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Abstract. Non-destructive micro-CT techniques were 
employed to illustrate in-situ the three-dimensional 
distribution and morphology of gold particles within a most 
exceptional specimen of Witwatersrand ore from the 2.87 
Ga Basal Reef (lower Central Rand Group), which is 
depicted on the cover of Mineralium Deposita’s 50th 
Anniversary volume. These images confirm unambi-
guously the dominance of isolated rounded gold particles 
which define, as heavy mineral concentrates, three 
foresets and one bottomset of an overall cross-bedded 
structure on top of a palaeosurface. Local mobilization of 
this detrital gold generation by post-depositional fluids is 
evident from minute, micrometre-scale secondary gold in 
the immediate vicinity of the, on average, 0.14 mm large 
micro-nuggets. The study provided not only strong support 
for the modified palaeoplacer hypothesis for the Basal 
Reef (and by analogy for most other Witwatersrand ore 
bodies), but it also revealed that micro-CT is most suitable 
for unveiling the 3-dimensional distribution and shape of 
gold particles in ore with a resolution of as good as a few 
micrometres. 
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1 Background 
 
The cover page of the 50th anniversary volume of SGA’s 
flagship publication, Mineralium Deposita, in 2015 is 
decorated by an image depicting part of a most 
remarkable specimen of Witwatersrand gold. This 
specimen (Fig. 1) has become world-famous not only for 
its exceptional gold content in the form of 
macroscopically visible concentration of gold particles 
defining delicate cross-bedding structures but also for its 
significance on our understanding of the genesis of 
Witwatersrand gold. The genesis of the Witwatersrand 
ores, the largest known accumulation of gold in the 
continental crust, has been regarded as “the most debated 
issue in the history of economic geology” for decades 
(Davidson 1965). It is safe to say that the above specimen, 
which represents the footwall contact of the c. 2.87 Ga 
Basal Reef in the Johannesburg Subgroup (Central Rand 

Group) and which was collected by Mike Lain at the Free 
State Geduld gold mine in the Welkom goldfield, 
provided the most critical clues as to the mode of gold 
emplacement in the host conglomerates. It was first 
described by Minter et al. (1993), who dissolved a slab of 
it in hydrofluoric acid and thus released over 5000 gold 
particles, 75 % of which had rounded, spherical to toroidal 
forms and 25 % irregularly jagged and branched, dendritic 
forms. The morphology of many of these particles was 
further documented by scanning electron microscopy. 
These morphological studies revealed the coexistence of 
two generations of gold, one of which has been interpreted 
as detrital and the other as secondary products of local 
gold mobilization by post-depositional fluids on the scale 
of a few micro- to millimetres (Frimmel et al. 1993). Thus 
they provided a key argument in favour of the modified 
palaeoplacer hypothesis for the genesis of the 
Mesoarchaean Witwatersrand ores. 

Those workers who favour an epigenetic 
hydrothermal introduction of the gold into the host 
conglomerates (Barnicoat et al. 1997; Phillips and Law 
2000) questioned the reliability of the above 
morphological studies and suspected the obtained shapes 
to be artifacts of sample preparation. To overcome this 
problem, non-destructive techniques that permit the 3-
dimensional characterization of the gold particles in-situ 
are called for. Radiography using X-rays is a means to 
achieve this goal. A first radiograph of the said specimen 
was presented by Minter et al. (1993). Since then, major 
advances were achieved in industrial X-ray computed 
tomography, including very high spatial resolution (μ-
CT), and the applicability of this technique to geological 
materials (e.g. Ketcham and Hildebrandt 2014). 

Thus it seems timely to revisit the said specimen and 
analyze it once more using state-of-the-art instruments. 
To this effect the sample was investigated at the 
Development Center X-ray Technology (EZRT) of the 
Fraunhofer Institute for Integrated Circuits in Fürth, 
Germany. 
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Figure 1. Gold concentrated along crossbeds in pebbly quartz arenite at the base of the Basal Reef placer, Free State Geduld gold 
mine, Welkom goldfield. 

 
2 Methodology 
 
2.1 Principles of X-ray imaging 
 
The principle of X-ray imaging is based on the attenuation 
of the radiation by the penetrated matter.  Radioscopic X-
ray images of specimens (radiographs) are often 
generated by digital detector arrays (DDA). Intensity and 
contrast of the images depend on the sensor material and 
the detector characteristics on the one hand and on the 
applied X-ray spectrum on the other hand. X-ray images 
reveal internal structures of the specimen. As all 
structures are projected onto the active area of the 
detector, they may superimpose each other in the 
radioscopic image. Depth information is not available in 
the projection.  

