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Introduction 

Virtually all the gold mined in the Witwatersrand 
basin comes from pyritiferous conglomerates and 
carbon seams; this is partly because these settings 
have higher gold grades than surrounding litholo- 
gies and partly because they represent persistent, 
easily mineable targets. With better detection tech- 
niques for low levels of gold (i.e., neutron activation 
analysis), it is becoming obvious that many other 
lithologies within the Upper Witwatersrand succes- 
sion have considerably more gold than equivalent 
modern sediments (e.g., Pretorius, 1976) or vol- 
canic rocks (Palmer, 1986). Footwall quartzites for 
i m below major reefs, for example, may have per- 
sistent gold grades over 1 ppm across whole stopes. 
These absolute gold concentrations compare favor- 
ably with the average grade of some Witwatersrand 
mines of around 2 to 3 ppm Au. 

Published gold values in settings other than ex- 
ploited reefs are rare in the literature on the Wit- 
watersrand deposits, mainly because interest is vir- 
tually restricted to conglomerates and carbon 
seams. However, to provide a data base for discuss- 
ing gold distributions in all rock types, this study 
looks at the gold contents at the parts per billion 
level in the shales both away from mineralization 
and adjacent to major producing reefs. The aim of 
this communication is to document high gold con- 
centrations in several Witwatersrand shales and to 
test their regional distribution. Comparison of 
values near and away from overlying mineralized 
reefs provides a test of different timings of the gold 
introduction. Sampling in shale horizons that are 
above major reefs provides a test of the viability of 
remobilization from the reefs to the shales. 

Pelitic Horizons in the Witwatersrand Succession 

Studies of the pelitic horizons in the Witwa- 
tersrand have been rather neglected even though 
some are less than i m from major gold reefs. These 
rocks include slates, phyllites and lesser schists with 
strong tectonic fabrics, and shales in which bedding 
is preserved (all locally referred to as "shales"). 
Two end-member types of pelites are recognized: 
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regionally persistent shales of tens of meters thick- 
ness that are continuous over hundreds of kilome- 

ters and have rather constant mineral assemblages 
and whole-rock compositions, and reef package 
shales that are about i m from auriferous reefs, 
usually i to 2 m thick, continuous for several kilo- 
meters and highly variable in composition (Wiebols, 
1961; SACS, 1980). The two significant regionally 
persistent shales in the mined areas are the Booy- 
sens Shale and Jeppestown shale, both of which can 
be correlated from the East Rand and Evander, 
beyond Vredefort dome (Fig. 1). The great variabil- 
ity of the reef package shales can be adequately 
explained by postburial alteration (Phillips, 1986), 
but it provides most improbable clay mixtures if re- 
lated directly to precursors via isochemical meta- 
morphism; for example, monomineralic pyrophyl- 
lite shales adjacent to muscovite-rich shales and 
chlorite-rich shales, if interpreted by isochemical 
metamorphism, would imply kaolin-rich, illitc-rich, 
and chlorite-rich clay environments being juxta- 
posed, without comparable variations in the imme- 
diately underlying quartzites and conglomerates 
(Fig. 2). The regionally persistent shales become 
highly variable in mineralogy and fabric develop- 
ment within i to 3 m of unconformably overlying 
conglomeratic reefs (Phillips, 1986; Fig. 2). 

