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SYNOPSIS 

Instrumental and radiochemical methods of neutron-activation analysis, developed for the 
determination of major, minor, and trace impurities in native gold, are described. The gold was obtained 
from Witwatersrand reefs and from deposits in the Barberton area. It was extracted by decomposition of the 
ore in cold hydrofluoric acid. 

Quantitative results are presented for 14 elements found in native gold, and the significance of these 
elements in relation to the distribution of gold is discussed. The results suggest that there are geochemical 
differences in native gold from various reefs and deposits. 

SAMEVAFDNG 

Instrumentele en radiochemiese metodes vir neutronaktiveringsanalise wat ontwikkel is vir die 
bepaling van belangrike, minder belangrikc en spcoronsuiwerhede in gedee goud word beskryf. Die goud is 
verkry van Witwatersrandse riwwe n̂ van afsettings in die Barberton-gebied. Die goud is geëkstraheer 
deur die erts in koue waterstoffluoriedsuur te ontbind. 

Kwantitatiewe resultate word aangegee vir 14 elemente wat in gedeë goud voorkom en die betekenis 
van hierdie elemente met betrckking tot die verspreiding van goud word bespreek. Die rci_'!tate dui daarop 
dat daar geochemiese verskille tussen gedeë goud afkomstig van verskillende riwwe en afsettings is. 
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1. INTRODUCTION 
Gold occurs in two distinct domains in South Africa: in the Archaean greenstone terrains and in the 

sediments of the Proterozoic Witwatersrand sequence. The Witwatersrand goldfields undoubtedly 
constitute the World's most important gold deposits, from which more than 33 000 tons of gold have so far 
been extracted. 

Most investigators who have studied the auriferous-uraniferous pyritic reefs of the Witwatcrsrand 
favour a placer concept for the formation of the deposits. Such a detrital origin for the Witwatersrand gold 
implies that the localities and nature of the primary sources of the gold, in conjunction with 
sedimentological factors, were responsible for the dispersion into six major goldfields. The locations of 
these goldfields in relation to their fluviatile depositional environs have been described by Pretorius1. 

A knowledge of the distribution of gold is essential for the planning of mining operations and a correct 
evaluation of the ore to be mined. In this context a considerable amount of work has been carried out on 
regional gold-distribution patterns in individual Witwatersrand goldfields and mines2 7. These studies 
revealed that the concentration of gold in certain reefs frequently varies by orders of magnituoe within a few 
metres. This erratic distribution of gold presents difficult problems in the estimation of the returns from a 
prospective mining venture, and in the course of mining it seriously affects the sampling procedures'. 

The geochemical characteristics of detrital gold — such as fineness, composition, and content of trace 
elements — should impart useful information about the primary source of the gold, its geological history, 
and the distribution of the various types of ore. 

Prerequisites for an investigation of the detailed distribution patterns based on the geochemical 
features of grains of native gold are the development of special techniques and a knowledge of the 
impurities encountered in native gold. 

Native gold is a natural alloy that is usually composed of gold and varying amounts of silver'" ' \ and 
often contains trace quantities of impurity elements1'. It has been established that 48 elements other than 
silver can occur in native gold. Among these (Table 1), 21 have been determined quantitatively'*" '"•-". and 
27 others have been reported as trace constituents of native gold'-1'"'"1". 

Since only those elements genetically associated with gold are of geochemical importance, a review of 
the ways in which impurity elements can occur in gold is pertinent. The significance of geochemically 
important elements lies in the likelihood that such elements originated from the same source as the gold. 
The identification of these impurities may therefore supply useful information about the origin and 
distribution of the gold. 

Impurity elements that can be expected to be intimately associated genetically with gold usually 
include elements that occur as alloy constituents in solid solution with native gold". Studies of metals and 
alloys2' -* have revealed two types of solid solution. 

