dashed Hnes in figure 3. It is thc 
extension of these trajectories across thc 2040 Ma/3050 Ma chord on to concordia (indicated 
by dotted lines in figure 3) which led Wetherill (1956) to suggest the existence of ca. 2250 Ma 
and ca. 2450 Ma parent uraninites. There is clearly no need to postulate the existence of 
uraninites of these ages. 

Sample io is from the Dominion Reef Supergroup and plots within error limits on the 
3050 Ma lead loss by continuous diffusion trajectory. Nicolaysen et al. (1962) had previously 
noted that the cHscordant age pattern of this particular specimen could be explained solely 
in terms of such lead loss and showed that thc true age of the uraninite would be about 
3040 Ma. 

[ 3.40 ] 
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I 6. SOME CONCLUSIONS 

Total rock U-Pb analyses on samples from the Witwatersrand Ventersdorp and Tran.svaal 
Supergroups, together with earHer data reported by Nicolaysen el al. (1962) from the Dominion 

; Reef Supergroup show that the uraniferous minerals in thc conglomerates constitute a 3050 + 50 
J Ma-old system. This system experienced a major reworking at 2040 + 100 Ma which varied in 
j intensity, but locally resulted in a complete resetting of U: Pb ages to ca. 2040 Ma in both 
j uraninites and total rock. Radiogenic lead released during this reworking crystalHzed as galena 

i in veins and fissures which cut across thc uraniferous conglomerates. Isotopically these leads 
define a metachron or secondary isochron thc slope of which is fuUy consistent with a ca. 2040 

j Ma reworking extracting lead from a ca. 3050 Ma parent uraniferous mineral. 
• Subsequent loss of lead or uranium has produced a plethora of discordant ages. In some 

cases it appears most likely that tiie lead and uranium loss occurred in ver^' recent time and that 
the lead loss was episodic rather than by continuous diffusion. In other cases lead loss by con­
tinuous diffusion is possible, but there remains no objective way of distinguishing between lead 
loss by continuous diffusion from a 3050 Ma uraniferous parent mineral, and lead loss by 
either continuous diffusion or episodic loss from a 3050 Ma parent minei-al which had pre­
viously undergone partial resetting in response to the ca. 2040 Ma reworking. Many of the 
separated uraninites analysed by the earlier workers show evidence of virtually complete 
resetting at ca. 2040 Ma. Their lead loss age patterns, however, can be interpreted either in 
terms of an episodic loss at 200 + 150 Ma, a resetting event that can be correlated with the 
Karroo volcanism, or by continuous diffusion since 2040 Ma. 

There is considerable indication of an areal control to the discordant age patterns. Thus 
samples from the Upper Witwatersrand to the south in the Orange Free State (regions 1 and 2 
of figure 2, the Odendaalsrus-Welkom-Virginia area) show little effects of the 2040 Ma 
reworking, evidence of recent uraniuin loss, and no evidence of recent lead loss (see figure 5). 

Total conglomerates from the Dominion Reef in the Klerksdorp area analysed by Nicolaysen 
et al. (1962) are either concordant (B153) or show evidence of an episodic recent lead loss, but, 
Mke tiie samples from tiie Orange Free State area, show little if any effects of the 2040 Ma 
reworking. A separated uraninite from the Dominion Reef gives a discordant age pattern 
which can be interpreted solely in terms of continuous lead loss from a ca. 3050 Ma parent. A 
separated detrital monazite shows evidence of recent uraniuin loss (see figure 5). 

Witii the exception of sample 233 (E. Rand, E. Geduld Mine) and possible 212 (Basal Reef, 
Western Reefs Mine) the remaining total conglomerates analysed in this work all show very 
strong effects ofthe ca. 2040 Ma reworking (figure 6). These samples are all from the Klerks­
dorp, Carlctonvillc, and E. Rand areas. Sample 233 gives a discordant age pattern unaffected 
by the ca. 2040 Ma reworking. Sampki 212 comes from thc Black Reef in the Transvaal System 
and plots on the 3025 Ma lead loss by continuous diffusion trajectory. As pointed out above, 
however, tiie discordant age pattern could equally well be due to recent episodic lead loss from 
a 3050 Ma parent which had previously been partially reset at 2040 Ma. 

Sample 224, a strongly sheared rock from thc Dennys conglomerate in the Western Reefs 
mine shows the eflccts of recent uranium loss following the 2040 Ma reworking. Samples 218, 

jl 210, and 232 have remained closed chemical systems with respect to uranium and lead since 
\ the 2040 Ma reworking, while the remaining samples, namely 220 221. 222, 223 and 220 
i have all experienced lead loss since the 2040 Ma reworking. 
I . [ 347 ] 
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Thc problem ofthe correlation ofthe 2040 Ma old reworking ofthe Witwatersrand uraninites 
with a specific geological thermal event was fully discussed by Nicolaysen et al. (1962). They 
were unable to come to a definite conclusion, however, because of the uncertainty concerning 
the age of the Ventersdorp volcanism. It is now clear that thc reworking of the uraninites at '• 
ca. 2040 Ma occurred after the Ventersdorp volcanism. We suggest that the occurrence of ' 
galenas, rich in radiogenic lead \vhich plot on thc Witwatersrand metachron, in cross-cutting 
veins in the Black Reef implies that the ca. 2040 Ma reworking is of late or post Transvaal age. 
This thermal event could thus be correlated widi volcanic manifestations in tiie Transvaal J 
Supergroup and the emplacement of the Bushveld Complex dated at 1950 + 150 Ma, as 
suggested by van Niekerk & Burger (1964). In this connection we would note that all the 
analysed total rocks which show the effect of ca. 2040 Ma reworking come from tiie northern 
parts ofthe Witwatersrand Basin, i.e. the nearest to thc Bushveld Complex. 

The presence of 3050 + 60 Ma-old uraniferous minerals in the Dominion Reef and Witivaters-
rand sediments which we have argued must have been deposited after about 2740 + 19 Ma, < 
carries with it the simple implication that the uraniferous minerals (originally mainly uraninite) i 
are of detrital origin. j 

It might be argued that some ofthe uranium in the Wit"watersrand sediments was deposited ' 
from solution eitiier at the time of sedimentation or during diagenesis. Such uranium-lead ' 
systems would plot on concordia at about 2650 Ma but would mix with the older detrital I 
component to generate a chord between 2550 Ma and 3050 Ma. We see no evidence ofsuch a - ! 
chord. It must be remembered, however, tiiat most ofthe analysed samples have been aftected j 
to some extent by the 2040 Ma rejuvenation, and by subsequent loss of lead or recent loss j 
of uranium. It would be virtually impossible to distinguish between disturbed detrital systems | 
and disturbed systems with both detrital and authigenic components. The data presented here j 
can be interpreted entirely in terms of a 3050 Ma old U-Pb system; the earlier work on 
separated uraninites and thuchofites and on galenas fully supports this interpretation. We ) 
would suggest that authigenic mineraUzation has made at the most only a minor contribution \ 
to the total uranium in the Witwatersrand Basin. 

We are indebted to our colleagues for their help and encouragement. We would in particular s 
tiiank Dr S. H. U. Bowie at whose suggestion the work was undertaken, Dr I. G. Swciinbank 1 
for much advice and help witii the analytical work, and Mr R. D. Beckinsale for stimulating , 
discussion which contributed greatly to the interpretation of the discordant ages advanced 1 
here. The analysed samples ^vere generously provided by Dr H. C. M. Whiteside. 

The investigations reported in this paper form part of the research programme of the 
Institute of Geological Sciences and are publisht^d with the permission ofthe Director. 
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Uranium mineralization of the Witwatersrand and Dominion Reef systems 

BY P . R . SIMPSON AND J. F. W. BOWLES 

Iiulilulc of Geological Sciences, Geochemical Division, 04-78 Gray's Inn Road, London WCIX 8NG 

[Plates 1-10] 

PREFACE 

The problem ofthe origin ofthe mineraUzation ofthe Witwatersrand and Dominion Reef has 
been one of the great controversies of the past 50 years. Any nciv attempt to solve it requires 
the application ofthe most up-to-date mineralogical techniques including thc combined use of 
ore microscopy with electron microprobe analysis, radioisotope and stable isotope determina­
tions, fission-track studies of uranium distribution, and detailed analysis of fluid inclusions. 
All these skills have been brought to bear in the work desciibed in this and the two papers 
followmg, and although unequivocable results have not yet been obtained, important new 
information on the bimodal natitre ofthe uranium mineralization has been estabHshed. 