In computed tomography (CT) the full three-
dimensional information is numerically reconstructed 
based on a set of projected images of the specimen from 
various angular directions.  

For planar objects, computed laminography (CL) is 
often used and 3D image reconstruction is performed 
through the so-called tomosynthesis. Thus higher spatial 
resolution can be achieved but at the expense of imaging 
artifacts, which may alter the apparent morphology of 
particles or pores in the sample. For this reason we applied 
standard µ-CT to a region-of-interest (ROI) in this 
sample. Advantages and disadvantages of the techniques 
are discussed in Voland et al. (2015). 

 

2.2 Experimental setup 
 
For our experiments we used an X-ray system that has 
been optimized for high-resolution scans. The main 
components of the system are the microfocus X-ray tube 
and the DDA with an active area of 40 x 40 cm2. The 
imaging itself is based on a cone beam geometry; a 
geometrical magnification factor of 26.3 was selected to 
achieve a sufficient spatial resolution. This results in an 
effective pixel size of 5.6 µm in the projective images as 
well as in the reconstructed volume (spatial resolution 11 
µm at best according to Nyquist-Shannon theorem). 
Additional system requirements that arise for high-
resolution systems are found in Salamon et al. (2009). An 
attenuation radiograph of the scanned sample region is 
shown in Fig. 2. 
 
2.3 Post-processing 
 
Small artificial movements of the sample axis which may 
cause considerable imaging artifacts, if high-absorption 
particles are present in a less-absorbing matrix, were 
corrected by an approach following Mayo et al. (2007): an 
iterative method of alternating filterered back projection 
(FBP) and forward projection steps has been applied on 
downsized radiographs. The results of ten iterations are 
then used for an improved full-resolution reconstruction. 
 
 
 
 

Figure 2. Attenuation radiography of the scanned sample 
region. Clearly three of the four laminations of gold particles can 
be distinguished, the fourth lamination is visible at the bottom 
of the image. Sub-regions a and b mark much different types of 
particle clusters which are shown in 3D in Figure 3. 
 
3 Results 
 
Due to the large difference in density between gold and 
effectively all other minerals in the specimen, which 
comprise mainly quartz and phyllosilicates with accessory 
apatite, zircon, monazite, rutile, chromite, and sulphides 
(mainly pyrite), the individual gold particles can easily be 
distinguished in radiographs (Fig. 2). The only other 
mineral which could be confused with gold because of its 
high density is uraninite and this is, although common in 
many Witwatersrand reefs, conspicuously absent in the 
given specimen. 

The 3-D rendering of the two subsets (marked a and b 
in Fig. 2) is shown in Figure 3. These images leave no 
doubt that the gold in the given sample represents heavy 
mineral concentrates along delicate sedimentary 
structures (foresets and bottomset of cross-bedding). Two 
generations can be clearly distinguished both by their 
form and size: (i) a predominating larger grained 
population with mainly disk-shaped to toroidal forms 
(Fig. 3b, 4), and (ii) an extremely fine-grained, dusty, 
irregularly shaped population that is observed only in a 
few places in the immediate vicinity of the former 
population (Fig. 3a). The former population comprises 
discrete particles, many of which are not in mutual 
contact. Their distribution and lack of connectivity rule 
out any formation through precipitation from an 
infiltrating fluid/solution. The rounded surfaces of these 
grains reflect mechanical abrasion during transport and 
confirm that these particles are detrital. 

In contrast, the second population is far too fine-
grained to have been transported mechanically. Its 
irregular, dendritic morphology strongly points to 
precipitation from a hydrothermal fluid/solution. Its 
spatial distribution provides clear insights into the source 
of the Au in that fluid/solution: If the source had been 
external to the host pebbly arenite, this population of 
secondary gold should follow fractures, micro-shears or 

any other potential fluid pathway; thus it should occur as 
veinlets. This is not the case. Instead it is spatially 
restricted to few isolated domains in the vicinity of some 
accumulations of detrital gold particles. Consequently, the 
source of the Au for this 2nd population must be due to 
very local remobilization of some of the detrital gold 
particles over not more than a few millimetres by post-
depositional fluids/solutions. 
 

 
Figure 3. 3D enlargements of the two sub-regions marked a 
and b in Fig. 2 (sample width is 4 mm): (a) fine-grained, dusty 
concentrate of small gold particles, and (b) coarser disk-shaped 
or toroidal particle concentrates. A very large particle is shown 
in Figure 4. 
 