(a) Substitutional solid solution. In this solution, the atoms of the solute meta' replace atoms of the 
solvent metal in their normal positions in the lattice of the solvent metal. The closer the solute and 
solvent atoms are in size, the less the expansion or contraction of the unit cell of the solvent metal 
and the greater the extent to which the two metals can form a solid solution. If the diameters of the 
atoms of the solute and those of the solvent differ by less than 15 per cent, they can usually form 
extensive solid solutions24. If the atoms differ in size by more than 15 per cent, the extent to which a 
solid solution can be formed is restricted. This restriction can be overcome to some extent if the 
metals are heated, but the atoms of the solute metal will relinquish their positions in the lattice of 
the solvent metal as the solution cools'4. 

(b) Interstitial solid solution. In this solution, the atoms of the solute are dispersed and occupy spaces 
between the atoms of the solvent. They do not displace atoms in the lattice, and their addition to the 
lattice results in the enlargement and distortion of the unit cell. Solid solutions of this type are not 
common in metals. 

Substitutional solid solutions are the type most often found in ore minerals". The nature of the solution 
depends on the relative size, valencies, electrochemical properties, and crystal structures of the metal atoms 
involved2'. When the valencies of the solute and solvent atoms are similar, it is probable that a solid solution 
will be formed. When the valencies are not similar, the metal of higher valency is likely to be dissolved in the 
metal of lower valency. The tendency for the solvent and the solute to form a compound rather than a 
solution increases as the difference in their electronegativities increases. If there is a possibility that the 
solute will combine with the solvent to form a stable intermediate compound, the solute will form such a 
compound even though factors such as atomic size and valency favour the formation of a solid solution. 
Conditions for the complete solubility of two elements are most favourable when the atoms of the solvent 
and the solute are nearly the same size, and have similar electronegativities and equal valencies. When, in 
addition, two metals have the same crystal structure, a continuous solid-solution series can occur. 

i 



IMPURITIES IN NATIVE GOLD 

TABLE 1 

Impurities in native gold 

Concentration 
Element p.p.m. Reference 

Aluminium 50 to 10 000 1, 16 
Antimony 100 to 2 000 13, 16-18 
Arsenic 600 to 2 000 13, 16. 18 
Barium 100 to 300 16 
Beryllium > ! • 16, 17 
Bismuth 20 to 500 13, 16-18 
Boron >10 000* 16 
Odmium >300* 16, 18 
Calcium 100 to 1 000 16 
Cerium >1 000* 16 
Chromium >10* 16, 18 
Cobalt >1* 13, 16, 17 
Copper 10 to 6 170 12, 13, 16-18 
Gallium >10* 16 
Germanium >20* 16 
Hafnium >100* 16 
Indium >10* 16 
Iodine >10* 16 
Iridium >100* 13, 16 
Iron 50 to 10 000 13, 16, 17 
Lanthanum >100* 16 
Lead 10 to 500 13, 16-18 
Litnium >300* 16 
Magnesium 50 to 2 000 16 
Manganese 50 to 1 000 13, 16, 17 
Mercury * to 92 300 12, 13, 17, 19, 20 
Molybdenum 3 to 30 13, 16-18 
Nickel 10 to 500 12, 13, 16-18 
Niobium >20* 16 
Osmium >100* 13, 16 
Palladium * 17, 18 
Phosphorus >1 000* 16 
Platinum >10* 16-18 
Scandium >I0* 16 
Silicon 50 to 10 000 16 
Sodium >200* 16 
Strontium >300* 16 
Tantalum >300* 16 
Tellurium * to 10 000 13, 16, 18,21 
Thorium >I00* 16 
Tin * to 300 13, 16-18 
Titanium 50 to 1 000 16, 17 
Tungsten 100 to 200 16. 18 
Uranium >1 000* 16 
Vanadium >5* 13. 16 
Ytterbium > l * 16 
Zinc 300 to 1 000 16-18 
Zirconium 10 to 100 16 
* Detected as a trace element in native gold 



IMPURITIES IN NATIVE COLO 

Therefore, if one wishes to establish which of the previously reported impurities in gold'*"1" are 
genetically associated with the gold, one must consider the solid solubilities of the impurities and the 
likelihood that they will form compounds with gold. Summarized in Table 2 are the known solid solubilities 
of such elements in gold, compiled from Hansen-"' and Pearson23, and some intermediate compounds that 
may form between gold and the elements concerned141' -' r'. From the table it can be seen that silver, 
copper, nickel, palladium, and platinum are capable of forming a complete solid solution with gold, and that 
relatively large amounts of aluminium, cadmium, cobalt, gallium, indium, iron, magnesium, manganese, 
mercury, vanadium, and zinc can b e accepted into the gold lattice at various temperatures. Most of the other 
elements, with the possible exception of boron, chromium, hafnium, iodine, iridium, lithium, osmium, 
scandium, silicon, strontium, tantalum, and tungsten, could occur either in a restricted solid solution or as 
intermediate compounds with gold. 