Metamorphic studies of pelitic assemblages sug- 
gest that all gold fields record greenschist facies 
metamorphism of T = 350 ø _ 50øC based on the 
stability of pyrophyllite and chloritoid in every gold 
field and at virtually every mine (Borrego and Phil- 
lips, 1987; Phillips, 1987). An important role of 
aqueous fluids during metamorphism is suggested 
from the stability of hydrous minerals, common 
quartz veining, widespread pressure solution, and 
the nonisochemical metamorphism as recorded by 
several shale units. All features are widespread in 
the 1- to 2-m-thick, mineralized reef packages (i.e., 
conglomerate-clean quartzite-altered shale _ argil- 
laceous quartzite, see Fig. 2). The nature of the 
aqueous fluid can be constrained from the mineral 
assemblage. Significant sulfur concentrations in 
these metamorphic solutions are indicated by the 
siting of Fe in pyrite; the migration of sulfur is re- 
corded by the abundant recrystallized pyrite (in- 
ferred to be grown during metamorphism, Hall- 
bauer, 1986). 
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FIG. 1. Map of the Witwatersrand basin showing mining areas from which shales were collected for 
this study and stratigraphic column of the Witwatersrand succession showing the horizons of sampled 
shales. Gold mining is currently confined to narrow conglomerate reefs and carbon seams in the Upper 
Witwatersrand succession (i.e., the Central Rand Group commencing above the Jeppestown shale). The 
inset plan of the Blyvooruitzicht gold mine emphasizes the planar nature of Witwatersrand gold de- 
posits; here there is virtually complete stoping of the Carbon Leader reef across an area 6 by 4 km, with 
unstoped areas including current ore reserves, faulted areas, and areas of low pay. Johannesburg covers 
the area from the Crown mine toward the East Rand Proprietary mine, and then northward. 

This study investigates gold concentrations in re- 
gionally persistent shales in the virtually unmined 
Lower Witwatersrand succession (Water Tower 
Slate, Parktown Shale which is over i km thick; 
SACS, 1980), the Upper Witwatersrand succession 
(Booysens Shale which is up to 50 m thick) and the 
overlying Transvaal sequence (Black Reef shale). A 
further three reef package shales intimately asso- 
ciated with producing gold reefs (the Black Bar 
shale above the Main reef on the Central Rand, the 
K8 shale in the Kimberley Conglomerate Forma- 
tion, and the Green Bar shale above the Carbon 
Leader reef in the Carletonville gold field; Fig. 1) 
are also studied. Analyses from the Khaki shale cov- 
ering much of the Welkom gold field are also pre- 
sented. 

Gold Values in Witwatersrand Shales 

One hundred and forty samples were analyzed by 
neutron activation analysis at X-ray Laboratories, 
Hamilton, Ontario (detection limit 0.1 ppb). Special 
precautions were taken during crushing and sample 
handling to avoid any contamination from precious 
metals, and the success of this was evaluated by 
using several duplicate analyses. One gram of rock 
powder was analyzed and 13 duplicates fell into one 
of two categories: below 10 ppb where repeats 
were better than 2 ppb, and above 100 ppb where 
repeats were commonly different by 50 percent, 
but high analyses were always matched by high re- 
peats and low analyses by low repeats. The analyses 
reported represent two separate batches with the 
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FIG. 2. Schematic section summarizing observations made at each gold mine, showing the reef 
package of auriferous conglomerate and carbon seam overlain by a clean quartzite, and a reef package 
shale (or argillaceous quartzite); all these rest on an unconformity. This setting accounts for the major 
producing reef in each of the major gold fields (Welkom, Klerksdorp, Carletonville, West, Central, and 
East Rand). Representative gold concentrations are shown in the lithologies above and below the 
unconformity, including the shales (based on the Green Bar shale). Enrichment of gold in regionally 
persistent shales occurs adjacent to the overlying unconformity, in rocks that are generally more 
foliated nearer the unconformity. Quartzites appear to be similarly richer in gold near unconformities. 
Numbers in parts per billion indicate representative gold grades; the angle of unconformity, which is 
exaggerated for clarity, may be only 1 ø to 2 ø. 

same duplicates used in each batch (in ppb Au: 3.3 
and 3.7 from the first batch vs. 3.4 from the second 
batch; 4.1 and 5.3 vs. 4.9; 4.9 and 5.3 vs. 6.5 and 
6.0; 89 and 130 vs. 300; 5.9 and 5.2 vs. 5.4: the 
second batch is from the Green Bar shale at Blyvoor 
and the Khaki shale). These results suggest that at 
levels below 20 ppb Au there is no evidence that 
gold is in nugget form. 