The significance ofthis study, which illustrates the appHcation of techniques that will become 
more commonplace as tire 21st ccnlTiry approaches, lies in providing essential information on 
the origin of uranium in quartz pebble conglomerates. More than 35 % of known uranium 
reserves occur in such roclcs, particularly in Canada and South Africa but also, as recently 
reported, in Algeria. Previously many geologists have held that uranium can only be enriched 
to economic grades in Precambrian rocks if anoxygenic atmospheric conditions prevailed at 
the time of sedimentation. However, the remarkable similarity between the sub-economic 
concentrations ofthorian uraninite in the present-day Indus Valley and that ofthe Dominion 
Reef and Witwatersrand System as weU as other evidence invalidates any such concept. 

Further work is required to complete the story of the Witwatersrand mineralization and it is 
hoped that multidisciplinary investigations will continue. The full resolution ofthe genesis of 
the mineralization could result in new discoveries that are essential to the availabiUty of 
uranium for fiiture energy needs. 

S. H. U. BOWIE, F . R . S . 

Uranium-bearing minerals in the Witwatersrand and Dominion Reef sediments 
have been studied by ore microscopic, electron microprobe, fission track and neutron 
activation analytical methods to determine the controls of uranium mineralization. 
In the Dominion Reef, which represents a high-energy banket type of depositional 
environment, allogenic thorian uraninite occurs in hydraulic equivalence \vitli 
allogenic pyrite, quartz and possibly also gold in thc sediments which have uranium-
thorium ratios between 3.1 and 5.0 indicating substantial amounts of thorium-rich 
resistate minerals. 

The Witwatersrand sediments have uranium-thorium ratios ranging between 7.1 
and 19.0 indicating lesser amounts of rcsistates which is consistent witli the lower-
energy depositional environment. The proximal or nearshore deposits are of banket type 
but are distinguished from thc Dominion- Reef by the abundance of concretionary 
pyrite formed within the Basin and thc presence of carbonaceous matter. The distal 
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deposits formed at greater distance from the shoreline contain decaying organic 
material which has precipitated both uraniuin and gold from solution. Subsequent 
metamorphism has resulted in the forniation of carbonaceous material bearing 
finely disseminated low-thorium pitchblende and a fine dissemination of gold associ­
ated witii sulphides and arsenides. 

Further evidence of the existence of-uranium in solution is to be found in the 
banket deposits. In this case fine disseiiiinations of uranium (> 500 parts/10^) 
occur in clay minerals within concretionary pyrite nodules and in lenticles formed of 
clay minerals in Witwatersrand banket deposits. They represent reduction-deposition 
of the soluble uranyl ion below thc sediment-water interface where conditions are 
reducing. 

Allogenic thorian uraninite from the present-day Indus river has a texture, com­
position and association \vith gold and pyrite similar to allogenic uraninite in the 
Witwatersrand and Dominion Reef System. Thorian uraninite is a stable phase over 
large distances in this river. Hence it would appear quite unnecessary to postulate a 
reducing atmosphere for the transportation of detiital uraninite. Moreover the reten­
tion of sulphate and uranyl ions in solution in the model proposed here suggests that 
the atmosphere was oxidizing at the time of deposition. This conclusion indicates the 
Hkely occurrence in younger sediments of mineralization of this type provided tiie 
necessary geological criteria are met. 

INTRODUCTION 

Uranium mineralization in the Witwatersrand and Dominion Reef sediments is presently and 
has been, since its discovery by Cooper in 1923, the subject of debate and speculation as to its 
origin. 

Mineralization has been described variously as the product of hydrothermal processes by 
Graton (1930) and sedimentary proce.sses by Ramdohr (1958) and others. The detrital hy­
pothesis for the origin of uraninite has been taken to account for all primary mineralization in 
the Basin by some workers. This idea has been further developed to the point where a reducing 
atmosphere was invoked as an essential prerequisite to the transportation of detrital uraninite 
grains (Liebenberg 1955; Grandstaff 1975). This has led to the notion that uraniferous con­
glomerates are thereby restricted by these atmospheric conditions to the Archaean or early 
Proterozoic (Robertson 1974). 

The purpose of this study is to re-evaluate the uranium mineralization using mineralogical 
methods since the implications of the earUer work for the further discovery of uraniferous 
conglomerates would appear to be unduly restrictive. 

All specimens available to the authors were sectioned for study to obtain as broad a view 
of the principal types of mineraUzation as possible, though it is appreciated that the coverage 
of this Basin is by no means as complete as could be wished. The outline geology, principal 
mining areas, and section numbers of specimens studied, arc shown in figures 1 and 2. 

In pursuing this investigation, two questions have been uppermost in our minds: firstly, does 
the formation of these and similar deposits elsewhere require a reducing atmosphere, or merely 
reducing conditions of deposition beneath the sediment/water interface; and secondly, what 
are the respective roles of uranium as detrital grains of uraninite and as uranyl ions in solution. 
Answers to these two questions will have considerable relevance to thc understanding of the 
mode of forniation and estimating the potential for new discoveries ofthis type of mineraUza­
tion. 
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E X P E R I M E N T A L METHODS 

The details of the complex mineralization and the distribution of uranium were elucidated 
by ore microscopy, electron probe microanalysis and ILssion track registration. The techniques 
of the first have been recently described by Bowie, Simpson & Atkiii (1975) and the last is 
discussed below in the section on uranium micromapping. 

Thc electron probe analyses were undertaken with a Cambridge Microscan-5 jnstmmcnt 
fitted with a Canberra energy dispersive analytical system. The latter was used for thc analysis 
of Ti, Mn, Fc, Pb, Th, U and Y, whilst Ca and Ce were analysed simultaneously by the Bragg 
spectrometers of tire microprobe. X-rays from each specimen were counted for 250 s at a low 
beam ctirrent of 1 x 10"^ A, which conditions were suitable for both anal)'tical systems. Data 
were reduced by a PDPll computer, which calcidates concentrations ofthe elements present 
at one analytical point while the next is being analysed. This technique enables an analysis 
for nine elements to be produced every 4 to 5 min. Pure metals were used as standards for Mn, 
Fe, Th and U, a rare-earth glass REE-3, kindly proxdded by the University of Oregon (Drake 
& WeUl 1972) for Ca, Y and Cc, and chemically analysed rutile and galena for Ti and Pb 
respectively. The analytical methods for wavelength-dispersive analysis described by Bowles 
(1975) were used for Ca and Ce. In another paper, Bowles (in preparation) describes the 
quantitative analytical programme for the energy-dispersive equipment and compares selected 
results with those obtained with the Bragg spectrometers. Thc results are closely comparable 
for all elements with the exception of uranium for which the energy-dispersive results are con­
sistently 3 % lower than the Bragg spectrometer results. Investigation has shown that as be­
tween thc pure metal and the oxide there is a change in the ratio of the Lot,̂  to La^ intensities. 
The lower resolution of the energy-dispersive equipment records both X-ray emissions as a 
single peak, so that a variation in the ratio does not affect the results. Thc analyses presented 
here for uranium and thorium are those obtained using the energy-dispersive equipment. 
The measured concentrations were corrected using the quantitative correction programme 
devised by Mason, Frost & Reed (1969). 

M I N E R A L O G I C A L EVIDENCE 

Pyrite 

Pyrite is the principal opaque mineral of thc Witwatersrand and Dominion Reef Systems. 
In hand specimen rounded grains of pyrite, commonly known as 'buckshot' (Feather & Koen 
1975), display clearly defined sedimentary features with well-developed bedding and cross­
bedding in layers also containing sand-sized grains of cjuartz. In the pebble-,size conglomerate, 
pyrite occurs as a discrete disseminated phase together with other sand-sized constituents, 
principally quartz, in the matrix. Radioactivity is closely associated with pyritic zones in the 
hand .specimen and those were therefore selected for more detailed investigation. Indeed, the 
presence of pyrite in the hand specimen is one ofthe clearest indications ofthe likely presence 
of anomalous radioactivity in the suite of specimens studied. 