TABLE 2 

Solid solubilities*—' of previously reported elements 
in gold1* ,H and some compounds that may form 

Solid Solid 
solubility* Intermediate solubility* Intermediate 

Element Atomic % compounds! Element Atomic % compounds! 
Aluminium 15.5 AuAL. Au_,Al Mercury 19,3 Au5Hg to AuHg. 
Antimony I.I AuSb2 Molybdenum 1,2 None 
Arsenic 0.2 Suspected Nickel 100 None 
Barium - Au.Ba Niobium - AuNb, 
Beryllium 0.2 AuBe. AuBe-, Osmium <0.1 -
Bismuth <0,1 Au.Bi Palladium 100 None 
Boron - - Phosphorus 0 Au 2P 3 

Cadmium 33.0 Au^Cd, AuCd:! Platinum 100 Au,Pt 
Calcium 1.8 Au4Ca to Au,Ca4 Scandium - -
Cerium - Au,Ce to AuCc, Silicon <0,1 None 
Chromium - - Silver 100 AuAg 
Cobalt 23,5 - Sodium <0,1 Au2Na, AuNa2 

Copper 100,0 Au.,Cu to AuCu;, Strontium - -
Gallium 26.0 Au3Ga to AuGa4 Tantalum - -
Germanium 3,1 - Tellurium <0,1 AuTe2 

Hafnium - - Thorium 0 AuTh2 

Indium 12,6 Au,In to Auln2 Tin 6,8 AuSn to AuSn4 

Iodine - None Titanium 8,5 AuBTi to AuTi, 
Iridium <().! - Tungsten - -
Iron 75,0 AuFe:, Uranium 0.6 Au3U, Aut1Uj 
Lanthanum - Au:,La to AuLa2 Vanadium 17,5 None 
Lead <0.i Au2Pb. AuPb2 Ytterbium - -
Lithium - - Zinc 33,0 Au3Zn to AuZn.i 
Magnesium 32.5 AuMg to AuMg:, Zirconium 5,9 Au^Zr 
Manganese 28,5 Au,Mn to AuMn., 
" Maximum solid solubility in gold at any temperature, "/r 
+ More compounds exist in some instances 
- No data available 

Although intermediate compounds do not occur in the gold lattice but as mineral inclusions in the gold 
crystals or on grain boundaries, their genetic relationship with gold cannot be disregarded. Mineral 
inclusions of intermetallic compounds such as the following are known to be associated with native gold 
minerals""*1: aurostibite (AuSb2), dyscrasite (Ag.,Sb), maldonite (Au 2Bi), calaverite (AuTe 2), 
muthmannite ((Au.Ag)Te), krennerite ((Au.Ag)Te2), sylvanite (Au(Au,Ag)Te4), empressite (Ag.Te), 
hessite (Ag2Te), coloradoite (HgTe), altaite (PbTe), melonite (NiTe), weissite (Cu2Te), niccolite (NiAs), 
allemontite (AsSb), domeykite (Cu,As), wehrlite (AgBi7Te,), and maiildite (AgBiS2). Such inclusions are 

.1 



IMPURITIES IN NATIVE GOLD 

probably contemporaneous with gold, and may be regarded as paragenetic constituents of native gold 
minerals. 

Owing to the malleability and ductility of gold, other minerals could have been included during the 
transportation of the detrital native gold. The presence of certain elements such as aluminium, barium, 
calcium, magnesium, silicon, and titanium in native gold'" (despite their properties of forming solid 
solutions or intermediate compounds with gold) can be ascribed to their inclusion as rock-forming minerals. 
They can therefore be regarded as contaminants. 