Regionally persistent shales 

Away from mineralized reefs, regionally persis- 
tent shales in the Upper and Lower Witwatersrand 
and Transvaal sequences have gold values that are 
generally below 5 ppb, with some up to 10 ppb 
(Table 1). Although a few of these values are higher 
than most modern shales, the majority are rather 
close to modern equivalents (less than 5 ppb Au), 
suggesting little if any enrichment in gold at the 
depositional stage. This finding is in general agree- 

ment with modern processes in which fine-grained 
clastic sediments do not generally accumulate de- 
trital gold. The present data suggest a negligible 
chemical contribution of gold to the Witwatersrand 
shales at the sedimentary stage. 

The gold distribution pattern in the regionally 
persistent shales is significantly different within 1 to 
3 m of overlying reefs. Samples of Booysens Shale 
collected within i m of the overlying Kimberley 
reef at the Crown mine has 10 to 200 ppb Au, 
which is higher than the eight analyses of this same 
shale away from auriferous reefs (Table 1). In the 
Crown mine, the shale is highly foliated and rich in 
pyrophyllite, in contrast to its chlorite-rich mineral 
assemblage and well-preserved sedimentary layer- 
ing elsewhere: hence, a spatial correlation between 
higher gold concentrations and areas of greater 
strain and alteration is indicated for the Booysens 
Shale. 
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TABLE 1. Gold Concentrations in Witwatersrand Shales 

Sample 
no. Horizon Area Setting Gold (ppb) 

Samples away from mineralization 

3849 Black Reef shale 2.9 
3851 Black Reef shale 2.2 
3865 Black Reef shale 2.1 
3868 Black Reef shale 2.5 
3874 Black Reef shale 4.9 
3878 Black Reef shale 2.5 
3880 Black Reef shale 23.0 
3881 Black Reef shale 1.7 

3867 Booysens Shale 1.6 
3870 Booysens Shale 0.6 
3875 Booysens Shale 0.3 
3876 Booysens Shale 0.3 
3977 Booysens Shale Klerksdorp gold field 10.0 
4095 Booysens Shale Consolidated Modderfontein mine 2.4 
4096 Booysens Shale Consolidated Modderfontein mine 4.9 
4098 Booysens Shale Consolidated Modderfontein mine 6.4 
3894 Parktown Shale 1.4 
3895 Parktown Shale 0.7 
4005 Water Tower West Rand 7.4 

Slate 

3852 Dike West Rand 3.2 

Samples near mineralization 

3998 Green Bar shale Libanon mine Above Carbon Leader reef 63.0 
3999 Green Bar shale Libanon mine Above Carbon Leader reef 5.2 
4003 Green Bar shale Western Deeps mine Above Carbon Leader reef 30.0 
4004 Green Bar shale Western Deeps mine Above Carbon Leader reef 3.0 

3909 Booysens Shale Crown mine Next to Kimberley reef 10.0 
3912 Booysens Shale Crown mine Next to Kimberley reef 98.0-210.0 
3933 Black Bar shale ERPM mine 5.9 
3934 Black Bar shale ERPM mine 18.0 
3935 Black Bar shale ERPM mine 12.0 
3936 Black Bar shale ERPM mine 2.8 

4097 Black Reef shale Consolidated Modderfontein mine Next to reef 5,300 

The Black Reef shales in the Transvaal sequence 
show the same distribution pattern of gold as the 
regionally persistent shales within the Witwa- 
tersrand Supergroup: away from mineralization 
seven out of eight samples have less than 10 ppb Au, 
suggesting no original enrichment at the sedimen- 
tary stage (Table 1). Near to mineralization, 5,300 
ppb Au is found in a single sample. 