4 Conclusions 
 
All in all two main conclusions can be drawn from this 
study: 

1. The two morphological types of gold previously 
recognized after sample digestion in HF (Minter et al. 
1993) are a real feature and not an artifact of sample 
preparation. They represent undoubtedly placer gold and 
secondary gold that formed by very short-range 
mobilization of the placer gold by post-depositional 
fluids/solutions. Thus this study confirms the hypothesis 
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of the modified palaeoplacer origin for much of the 
Witwatersrand gold. 

2. μ-CT is a powerful method to document, quantify 
and characterize the 3-D spatial and size distribution as 
well as morphological features of ore phases (in this case 
gold) that show a sufficient density difference to other ore 
and gangue minerals. This opens up the possibility of 
detailed geometallurgical studies on (gold) ores that will 
help to improve the efficiency of ore processing and 
beneficiation in the future.  
 

 
 
Figure 4. Magnified 3D view onto a 150 μm long single gold 
micro-nugget as revealed by μ-CT, from the top foreset of the 
Basal Reef specimen shown in Figure 1. 
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Abstract. Potential problems in treating an ore can be 
identified early with routine, methodical collection of 
geometallurgical data from drill core. Ideally the data 
collected will be quantitative and spatial to allow use in 
geometallurgical modelling for the definition of spatial 
variation in processing behaviour. Early recognition of 
spatial domains that may influence, for example, 
blasting, crushing, grinding, recovery, and environmental 
treatment of an ore allow the effective design of a 
suitable testing regime for more precise and expensive 
bankable tests. Rapid and inexpensive geometallurgical 
tests for drill core include non-destructive and destructive 
measurements. Non-destructive tests include high 
resolution imaging, mineralogy (e.g. spectral data), 
elemental analysis (e.g. portable XRF) and strength 
measurements (e.g. rebound hardness, petrophysics). 
Destructive tests include elemental analysis (e.g. assay 
data) and rock strength (e.g. constrained crushing and 
size analysis). The routine collection of quantitative, 
spatial data is very important for predictive 
geometallurgical modelling and requires an approach to 
core logging that includes logging support methods and 
tools in addition to traditional visual logging.  
 
Keywords. Geometallurgy, testing, data collection, 
spatial domaining 
 
1 Introduction 
 
Geometallurgy provides ore-body knowledge for 
development and mining purposes, plus closure and 
rehabilitation. The principle aims are to identify and 
quantify spatial variations in processing behaviour, for 
example comminution, liberation, recovery and 
environmental treatment. Early recognition of spatial 
domains that may influence, for example, blasting, 
crushing, grinding, recovery (beneficiation), and 
environmental performance of an ore allow the effective 
design of a suitable testing regime. If geometallurgical 
data is available during prospect evaluation it can be 
used to assist with decisions about preferred mine and 
mill design, tailings facilities and storage. During mine 
life, geometallurgical data can be used for mine 
optimisation and planning and ultimately to assist with 
mine closure. This is achieved through a practical 
integration of geological, mining, metallurgical, 
environmental and economic information to maximize 
the value of an ore body while minimizing technical and 
operational risk (e.g. Dunham et al. 2011; Ehrig 2011; 
Lamberg 2011; Turner-Saad 2010; Walters 2011). 

What is needed is a holistic approach to identify 
attributes that contribute to the realised value of a 
resource. This includes traditional attributes such as 
grade as well as less traditional factors including: 
concentration of deleterious elements, hardness, 

grindability, mineral species and abundance, and mineral 
liberation. A first indication of at least some of these 
attributes can be obtained by data collection carried out 
directly on drill core and includes non-destructive and 
destructive testing. The methodology is iterative and the 
aim is to obtain the necessary geometallurgical infor-
mation as rapidly and cost effectively as possible from 
the minimum number of test types.  
 
2  Drill core data collection and testing 
 
Listed below are some examples of non-destructive and 
destructive data collection and testing suitable for 
geometallurgy. 
 
2.1 Non-destructive  
 
High quality images: The collection of high quality 
photographs is an essential first step in collecting 
geometallurgical data from drill core. High resolution 
images should be collected under controlled lighting and 
the drill core should preferably be clean, whole, wet and 
free of markings (except depth and orientation marks). 
Good quality photographs can be used to improve 
manual core logging and in some cases automated 
logging of core texture and colour may be possible. If 
the core has orientation marks then the images can be 
used to generate geotechnical data (Fig 1). 
 

 
 

Figure 1. Example of a high quality image of oriented drill 
core, showing orientation marks. 
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