Ramdohr (1958), Sanger (1970) and Koppcl & Saager (1974), distinguished three types of 
pyrite in the Witvs'atersrand ore: I, allogenic; II, concretionary authigenic; and III, recon­
stituted authigenic. Type I pyrite has rounded and abraded outlines; it is completely fresh, is 
uniformly compact and homogeneous, and has a distinctive range of inclusions (figure 3a, 
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FIGURE G. (a) Reflected light and (A) corresponding Le.vaii print showing a uraniferous pyrilic band consisting of 
larger concretionary nnd smaller allogenic pyrite (white). Uranium is enriched in some concretionary pyrite 
grains but not in olhei-s (sec I.exan print) . One concretionary pyrilc grain (.Y) has been fractured and further 
worn before deposition. Uranium presenl in the matri.x is accounted for by allo.genic grains ofuranini te (! ') , 
and intei-stitial clay minerals; lia.fal Reef, President Brand, Orange Free .Slate (PI 'S 2-l(j;jB). 

FIGURE 4. F.lcctroii probe scanning images showing allogenic pyrite (Py) containing galena (G) and rimmed by 
uraninite (Ur ) ; l!a,Hal Reef, President Brand, Orange Free Slate (P TS 24ti;!A). 

FIGURE .'>. Electron probe scannin.g images showing localized migration of radiogenic lead from uraninite (Ur) 
to the rim of an .idjacent allogenic jiyrile (Py) grain with formations of niinor amounts ofbranneri te (Br); 
Basal Reef, President Brand, Orange l/ree Slate (1'1'S 2-lli3A). 
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FIGURE 7. (ci) Reflected li,ght and (b) corresponding Lexan print showing uraniferous pyrite band consisting of 
mainly concretionary pyrite grains (while) whieh arc a heterogeneous a.s,semblage wilh rc,gard to uranium 
enrichment (sec Lcxan print and compare grains marked A'). Uranium present in the matrix is accounted 
for by the presence of allogenic grains of uraninite (Y) and interstitial clay minerals; Basal Reef, President 
Brand, Orange Free Slate ( F I S 24G3A). 
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' plate 1). There is no doubt it is correctly described as allogenic. It is recognized in this study 
• as the dominant pyrite type ofthe Dominion Reef Sy.stcm, whereas in the Witwatersrand any 

one of'the three types may be dominant. Pyrite ofthis type also occurs partially or completely 
; enclosed within very coarse quartz grains; it displays euhedral grain boundaries towards thc 

host quartz, but has'a sub-rounded and abraded margin where it forms the exterior ofthe com­
posite grain (figure 3a). Optical study and electron probe microanalysis indicate tiiat galena 
is the commonest phase included in allogenic pyrite. Thc exsolution blebs of galena (figure 4, 

] plate 2) are distinct from marginal intergrowths of pyrite and galena resulting from the 
migration of radiogenic lead from coexisting uraninite grains (figure 5, plate 2). 

Pyrite of t^pe II is present in variable amounts in all samples studied from tiie Witwatersrand 
System. It is readily distinguished from type I by its porous nature and from type III by its 
rounded outline.' The concretions are generally coarser than coexisting allogenic pyrite, 
ranging from granular to coarse sand size, although the incH\'idual pyrite crystalHtes tiiat form 
the. concretions are often 10 nm in diameter or less. However, in any one specimen the con­
cretions are heterogeneous in nature with regard to shape, size and crystalHte composition. 
Some concretions have spherically zoned alternating sulphide and siHcate shells, others exhibit 
a layered structure. Some are so dark and fine-grained as to be indi.stinruishable from mcl-

• nikovite or coUoform pyrite, which is thought to represent a crystalHzed FeS2 gel. 
, In the concretionary pyrite, tiie coarser crystalHtes, which are better crystalHzed and brighter, 

are texturally very similar to framboidal pyrite. The pore spaces between crystalHtes represent 
about 10% by volume of tiie concretions, although zones occur where the pyrite content may 
be as low as 10%. Even within one concretion the texture may be very variable, ranging from 
fine-grained disseminated pyrite to a more compact equigranular variety witiiout pore spaces 
between cr)'StalHtes. Saager & Mihalik (1967) proposed that these concretions formed in situ 
since they claimed the 'extremely delicate nature ofthe concretions exclude any long transport 
distance'. However, it should be noted that the crystalHtes forming the concretions are in most 

; cases interconnecting, thereby providing a rigid skeleton, and the pore spaces between crystal­
Htes are filled by a mati-ix comprising quartz and a 7 A clay mineral (unidentified) which 

j provides additional strength to the concretions. Most of these composite structures have sur­
vived later metamorphism and deformation relatively unaltered. Moreover, coexisting detrital 
quartz granules show appreciable pressure solution effects along tiieir margins, though both 
allogenic and concretionary grains occurring in close proximity are undeformed, testifying to 
their relative rigidity and strength. 

In our view the heterogeneity of the concrctionaiy pyrite in any hand specimen and the 
evidence of some rounded granules that have apparently been fractured and abraded before 
deposition, indicate tiiat most of the concretionary pyrite has been transported to its present 

; location and did not form in situ (figure 6, plate 3). The variabiHty of this pyrite in any par­
ticular sample is considered to reflect a source area and selective effects of transportation 
processes. Thc intimately intergrown nature of the sulphide and siHcate phases in the concre­
tions is most probably a primary feature inherited from the source area and is not due to subse­
quent introduction of silica, since the regular fine-scale laminations observed in some cases 
preclude the possibility of later introduction (figure 7, plate 4). Hallbauer (1975) has described 
sub-spherical concretions of this type extracted for study by scanning electron microscopy as 
'pyritized miidballs' and this would appear to be a satisfactory, yet simple, genetic description 
accounting for much of the concretionary pyrite studied here. However, tiiere are rare 
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occurrences of zoned spherical concretions. The example shown (figure 3i) has a thin inner 
zone of chalcopyrite with rare grains of gold, and asiliceous rim partially overgrown by pyrite. 
The spherical outline is clearly a primary feature and deductions about the extent to wliich 
transport may or may not have occurred, cannot in general, be made from a study of external 
form alone. 

Electron probe scans of the concretionary pyrite in one specimen, 24G3A, indicate that the 
lead content, represented by galena, varies widely in amount and distribution from concretion 
to concretion. In some (figure 8, plate 5) galena is rare. Others have a high content of dis­
seminated galena in 10 \im grains uniformly distributed throughout the concretion (figure 9); 
and some have fine veinlets of galena probably representing later introduction of lead. 

Pyrite of type III occurs as euhedral grains in the conglomerate matrix or forms over­
growths on detrital components. It is clearly authigenic in origin. Koppel & Saager (1974) 
report enrichments of chalcopyrite, sphalerite and galena associated with the development of 
this pyrite type and also remark that the presence of dykes instrusive into the Witwatersrand 
rocks has influenced its development. However, these authors attribute the bulk ofthis recon­
stituted pyrite to regional metamorphism. The presence of grains of gold, in some cases abun­
dant, noted in pyrite ofthis type during the present study (figure 3 c), indicates that gold and 
pyrite were locally remobilized and redeposited togetiier. 

Uraninite 

Before describing the details concerning the analysed material, it is necessary to comment 
on the use of the terms uraninite and pitchblende. Uraninite is the name for the species as a 
whole including all of its varieties (Frondel 1958). Pitchblende is a variety ofuraninite dis­
tinguished primarily by its appearance. In the Witwatersrand all detailed work to date shows 
that uraninite found tiiere can be divided into two groups. A weU-crystalHzed variety witii 
significant thorium content, and a poorly crystalHzed variety which only occurs in association 
with organic matter and has a low thorium content. As these tend to be found in different 
environments it is important to distinguish between them, so in this paper 'uraninite' is 
restricted to the well crystalHzed variety and ' pitchblende' to the other. 