Reef package shales 

The Green Bar shale is 1 to 2 m above the major 
gold-producing Carbon Leader reef of Carleton- 
ville. Virtually complete stoping of the planar Car- 
bon Leader reef across whole mines (e.g., Blyvoor- 
uitzicht mine, Fig. 1 inset, abbreviated to Blyvoor) 
provides access that demonstrates negligible thick- 
ness variation (i.e., 1-2.5 m) of the shale over many 
kilometers, implying uniform depositional condi- 
tions of the shale over much of this gold field (spe- 

cific erosional channels well outside the Bklyvoor- 
uitzicht mine area provide a contrasting situation). 
The planar geometry of the reefs, compared to the 
linear form of modern placer gold deposits, is a fur- 
ther important constraint on their geologic history. 

The Black Bar shale is in a similar position with 
respect to the Main Reef Leader reef on the Central 
Rand, but where sampled at the East Rand Propri- 
etary (ERPM) mine, it varies considerably in thick- 
ness up to tens of meters. 

Gold values in both the Green Bar shale (Fig. 3 
and Table 1, 31 analyses) and Black Bar shale (Table 
1, four analyses) range from below the detection 
limit (0.1 ppb) to 1,000 ppb Au; they differ in two 
important respects to the gold values in the region- 
ally persistent shales away from mineralization. 
First, the values in reef package shales are signifi- 
cantly higher, whether an arithmetic or geometric 
mean is used (Table 2); but probably of equal im- 
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FIG. 3. Map of the western portion of the Blyvooruitzicht mine showing the distribution of gold 
values in the Green Bar shale immediately above the major reef horizon, the Carbon Leader. Values 
range from below I to 1,000 ppb Au, with high and low values juxtaposed, and little discernible 
regional trend. 

portance, the gold values in reef package shales dis- 
play a much greater standard deviation (Table 2). 
No broad pattern of gold values, which might be 
correlated with subtle sedimentological changes, is 
apparent within the Blyvoor data set nor would such 
a pattern be predicted given the uniform thickness 
of the shale. 

A shale (locally called the K8 shale) in the Kim- 
berley Conglomerate Formation, 30 km west of Jo- 
hannesburg, was sampled over two mines that have 
combined production and reserves well over 1,000 
metric tons of Au. This shale is highly variable in 

TABLE 2. Statistical Comparison of Gold Concentrations 
in Shale Horizons 

Number 

of Standard Geometric 
samples Mean deviation mean 

Away from miner- 
alization ] 19 4.1 5.3 2.5 

Green Bar shale 31 75.0 196.3 6.2 
K8 shale 31 44.6 70.5 11.5 
Khaki shale 35 88.7 158.9 17.9 

From Table 1 

thickness (up to tens of meters), and the mineralogy 
varies from chlorite rich (least altered), to strongly 
altered with dominant chloritoid, pyrophyllite, 
and/or muscovite and lesser pyrite. Bedding is best 
preserved in the chlorite-rich samples, chloritoid- 
rich areas are massive, and high strain domains 
around quartz veins are typically rich in pyrophyl- 
lite. Phase relationships suggest that the alteration 
occurred within the stability fields of chloritoid, 
muscovite, and pyrophyllite (i.e., 300ø-400øC). 

Gold within the shale of the Kimberley Conglom- 
erate Formation ranges from near background (15 
analyses are below 5 ppb Au), to six values over 100 
ppb Au that are highly anomalous (Fig. 4). This gold 
enrichment persists across the whole of the Cooke 
and Western Areas gold mines, representing an area 
of over 100 km-ø; however, no easily recognizable 
pattern of gold values is discernible on this scale. A 
set of 16 underground samples from a 100-m 
oblique section near the middle of the Cooke mine 
includes all lithological varieties of the K8 shale, 
from well-bedded shales to crenulated pyrophyl- 
lite-rich slates and schists. This set of analyses dem- 
onstrates that t•e same range of gold values which is 
found in the K8 shale over the two mines also exists 
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FIC. 4. Plan of sampling localities of the K8 shale from within 
the Kimberley Conglomerate Formation in the West Rand. The 
three mine leases shown are (from north) Doornkop, Cooke, and 
Western Areas. Sample sites from boreholes are located on the 
map. The 16 samples listed in a column on the right are from a 
100-m underground section near the middle of Cooke mine. To 
demonstrate the precision of the analyses, some duplicate values 
are given in brackets to the right of their respective samples. 

in a small area; this supports the lack of a broad 
control on the gold distribution pattern. Anomalous 
gold is more common in the strongly foliated sam- 
pies, whether adjacent to a reef or separated by 
several meters. 