Uraninite occurs as discrete allogenic grains varying in shape from euhedral to subrounded 
and rounded grains, usually within a Hmited size range in thc fine to very fine sand sizes (0.06-
0.25 mm) and is often fractured. It occurs in this form both in the Dominion Reef and Wit­
watersrand Systems. Thorium content is the best indicator of primary differences in populations 
ofuraninite grains since lead content within and between grains may be qiute variable due to 
exsolution and migration of radiogenic lead. This lead mobiHty has a greater effect on the 
uranium content than on thorium which has a more homogeneous distribution, and is less 
readily displaced. It is possible to observe in some cases the migration and reaction of radiogenic 

D E S C R I P T I O N OF PLATE 5 

FIGURE 8. Electron probe scanning images showing a discrete galena (G) grain oecurring in a low-lead type 
pyrite concretion (Py). Uranium is present in the interstitial clay phase (c). Compare wilh figure 9 showing 
lead distribution in a pyrite concretion from thc same section Basal Reef, President Brand, Orange Free State 
(PTS 2463A). 

FIGURE 9. Electron probe scanning images showing galena distribution (G) in concretionary pyrite of high-lead 
type. Compare with low-lead type in figure 8. Basal Reef, President Brand, Orange Free State (PTS 24C3A). 
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FIGURE 13. Electron probe backscatien.cl electron image of granular carbonaceous malerial conlaining fiiie-
graini;d particles of pitchblende (Pi) and gold in a earlionaceous matrix (black). Allogenic grains of pyrite 
(Py) and chromite (Cr) occur inteistitially to the granular carbon but allogenic uraninite was not delected; 
Carbon Leader, Wesl Wlus (US Ti). 
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lead with nearby allogenic sulphide to form a galena rim (figure 5). In thc same section thc 
close proximity of brannerite to decaying uraninite, with non-uranifcrous titanium minerals 
at a greater distance is indicative of local migration and reaction of uranium with titanium 
minerals in the sediments. 
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FIGURE 10. Cumulative frequency diagrams for ThO, obtained by electron probe microanalysis: 
(a) Mass% ThOj of fine pitchblende grains in granular 'flyspeek' carbon, Carbon Leader, West Wits, 

(US 6). 
(A) Mass% ThOj of coexisting granular allogenic uraninite and fine-grained pitchblende in columnar 

carbon, "Vaal reefs, Klerksdorp (PTS 2034). 
(c) Mass% ThOj of aUogenie uraninite for one sample from the Hunza river, Kaslimir a tributary ofthe 

Indus, two samples from Hazro, Pakistan on the Indus and one sample from the Dominion Reef. 

Electron microprobe analyses show in this study that the Dominion Reef uraninite has a 
median ThOg content of 0.6 % with a range from 5.4% to 8.4% (figure 10c) and a median 
UOg/ThOj ratio of 8.5 with a range from 0.4 to 10.9 (figure 11). 

In tiie Vaal Reef of the Witwatersrand System, allogenic uraninite analysed in a columnar 
carbonaceous band (PTS 2034) has a median ThOj content of 3.5 % with a range from 0.9 to 
9.1 % (figure lOi) and a median UOo/ThOj ratio of 19 with a range of 8.3 to 48 (figure 11). 
The separate populations of ThO, in uraninite grains from the Dominion and Vaal Reefs 
were tested by analysis of variance methods and found to be significantiy diflTcrent at tiie 0.001 
level, but variations witiiin these popidations are not significant. Significant positive correlation 
between calcium and manganese, and between iron and manganese is common to both 
uraninite populations. 

[ 299 ] 



534 P. R. S I M P S O N AND J. F. W. BOWLES 

The ThO.i content, UO<./TIi0.j ratio and correlation between calcium and manganese and 
iron and manganese probably reflect conditions of crystallization in thc source area. The 
higher niccHan UO.^/ThOo ratios for thc Vaal reef uraninite and the lower Th content com­
pared with uraninite from the Dominion Reef, indicates some variation in thc source area for 
the tvvo horizons. liowevcr, fluid-inclusion studies do not reveal any difierences in the quartz 
pebbles (Shepherd, this volume). 
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FIGURE 11. U0 , /Th02 ratios for separate popidations of uraninite and pitchblende plotted on a cumulative 
frequency diagram. The highest median values are given by fine-grained pitchblende in granular carbon 
from the Carbon Leader (US 5). Allogenic uraninite from the "Vaal reefs in the Witwatersrand (PTS 2034) 
has a lower ratio which is still higher than uraninite from the Dominion Reef (UG 9824). Detrital uraninite 
from the Indus river at Hazro (YP lOA and YP 19A) and the Hunza river, Kashmir, a tributary of the 
Indus, is plotted here for comparison with the Dominion Reef and Witwatersrand samples as they occur at 
present time. Thc Dominion Reef samples have also been recalculated to take account of decay of U and Th 
since crystallization at ~ 3000 Ma, and this correction tends to reduce the small difierenee between popula-
tioris. 

Grain size ofuraninite and-associated phases 

A typical sample (UG 5538) from thc Bramley section ofthe Dominion Reef mine, Klerks­
dorp, was examined m detail by grain-size analysis. Coexisting allogenic grains of quartz, 
pyrite, uraninite and gold were measured by means ofthe Humphries eyepiece micrometer, 
whicli can be used to classify grains directly according to the phi scale. Each population, 
except for gold, consisted of a hundred grains measured along the Feret diameter, which is the 
maximum grain length projected on to a fixed line. The populations appear to be single 
populations in each case resulting in linear cumulative frequency curves. Sample means and 
standard deviations were calculated in terms of phi units from which the .standard error ofthe 
mean was obtained. This was transferred to a chart containing graphical results calculated for 
Stokes law and the square-root law combined (Tourtelot 1968), which indicates tiiat quartz, 
pyrite and uraninite closely approximate to a hydraulically equivalent assemblage (figure 12). 
The gold grains counted were too few to be statistically significant, but nevertheless appear too 
small for exact hydraulic eqiuvalence. This point was noted by Coetzec (1965), but no satis­
factory explanation has yet been proposed. 
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Uraniferous and auriferous carbonaceous malerial 

Uranium and gold in association with carbonaceous material is one ofthe most important 
modes of occurrence of tiiese metals in thc Witwatersrand Basin, particularly in view of the 
uniformly high grades of mineralization encountered and the wide lateral extent of .such 
horizons as the Carbon Leader in the Far West Rand (Davidson & Bowie 1951; Bourret 1973). 

5 10 
relative density 

20 

FIGURE 12. Standard error of the mean size for coexisting quartz, pyrite and uraninite plotted on the phi scale 
against specific gravity. The light curves are solutions for Stokes' law and the square-root law combined 
where they overlap. The relative grain sizes of the suite of minerals plotted in heavy type indicate that 
quartz, pyrite and uraninite are hydraulically equivalent. The gold is smaller than would be expected for 
hydraulic equivalence but the number of grains measured is inadequate for full statistical treatment, Bramley 
high grade. Dominion Reef (UG 5538), diagram after Tourtelot (1968). 

Any satisfactory explanation of the nature of this metal-rich carbonaceous matter should take 
account of thc following obserx'ations: (a) The Carbon Leader, which represents a most 
striking enrichment of uranium and gold, forms a very restricted horizon in the reef never 
greater tiian 13 mm thick (Davidson & Bowie 1951). {b) The consistentiy high levels of both 
uranium and gold over a wide lateral extent, [c) The higher UO2/TI1O2 ratios in the car­
bonaceous type of mineralization compared \vith the banket type of both the Witwatersrand 
and Dominion Reef Systems, and its absence in thc latter; [d) The absence of mineraHzation in 
certain occurrences of carbonaceous material. Some authorities consider the carbonaceous 
material represents fossilized remains of Precambrian plants (Hallbauer 1975). Whether such 
is its origin or not, there is little doubt that it has exercised a key role in the forniation of these 
deposits. 
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. . . i 
The carbonaceous material comprises granular and columnar varieties, whicli have many ' 

features in conimon whilst difl'cring in certain important aspects (Davidson & Bowie 1951). j 
According to the analyses of Davidson & Bowie tiiis material contains 43 % C and 2 % H and ^ 
they called this phase hydrocarbon. However, we have not attempted to define tiic organic 
constituents of all the carbonaceous materials studied here and have therefore retained a more { 
general nomenclature used by Vine et al. (1958). 

The granular or 'fly speck' mateiial (figure 13, plate G) consists of ovoid to rounded grains 
(100-400 (am) with an interstitial matrix of sub-rounded allogenic pyrite, chromite and con- ; 
cretionary pyrite (~ SOjim). The gramdes are partially moulded around interstitial grains, ; 
particularly where tiiey lie along grain boundaries between granules (figure 13), but the car- j 
bonaceous matter at no point either replaces or invades the opaque minerals. The granules « 
have mottled extinction under crossed polars in reflected light and contain two main phases of ? 
carbonaceous matter (figure lid), consisting of relatively coarse-grained smooth areas witii 
undulose extinction interspersed with fine-grained material having a similar reflectance of ^ 
14.3% (Type (I) of Davidson & Bowie 1951, p. 6). The fine-grained material is veined along j 
grain boundaries by a dendritic system containing pitchblende, gold, pyrite, galena and 1 
gersdorfiite. The gold and gersdorffite are commonly intergrown, as are the gold and pitch- I 
blende. Galena tends to form separate grains, but is also intergrown with pyrite. These textural ! 
and mineralogical relationships have been confirmed by botii scanning and quantitative ' 
electron probe analysis. The pitchblende has a mecHan ThO2 content of 2.0 % with a range I 
from 1.1 to 2.9 % (figure lOa) and a median UOj/ThOg ratio of 33 with a range from 25 to 69 
(figure 11). Analysis of variance shows that this population is significantiy lower in its ThOj 
content at the 0.001 level than all the other uraninite and pitchblende phases in the Wit­
watersrand and Dominion Reef. There is significant correlation between uranium and calcium 
(0.01 level) uranium and cerium (0.01 level), and PbO and ThOj (0.001 level). However, 
tiiere is no correlation between calcium and manganese or between iron and manganese as for 
the allogenic uraninite, pointing to a distinct origin for the pitchblende in the granular carbon, 
vvhich probably developed in silu during diagenesis and metamorphism. 

The carbonaceous seam of the Carbon Leader usually occurs along the basal parting in 
quartz pebble conglomerate, and has a well-developed columnar structure normal to thc 
bedding. It is linked with, but different from, the granular form described above. It consists 
of the same two carbon phases, occurring as lenticular to ovoid bodies with their long axes 
normal to the bedding. Individual bodies are cut by discontinuous vertical sutures which 
emphasize the overall columnar effect (figure 14, plate 7). Scanning electron-probe studies 
demonstrate that these sutures carry fine-grained pitchblende, brannerite, gold and other 
phases (figure 15, plate 7). 

The inclusions within the columnar carbonaceous material are similar mineralogically to 
those in tiie granular material with one notable exception, namely the occurrence of coarse­
grained uraninite, often subrounded and partly replaced by coarse-grained carbonaceous 
matter (figure 16, plate 8). This uraninite is concentrated along one margin of tiie carbon 
seam though not restricted to that margin. Analyses of neighbouring fragments show that they 
belong to groups within whicli the ThO2 content is similar, but may differ very considerably 
from that in adjacent groups, indicating a chemically heterogeneous assemblage of uraninite 
crystals subsequently fragmented and replaced by carbonaceous matter (figure 17, plate 8). 
The chemistry of the allogenic uraninite grains has been described above and is shown in 
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FIGURE 15. Electron probe scanning images from two overlapping areas of columnar carbon within in.set on 
figure I-l showing back.scauered"' electron images and distribution of uranium and ihorium corresponding lo 
coai-se-grained nraninite and line-grained pitchblende. The latter is intimately a.ssocialed wilh gold and a 
titaniferous phase, probably brannerite, in a carbonaceous matrix (black). Vaal Reefs, Klerksdorp (PTS 
203-t). 



Phil. Trans. R. Soc. Lond. .1, volume 280 Simpson <0 Bowles, plate 8 

i^^s^gs^^5a^^!SW!?r?^^^ 

fe--- "̂ "̂  
A - - • 

y,i:5^^"H:.:.,': 

Ei'-- • • • •" . ( • • ^ - - - . . , > , - •• - . ^ •• " j 

s ' - • • - "-..-.r""' --•»"% -̂  -*,-.-. \ . A ' s 

I: 
1.& 

^ _ . y j 
sr;. ^•- - y >'-^v''- ', . -'• % ' I y ' I i~ - ' ' " "^< 

• - • • . > . - . - : ' ? 7 ^ ; 

^ 
^ i ^ ^ ^ - ' - - ^ 1-i.y^ ...^ . . , . ^ v-'-> i 2 4 0 u m '-•> 

" > 

[^3fei'..'«^J:.r:. • -^ . -a^ , , , -^-^ , ,^ ' ' ^''••"l'.«-»--?-'—>^"-^^ 

y ^ > ^ '-•-0 

-^ 

^ i ^ 

<c,' . „ . • '1-,MV.. '•' •Jim^h^-^^iL't,. .-fc-^i %-Si'ife.ti^ 

&fgrrMa, ..y''Ti)ifeflfef hfti ' .J.J^iAi.- ' i i i i fF^'f ' jLh^ 

FicuHKs 10 A.s'D 17 (a). For description see opposite. 



URANIUM MINERALIZATION OF TWO REEF SYSTEMS 537 

s 10 and 11. Pitchblende, associated with partially replaced allogenic uraninite has a 
higher thorium content tlian thc pitcliblende in the granular carbonaceous matter; it 

a median ThOg content of 0.2 % with a range from 3.17 to (i.O % (figure iOb) and a median 
UO2/TI1O2 ratio of 0.0 with a range from 0.2 to 12.2. Tliis population is significantly diflerent 
from the coexisting coarse-grained allogenic uraninite (0.001 level), but not from the uraninite 
in the Dominion Reef It is possible that the high thorium content is attributable to solution 
and redeposition of both uranium and thorium from thc allogenic uraninite undergoing attack 
by carbonaceous matter. 

The disseminated pitchblende in fine-grained columnar carbonaceous matter is optically 
and texturally very similar to that in the granular variety and is also intimately associated with 
galena, gersdorflite, gold and pyrite, forming an interconnecting dendritic texture of micro-
crystals ih the manner previously described. 

The outer margin of the carbonaceous matter, where it is in contact with allogenic pyrite, 
is a favoured site for gold concentration in the form of fine platelets. Internal pore spaces within 
carbonaceous matter are also an important site for the formation of complex intergrowths of 
uraniferous siHcates, gold and gersdoffite. Partially replaced uraninite within carbonaceous 
material is also a comnion site for gold overgrowths. All these textures suggest that much ofthe 
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FIGURE 17 (ft). 

D E S C R I P T I O N OF PLATE 8 

FIGURE 10. Electron probe backscattercd electron image of columnar carbonaceous material showing clusters of 
coarse-grained allogenic uraninite crystals (Ur) partly digested by carbonaceous matter (black) with lobate 
zones of fine-grained pitchblende (Pi) in a carbonaceous matrix. Vaal Reefs, Klerksdorp (PTS 2034). 

FIGURE 17. (a) Electron probe backscattered electron image showing uraninite within carbonaceous material. 
Thc destruction of large uraninite grains by the carbonaceous material is sho\vn by the complementary 
outlines of adjacent grruns and in the reconstruction of original grain outlines, (i) The ThOj content clearly 
demonstrates similarity within but difl"erenees between grains outlined, Vaal Reefs, Klerksdorp (PTS 2031). 
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gold, pitchblende, clutrchite (sec below) and associated sulphides crystalHzed in their present 
position as a result of diagenetic or later metamorphic processes. 

Churchite 

A tenuous phase surrounds thc fine-grained pitchblende ofthe columnar carbon (figure 18, 
plate 9). It contains major yttrium and phosphorous with the heavy rare-earth elements Gd, 
Tb, Dy, Er and Yb, corresponcHng to either xenotime (YPO4) or churchite (YPO4.2H2O). 
Comparison of thc rare-earth distribution (table 1) with that reported in the Hterature for 
xenotime and churchite points to an identity with thc latter because of tiie distinct enrichment 
ofthe former in Dy, Er, and particularly Yb, relative to Gd. 