The Khaki shale is a mica-rich horizon at the top 
of a 1- to 2-m-thick reef package that includes the 
main producing reef of the Welkom gold field, the 
Basal reef (production in excess of 5,000 metric 
tons Au). The Khaki shale varies from pyrophyllite 
rich in the north to muscovite rich in the southeast 

(it is absent in the far south), lacks any definitive 
sedimentary textures, and is highly strained in many 
areas (Borrego and Phillips, 1987). Unlike the other 
horizons sampled, the original nature of the Khaki 
shale is uncertain. Thirty-five gold values in the 
Khaki shale range from below detection limit to 770 
ppb Au, with a considerable range in values from 

samples representing the same or adjacent stopes 
(Fig. 5). Like the data sets from the Green Bar and 
K8 shales, the Khaki shale is characterized by a high 
average gold concentration and high standard de- 
viation (Table 2). 

Discussion 

Analyses of Witwatersrand shales suggest that 
values of 10 to 1,000 ppb Au are common in hori- 
zons near mineralized reefs (i.e., within 1- to 2 m) 
and that this is probably a basinwide phenomenon. 
The situation applies to shales at the top of reef 
packages (Green Bar, Black Bar, and Khaki shales) 
and also to those that are unconformably below 
reefs (Booysens Shale). Analyses from shales away 
from reefs suggest considerably lower gold grades 
and less variability than from shales found near reefs 
(Table 2). Since many of these gold concentrations 
are extremely high compared to modern shales (0-2 
ppb Au generally) and compare favorably to the 
average working grade of some Witwatersrand 
mines (2-3 ppm) and to many modern conglomer- 
ate placers (well below 1 ppm), they may yield im- 
portant information about the history of gold in the 
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FIG. 5. Map showing 35 gold values in the Khaki shale horizon 
of the Welkom gold field. Both high and low values may come 
from the one stope, and this small-scale variability overshadows 
any regional trends. 
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Witwatersrand basin. Some possible explanations 
for the gold content of the shales are considered 
below. 

The erratic distribution of gold over short dis- 
tances, and its large range of values, would not be 
predicted if an exceptionally gold-rich source ter- 
rain were primarily responsible for the high gold 
concentrations in Witwatersrand shales. Since 

shales represent the most distal clastic fractions, 
rapid changes in source components would be un- 
likely and only gradual variations in detrital gold 
content would be expected (these might parallel 
variations in other detrital components). 

A chemical, rather than detrital, input of gold at 
the sedimentary stage is difficult to explain in terms 
of much higher gold grades immediately below un- 
conformities (e.g., Booysens Shale). None of the K8, 
Green Bar, nor Khaki shale patterns suggest local 
sources of gold-bearing solutions contributing to 
the original sediments. 

Special sedimentary sorting processes to concen- 
trate detrital gold in shales would not be predicted 
by analogy with modern environments where gold 
is strongly concentrated in the coarser detrital frac- 
tions (e.g., conglomerates). The uniformity of the 
thickness of the Green Bar shale, coupled with the 
high variability of its gold content, suggests a lack of 
correlation between gold and sedimentology in this 
unit. For example, there is little sedimentological 
difference between shales with less than 0.1 ppb Au 
and those with 1,000 ppb Au (i.e., four orders of 
magnitude). 