This is particularly interesting in tiie present context, since xenotime is found principally iu 
granitic pegmatites whereas churchite| can be formed by a combination of biochemical pro­
cesses and diagenetic reactions close to the surface (Milton et al. 1944). In the occurrence des-

p h a s e A 

e h u r c h i l e - ' ' - ^ . / 
If I IIIIII7I nil 

FIGURE 186 

D E S C R I P T I O N OF PLATE 9 

FIGURE 18. (a) Electron probe scanning images of phase ' A ' probably churchite, containing major Y and P which 
overgrows pitchblende (Pi). The example shown occurs in fibrous material within columnar carbon shown 
in figure 14. (i) Thc distribution of heavy rare-earth elements in jjhase A relative to gadolinium is compared 
here with examples of churchite and xenotime from the literature, Vaal Reefs, Klerksdorp (PTS 2034). 

FIGURE 19 (A) and (h) Indus River uraninite. 
(a) Uraninite grains from thc Hunza river, Kashmir, a tributary ofthe Indas River. The uraninite grains 

VLSually show at least one crystalline face and several cubes are present. The grain shown in detail (i) exhibits 
alteration along discrete zones parallel to well-develoijcd crystal faces. Most of the grains in the sample, 
however, arc fresh and unaltered. No correlation between degree of alteration and ThOj content has been 
detected. 

I Described as wcinsehenkite by Henrich (1935), Milton et al. (1944) and Pokrovskiy et al. (1965), but 
shown to be churchite by Claringbull & Hey (1953). 
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Indus river uraninite 

Samples of uraninite from the Indus river were analysed by electron probe for comparison 
with the allogenic uraninite ofthe Dominion Reef and Witwatersrand Systems, and with a view 
to a.ssessing thc stability of uraninite as a detrital niinerai in recent alluvial deposits. The 
samples had been collected from the Hunza river, a tributary ofthe Indus in Kashmir (Darnley 
1962), and from the Indus alluvium near Hazro, Pakistan (Miller 1963). 

The Hunza sample consists of a 99 % pure concentrate in which nearly all tiie uraninite 
grains have at least one well-defined crystal face and some show cubic form with little evidence 
of corrosion. They are in the very fine to fine range of sand size (0.05-0.20 mm) (figure 19, 
plate 9). Pyrite is present in the concentrate as euhedral cubes, fresh and untarnished, and as 
concretions. An extensive assemblage of radioactive resistate minerals and sulphides has also 
been reported (Darnley 1962). 

The Hazro samples, whicli Miller (1963) had reported to contain both uraninite and gold, 
were also re-examined, involving the preparation of concentrates by vanner, superpanner and 
heavy liquids. The final concentrate contained in addition to uraninite: pyrite, arsenopyrite, 
uranothorite and a grain of gold. The sulphides were fresh, but many ofthe uraninite crystals, 
with at least one crystal face, had a distinct outer weathered zone, though beneath this they 
were fresh and homogeneous. 

The ThOo content of one sample from the Hunza and two from Hazro are shown in figure 
10c. The three populations exhibit no significant difference, indicating constancy in uraninite 
composition between sites 300 km apart. The mean UOo/ThOj ratio for the Indus samples is 
shown in figure 11, to which has been added the ratio for the Dominion Reef uraninite adjusted 
£or uranium and thorium decay to eHminate the eflfect ofthe greater age. There is no significant 
difference between the two uraninite populations after adjustment. 

Viljoen (1963) regarded the lack of oxidation of detrital pyrite in thc Witwatersrand System 
as evidence of an atmosphere free of oxygen and Liebenberg (1955) and Grandstaff (1975) 
considered a non-oxidizing atmosphere was necessary for uraninite transportation. Neither of 
these conclusions is supported by the evidence from the present-day Indus river, in which as 
we have seen uraninite, gold, pyrite and other sulphides form a stable assemblage over several 
hundred kilometres. 

GEOCHEMICAL EVIDENCE 

Lead content of uraninite and pitchblende 

Cumulative frequency curves for the lead content of selected uraninite and pitchblende 
phases are shown in figure 20. The data fall on four main distributions as follows: (1) relatively 
young {ca. 90 Ma) low-lead allogenic uraninite from thc Indus, (2) pitchblende in granular 
carbon from the Carbon Leader in the Witwatersrand with intermediate lead content, (3) 
allogenic uraninite in thc Witwatersrand and Dominion Reef with high lead content, and (4) 
pitchblende with high lead content intimately associated with allogenic uraninite in the Wit­
watersrand. 

Thc intermediate lead content ofthe pitchblende sample US5 is consistent with the textural 
obscrs'ation that this phase is younger than the allogenic uraninite and is formed in silu from 
the diagenesis and metamorphism of the carbonaceous host. Thc low thorium content of this 
phase is indicative of a low-tcmpcrature solution (thorium being relatively insoluble), from 

[ 300 ] 



U R A N I U M M I N E R A L I Z A T I O N OF T W O R E E F SYSTEMS 541 

which uranium ivas precipitated by absorption on decaying organic matter represented by the 
carbonaceous material in the section. The highest lead contents are given by the allogenic 
thorian uraninite phases which are probably a reflection of their greater age. Partial rejuvena­
tion ofthe allogenic uraninite from the Witwatersrand resulted in thc formation of a lead-rich 
pitchblende in sample 2034. However, tiic evidence from sample US5 indicates that the 
presence'of allogenic uraninite is not essential for the formation of younger pitchblende, since 
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FIGURE 20. Cumulative frequency diagram of the PbO content of uraninite and pitchblende from 
Dominion Reef, Witwatersrand and Indus river sediments. 

it may also form directly from the nietamorphism of uranium-enriched carbonaceous material. 
Younger ages exhibited by pitchblende in the absence of allogenic uraninite should not be 
generally interpreted therefore as rejuvenation of an older allogenic uraninite, since in the 
example studied here pitchblende represents cHrect formation of this phase from a metal-
enriched organic substrate; allogenic uraninite was not detected. 

Uranium micromapping ivilh Ihermal neutrons 

The distribution of uranium in Witwatersrand and Dominion Reef samples ivas studied by 
the fission-track method using Lexan polycarbonate for the registration of fission fragments 
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from the induced fis.sion of ^ '̂'U by thennal neutrons, as described by Price & Walker (1963), 
Kleernan & Lovering (1967) and Bowie, Simpson & Rice (1973). The method is ideal for 
provicHng information on the location of uranium in banket-type occurrences. The radioactive 
bands of interest can usually be included within the breadth of a single poHshed thin section and 
radiation doses can be adjusted so as to span concentration ranges. Thc samples studied here 
have been subjected to a dose of approximately 5 x lO^^n/cm- in order to obtain a lower detec­
tion limit of 0.01 parts/lO" and track saturation at about 40 parts/lO". This enables associations 
of uranium with mineralogical phases to be readily determined when the uranium is below the 
Hmits of detection by microprobe. 

The results show that uranium is closely confined to discrete horizons both in the banket 
type and carbonaceous reefs, and that it not only occurs as grains of uraninite but also in a 
finely disseminated form. Thus uranium is present in pyrite concretions, \vithin lenticular frag­
ments comprising clay-size quartz, kaoHnite and pyrophylHte, as a fine disseminated coating 
on allogenic pyrite grains otherwise uranium free, and, rarely, within dislocations and shears 
(figures 0, 7, and 21, plate 10). 

Both microprobe and fission-track studies show the presence of uranium in the interstitial 
7 A clay phase in the pyrite concretions (figure 8), but fail to detect it in the pyrite itself. A 
combination of these techniques show that the uranium content of individual concretions is 
variable within a single reef over a distance of a few niilHmetres. Whereas some are virtually 
uranium-free, others are enriched in amounts readily detected by electron microprobe (> 500 
parts/10^). Uranium enrichment occurs only in thc rims of some concretions whereas in others, 
particularly the finer-grained melnikovitic types, the enrichment usually occurs throughout the 
concretion. This association of uranium with pyrite is particularly striking where it occurs 
surrounded by an essentially barren quartzitic groundmass, and in cases such as tliis the 
evidence for a primary association of uranium with the concretion is strong and probably 
related to deposition of uranium during the formation of the concretion. The uranium in the 
rims of concretions was probably absorbed during transport or diagenetically prior to litliifica-
tion. 