A model of postburial gold remobilization from 
auriferous conglomerates into surrounding litholo- 
gies is compatible with erratic gold distribution 
patterns and overcomes the individual problems 
faced by the models of gold enrichment at the syn- 
sedimentary stage. Furthermore, remobilization is 
compatible with the correlation of higher gold 
values and more tectonized shales (i.e., those with 
strong fabrics and rich in pyrophyllite) and would 
be facilitated by the solubility of gold (Seward, 
1984) at elevated temperatures (Phillips, 1986) in 
equilibrium with pyrite (Hallbauer, 1986). 

The chemical driving force for small-scale remo- 
bilization has yet to be identified in the Witwa- 
tersrand basin and may face problems of scale and 
chemical gradients. Documented enrichment of 
gold over many square kilometers and up to i or 
more meters from conglomerates greatly exceeds 
earlier ideas of any remobilization being on the cen- 
timeter scale only. In cases where the underlying 
reef is carbon bearing (e.g., the Carbon Leader reef 
below the Green Bar shale, and the Basal reef below 
the Khaki shale, Figs. 3 and 5), remobilization away 
from carbon would require unusual chemical con- 
ditions that still need substantiation. 

These analyses suggest that the gold distribution 
pattern within the regionally persistent shales of the 
Witwatersrand succession may not be a function of 
sedimentary processes. Similarly, high gold con- 
tents in the Black Reef shale near mineralized con- 

glomerate suggest that the pattern extends above 
the Witwatersrand Supergroup into the overlying 
Transvaal strata. 

The gold distribution in the shales appears con- 
sistent with a model of gold introduction during 
metamorphism, but independent lines of evidence 
are needed to develop this idea further. Rather than 
generating gold in shales by remobilization from 
nearby conglomerates, this model introduces gold 
into shales and conglomerates synchronously. Dif- 
ferent gold grades reflect the better precipitation 
mechanisms in the carbon and/or Fe-bearing reefs 
compared to the shales. 

These gold analyses from shales demonstrate the 
danger of using averaged assays of any lithology 
from gold mines (e.g., moving-point averages of 
reefs) in genetic discussions. Averaged assays are 
obviously an essential tool to guide mining, but the 
smoothing of erratic data might highlight regional 
trends that are, in reality, less significant than varia- 
tions on a stope scale (i.e., the critical genetic fea- 
ture may be the high variance itself). 

If movement of gold has occurred in the Witwa- 
tersrand after burial, there is a need to revise all 
models which assume that the compositions of gold 
and other minerals reflect a source terrain. Either 

gold remobilization or secondary gold introduction 
implies that gold fineness reflects the transporting 
fluid: revision of this source-indicator tenet would 
in turn weaken models of erosion of older reefs 

supplying gold to overlying reefs (Hallbauer, 
1986). 

This preliminary study of gold in shales does not, 
on its own, provide a basis for predicting gold gen- 
esis in the Witwatersrand. However, it does chal- 
lenge existing models and suggests that further re- 
search is needed, including smaller scale studies of 
gold distribution around specific fault zones and 
analysis of other rock types, particularly quartzites. 

Conclusions 

The gold content of Witwatersrand shales (up to 
1,000 ppb Au) is one to three orders of magnitude 
higher than in modern shales. Generally low gold 
values (0-5 ppb Au) occur in regionally persistent 
shales away from mineralized reefs, but these same 
horizons may have considerably higher gold con- 
tents (up to 200 ppb Au) immediately below un- 
conformities that are spatially related to zones of 
higher strain in the shales. Witwatersrand reef 
package shales have anomalously high gold values 
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(10-1,000 ppb Au) that are erratic in detail but are 
persistent over whole gold fields (100's of km•). 

Models of gold enrichment in shales at the sedi- 
mentary stage do not account for the higher gold 
variability nor the lack of correlation between gold 
content and sedimentary features. Remobilization 
of gold after burial is consistent with gold patterns, 
but it may be difficult to justify movement of gold 
away from carbon layers. The data appear to be 
compatible with introduction of gold into the shales 
during metamorphism. 
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