Allogenic pyrite is also closely associated with uranium but the uranium in the pyrite is 
below detection limit and in this case the uranium occurs in a secondary clay mineral forming 
a marginal overgrowth to the pyrite. This association is particularly well developed in aHogenic 
pyrite occurring in close proximity to a carbonaceous band rich in uranium and gold (PTS 
1944, West Driefontein). In this case the uranium was probably deposited in situ and subse­
quendy incorporated into the clay mineral overgrowth which formed during diagenesis and 
metamorphism. This relationship between allogenic pyrite and overgrowths of fine-grained 
clay minerals and uranium has been recorded widely and is an important control in thc deposi­
tion of uranium in the Witwatersrand System. The control is specific since uraniferous siHcates 
overgrowing allogenic pyrite occur dispersed through a barren quartzite matrix and are 
readily identifiable and distinguishable from the textures produced by shearing and later intro­
duction of uranium. 

The association of uranium with lenticular to rounded granules consisting of quartz, kaolinite 
and pyrophyllite has been recognized in many of the Witwatersrand banket-type ores studied 
here. The uranium occurs disseminated throughout tlic granules and produces point sources of 
fission tracks which have not yet been correlated with any specific uranium mineral (figure 21). 
In some speciinens this is the only uranium-bearing mode. Thc occurrence of these enriched 
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granules in a barren grouiidmass indicates that uranium enrichment most probably occurred 

cither before deposition or at the latest during diagenesis. Larger rounded pebbles also occur, 

sonic consisting of quartz, .pyrophylHte, kyanite and possible ilHte witii setsondary spherulitic 

stmcture.';. 

In this ca,sc umnium. oceiirs on what appears to be a leached and weathered margin and 

along a vermicular X'cinlet structufe within the pebble. EnrichniGht in uranium.during trans­

port 'and diagefiesis relatcid to weathering of the pebble rim (figure; 21) seems to bC'the most 

.Hkely cxpianatiori of this-occurrence. Regional metamorphism has tended to reduce the thick­

ness of the uraniferous rim, whieli is best developed wlicre weathered pebbles arc relatively 

unaltered. 
Neutron dclivdlidn analysis of whole rock samples 

InstFuniental netjtpon aEJivation analysis of ^vholc-rock samples wais undertaken as an 

adjunct/tO'the mineralogical studies iitiHzing a method dcveitipcd by Plant, Goode & Herring-

ton (1976% 

The results are given in table 2 and demonstrate the increase in U/Th ratios from the Domi­

nion to the Vaal reefs in the Witvifatersfand basin. Freddiiis Reef, East Geduld, and Dagga­

fontein are somewhat higher and similar to one another, whereas samples from West Driefon­

tein, dorninated by- carbonaceous matter, have the highest ratios. Twenty-four additional 

elements obtained by this method on the saine sample are presented for co'niparisoii with 

uranium and thorium. This gradational variation in the U/Th ratio is ari approximate measure, 

of the depositional environment. The high-energy Gnyironrnent' has a low ratio and the low-

energy environment a high ratio with continuous variation between the two. 

B I M O D A L N A T U R E O F T H E U R A N I U M M I N E R A L I Z A T I O N 

The-ocGurrencc pf allogenic grains of uraniiiite in the Dominion ReeT (Taylor, Bowie & 
Home 1962) and the: Witwat'ersfand (Liebenberg 1955; Grandstaff 1975) is well estabHshed. 
This phase oceurs in tiie Dominion Reef hi assgeiatioii with resistate phases such as igarnet, 
monazite, cassiterite, zircon, allogenic sulphides, rare authigenic sulphides and gold. The 
similarity ofthis assemblage w'itli mcidem'gravels ori banks in the Indus is notable, although 
uraiiihite in the Indus is at pf esent,sub-econtDmic. (iyliller 1,963). In. the Witwatersrand Systern 
the chaTacteristically lower content of allogenic ui^aniiiite and rounded resistate phase, the 
relatively greater importance of concretionary pyrite and tiic appearance of carbonaceous 
matter as an inrtpoftarit accessoiry or even dominant phase,'representia markedly dilTerent style 
of inineralization. 

Thegeneral similarity of the median values of t h c UO2/TI1O3 ratios, between 14. and 20. for 
allogenic: uraniriite from the Indus Valley, pominipn Rcef-and Witwatersrand is most.signifi­
cant. Hoyv.ever, the pitchblende associated witii .granular carbonaceous material iii the Wit­
watersrand has a much higher inedian ra:ti'o df about 32 and. tliis is a distinct arid separate 
phase of miiieralizatiOn differing froni the allogenic uraninite texturally, compositionally, and 
in its closcj-assqciationwith, carbonaceous matter and gold. 

The fission track studies have clearly indicated an association of uranium in W^itwatcrsrand 
sediment wuth clay minerals occurring iiidi\'idually or intergro\vn with, qr ovcrgi'owing, pyrite, 
and in many cttses this associatibn lias tlie appearance of a primary, essentially syngenetic, 
relationsliip unaffected by appreciable iira'nium remobilization. 
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Evidence of this type from Witwatersrand sediments provides support for thc existence of 
some uranium in solution in the Basin during sedimentation and diagenesis as discussed by 
Pretorius (1975). The uranium would be highly mobile as the soluble uranyl ion, UO2+, 
whicli would subsequently be absorbed, reduced, and precipitated by organic-rich muds 
probably aided by and associated with the simultaneous reduction of sulphate by bacteria as 
proposed by Trudinger (1971): 

SO|--1-Se-t-10H+->H2S-1-4H oO. 

The hydrogen sulphide formed would subsequently react with other metals in solution such as 

iron and lead to form the authigenic intergrowths of pyrite and galena with clay minerals, gold 

and uranium obsei-vcd in the sediments. 

sample 
location 

Dominion Reefs 

'Vaal Reefs 

Freddies Reef 

East Geduld 

Daggafontein 

West Driefontein 

TABLE 2. 
rock 

sample 

5A 
2006/2133 
BR8N2(B) 
2004/2134 
BR6N4(A) 
2018/2135 
BR7N1(B) 
1998/2136 

UR21A 
2055/2121 
URS 
20.34/2122 
URS 
2039/2123 
UR16 
2049/2124 

FW4 
2105/2137 
FW2 
2103/2138 

EG4 
2064/2139 
EG18 
20-/8/2140 

26 
1995/2128 
27 
1998/2129 
KE4/7 
1975/21,30 
K0F12/11 
1979/2131 
KG6/10 
1978/21,32 

8A 
1959/2125 
4B 
1950/2126 
5 
1951/2127 

NEUTRON ACTIVATION ANALYSIS (IN PARTS/IO" EXCEPT W H E R E STATED) 

Na K Sc Cr Fe% Co Zn As Rb Ag Cd 

2.19% < 2000 38 < 400 10.2 570 < 300 3800 < 100 < 40 < 100 

< 200 6600 24 249 7.31 260 < 300 340 < 200 < 36 < 100 

< 200 < 2000 30 374 4.96 425 < 300 3100 < 200 < 40 < 100 

< 1000 < 2000 32 297 7.63 420 < 300 3600 < 200 < 40 < 100 

< 800 < 2000 10 1400 0.56 260 344 605 < 100 < 20 < 100 

< 1000 < 2000 13 450 2.80 216 < 350 1200 < 200 < 40 < 100 

980 < 2000 7 890 4.89 229 < 160 670 < 200 < 40 < 100 

990 < 2000 8 315 1.65 120 < 160 370 < 100 < 30 < 100 

52 < 2000 4.2 850 1.77 108 440 430 < 100 < 15 < 100 

66 < 2000 46 760 3.17 123 354 620 < 80 22 < 100 

Sb Cs 

330 5900 6.7 

190 930 4.6 

94 < 2000 6 

256 < 2000 18 

220 < 2000 3 

86 < 2000 8 

520 2200 11 

387 < 2000 7.5 

204 < 2000 4 

< 400 < 2000 4 

2300 5.09 200 366 640 < 100 < 15 < 100 

560 3.63 117 295 140 < 100 < 40 < 100 

152 6.76 312 239 336 < 100 24 < 100 

1200 7.67 219 < 800 296 < 100 < 40 < 100 

115 0.21 21 220 29 < 50 < 15 < 100 

244 1.19 43 818 134 < 100 < 15 < IOO 

050 2.79 55 < 100 120 < 70 < 15 < 100 

1040 4.93 140 

235 4.34 59 

84 2.38 14 
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300 450 < 100 46 < 100 

264 40 < 50 39 < 100 

463 60 < 1.50 130 < 100 

28 

< 6 

< 10 

19 

25 

63 

27 

21 

,6 

10 

15 

< 5 

< 5 

< 5 

< 5 

< 6 

6 

9 

< 6 

7 

< 5 

< 6 

< 6 

< 10 

< 5 

< 6 

7 

5 

< 6 

< 5 

< 6 

< 5 

< 3 

< 3 

< 3 

< 3 

< 3 

< 3 

< 3 

< 3 
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samjjle 
locaiion 

Dominion Reefs 

Vaal Reefs 

Freddies Reef 

East Geduld 

Daggafontein 

West Driefontein 

rock 
sample 

5A 
2000/213.3 
BR8N2(B) 
2004/2134 
B R 6 N 4 ( A ) 

2018/2135 
B R 7 N 1 ( B ) 
1998/2136 

UR21A 
2055/2121 
UR3 
2034/2122 
URS 
2039/2123 
URIC 
2049/2124 

FW4 
2105/2137 
FW2 
2103/2138 

EG4 
2064/2139 
EG18 
2078/2140 

26 
1995/2128 
27 
1996/2129 
KE4/7 
1975/2130 
K6F12/11 
1979/2131 
KG6/10 
1978/2132 

8A 
1959/2126 
4 B 
1950/2126 
6 
1951/2127 

Ba 

< 500 

< IOOO 

< 1000 

< 1000 

< 1000 

< 1000 

< 1000 

< 1000 

< 500 

< 500 

< 600 

< 500 

< 1000 

< 1000 

< 1000 

< 1000 

< 300 

< 1000 

< 1000 

< 1000 

La 

1.3% 

906 

1400 

1100 

260 

475 

248 

172 

59 

68 

41 

57 

44 

42 

20 

16 

22 

47 

,25 

69 

TABLE 2 

Ce 

1200 

1200 

2200 

1800 

700 

900 

350 

500 

260 

135 

< 200 

80 

< 100 

< 10 

22 

45 

55 

< 300 

< 10 

< 30 

Nd 

IOOO 

850 

910 

1270 

1500 

2800 

860 

940 

170 

195 

280 

73 

227 

400 

9 

112 

43 

88 

340 

4.54 

(conL) 

Sm 

445 

285 

335 

600 

450 

850 

200 

250 

60 

65 

< 10 

12 

75 

160 

6 

30 

20 

40 

100 

140 

Eu 

< 2 

12 

12 

20 

20 

37 

17 

15 

4.7^, 

5.3 

3.6 

1.2 

1.5 

8 

1 

1.5 . 

2 

3 

6 

7 

Tb 

20 

10 

17 

16 

8 

24 

6 

6 

< 5 

< 5 

5 

2 

< 2 

3 

< 2 

< 2 

< 2 

< 2 

3 

16 

Lu 

14 

10 

11 

18 

13 

22 

6 

8 

< 3 

< 3 

< 3 

< 3 

< 1 

< 3 

< 1 

< 1 

< 1 

< 5 

< 3 

4 

Hf 

< 10 

16 

19 

18 

22 

30 

36 

11 

18 

< 20 

17 

11 

4 

8 

< 2 

2 

2 

19 

7 

< 5 

Ta 

410 

240 

450 

450 

8 

< 100 

7 

< 5 

30 

30 

6 

4 

15 

20 

< 5 

2 

30 

50 

< 6 

< 5 

Au 

3 

9 

2 

6 

154 

218 

69 

214 

90 

116 

118 

1.5 

173 

132 

0.4 

28 

11 

428 

221 

444 

Th 

809 

620 

753 

970 

477 

821 

298 

273 

52 

80 

40 

20 

71 

102 

< 5 

< 10 

15 

40 

75 

99 

U 

3900 

2300 

2300 

6400 

4500 

8400 

2100 

2700 

685 

766 

510 

75 

895 

2000 

43 

337 

180 

460 

1400 

1500 

U/Th 

4.8 

3.7 

3.1 

5.6 

9.4 

10.2 

7.1 

9.9 

13.2 

9.6 

12.8 

3.8 

12.6 

19.6 

— 

— 

12.0 

11.5 

18.7 

15.2 

The mo.st Hkely modes of introduction of uranium, gold and sulphate in solution are the 
complex fault system of the Witwaterj^and basin and dissolution of coexisting detrital minerals. 
Some of the sulphate would have been precipitated in close proximity to hot springs at the 
margin of thc Basin, but some gold and uranium would have remained in solution, perhaps 
with the aid of metal-organic complexes (Vine, Swanson & Bell 1958; Ling Ong & Swanson 
1974; Boyle, Alexander & AsHn 1975). The gold and uranium in solution would have been 
carried out into the Basin to be precipitated together on thc distal portions of thc alluvial fans 
by the action of decaying organic matter. 

This process accounts for thc observed primary cHstribution of uranium and gold other than 
tiie purely detrital material, and explains the separation of uranium and thorium in the 
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progression, from the higlier en'ci-gy DbmiDion Reef to the lower energy Witwatersrand cur 
viron ra ent. Though, relatively unini pottant in, the higher energy banket type of mi neralization, 
deposition from solution thtough the agency of organic inattcr would seem- to be responsible 
for rnajor economic •concentrations of b'dtli uranium and gold over large areas in die Wit­
watersrand Basin in. the lower energy Carbon Lctider type of oiineralizatioii. 

G O N C L ' U S I O - N S i 

The overall control of the iiranium mineralization in the Witwatersratidand Domiiiion.Reef J 
Systems is the presence pf a depositional basin overlying ah Archaean craton ih ^vhidi very j 
early differentiation on the model proposed by Fyfe: (1970, 1973) and amplified by Moorbath 1 
(1975) enriched the upper cî iist in oxyphile metals including uranium. This process has been ! 
considered by Bowie: (1970) as a fundamental control ih the delineation of nietallogenic pro- ' 
vinces and hence in the distribution on a global scale of ecdrioniic cohcentrations of uranium. i 

In this Basin, ,uranium was deposited in two ways, as detrital allpgenic uraninite and by ' 
precipitation frorn: solution. The detiital Gomponents were concentrated in the higher energy I 
cpnglomerate environment of the; Dominion Reef and proximal paits of tlie Witwatersrand 
basin. The solution comppnents incliidiiig uranium and gold were,precipitated under reducing 
concUtions througli the agency df decaying-organic matter in the lower energy pr distal regions 
of the Basin, gixang-rise thtough diagenesis ;ahd hietamorphism to such uraniferous horizons as 
the Carbon Leader pf the West, Wits, which are not directly related to fcriown palaeogep-
grSphical chahhels. It can how be clearly demonstrated that relatively small amounts of 
thorium increases the resistance to attrition and oxidation tb the extent that a thorian uraninite 
with 1 % or more thorium oxide can survive, as river detritus under present-day atmospheric 
conditions. All of the uraninite grains from the Witwatersrand Basin coiisidGfed to be of 
detrital origin contain 1 % thoriuih oxide OF inore, hence it is unnecessary to postulate a reduc­
ing atmosphere, ind.eed the r.etentioh of sulphate arid uranyl ions in solutio.n.wpuld seem, to 
require'the existence of an oxidizing atmosphere in the model proposed hereToi" thc deposition 
of urariium from solution. 

This Gpnclusiontherefdre .suggests that-the dcciiTrchcc of pebble, cpnglomefates ^vith detrital 
urahiiiite and pitchblende deposited from solution may have a-mori: widespread occurrence 
througliout,geological tiriie than hitherto suspected,, provided the necessary geological criteria 
for th dr .formation, are met. > 
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sediments, C, Goode and J. Herri iigtori ofthe Herald Reacter Group, A..W. R. E., Alder-
maston, are thanked for the provision of whoIe-rOck iiistruhiental neutron activation analyses 
aild for irradiation of sectioned material for induced fissipri-track analysis. Jarie. Plant is thanked 
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