The main interest therefore lies in those impurity elements that either occur in solid solution or form 
intermediate compounds with gold, because they can be expected to form an intimate genetic association 
with gold. The occurrence and levels of concentration of such impurities in native gold can be used in the 
characterization of the gold and in the identification of other sources of native gold. 

For the past 39 years, emission spectrography has been the most important technique used in the 
analysis of visible grains of native gold-"1, and has provided most of the data now available on the 
composition of native gold"1 ,K•"-'*. At present, the electron microprobe appears to be the most popular 
instrument for the investigation of the composition and mode of occurrence of gold ores27"'"'. Spark-source 
mass spectroscopy has been applied to the analysis of raw bullion from gold mines, and the concentrations 
of nineteen impurities in gold bullion have been determined by this method'". 

In nuclear techniques, such as neutron-activation analysis, the great sensitivity to activation of tne 
matrix elements, gold and silver, is such that the detection of other elements is made impossible. This may 
be the reason why nuclear techniques have not previously been applied in investigations of the composition 
of native gold. However, if neutron irradiation of native gold is followed by radiochemical separation and 
high-resolution gamma-ray spectrometry, determinations of a relatively large number of impui.ties can be 
obtained. 

In the work described in this report, techniques for instrumental and radiochemical neutron-activat:on 
analysis were developed and applied to a small suite of carefully selected gold samples. The main purpose of 
the investigation was the establishment of nuclear methods for the determination of major, minor, and trace 
impurities in grains of native gold. It is hoped that the results will clarify some of the questions that have 
been posed relating to the genetic relations of such impurities, and their correlation with the distribution of 
gold. During the course of this work, native gold was analysed by neutron-activation analysis. There are no 
reports in the literature of this method being used previously in such determinations. 

2. EXPERIMENTAL METHOD 
2.1. Selection and Preparation of Samples 

Hand specimens of gold-bearing rock representing five types of reef were selected from eight separate 
localities. The samples included three from the Barberton area (a provenance area" of hydrothermal 
origin17), and seven from the mineralized conglomerate reefs of the Witwatersrand, which contain detrital 
gold. 

The native gold was extracted by the decomposition of the gold-bearing rock with hydrofluoric acid12-" 
as follows. The sample, generally an uncrushed. single piece of gold ore I OOg in mass, was placed in a 400 ml 
polyethylene beaker, and hydrofluoric acid was added to the sample to give a total volume of 250 to 300 ml. 
The sample was allowed to react with the acid at room temperature for one week. The mixture of sample, 
solid reaction products, and mostly-spent acid was slurried with cold water, allowed to stand for a moment, 
and decanted. The sample was again immersed in acid and left for another week. These steps were repeated 
until no fragments of rock were visible. The residue that remained after the final decantat' >n was treated in 
300 ml of 2 M (i.e.. 454 g/1) dibasic ammonium citrate for approximately 6 hours, during which time it was 
stirred occasionally. Water-insoluble fluorides that would have formed gels with aluminium chloride in the 
next stage were thus removed. The liquid was then decanted off. 100 ml of hydrofluoric a.id was added to 
the residue, and the mixture was allowed to stand overnight. The sample was then slurried with cold water 
and decanted. A solution of 300 ml of I M (i.e.. 226g/l) aluminium chloride was added, and the mixture was 
allowed to stand (with occasional stirring) for approximately 6 hours. The addition of hydrofluoric acid and 
the digestion of the residue in aluminium chloride were repeated if insoluble residue adhered to the beaker, 
or if white fluorides persisted. The residue from the final treatment with aluminium chloride was rinsed 
once with distilled water and twice with acetone, and then transferred onto filter paper for drying in a 
desiccator. 

The insoluble residues from the digestion of gold ores by hydrofluoric acid consisted mainly of pyrites. 
There were minor amounts of minerals such as chromitc and zircon, and some grains of native gold. A 
binocular microscope was employed in the removal, by hand, of the gold from the residue. The number of 
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grains of native gold obtained from the samples varied, the yield being extremely poor for one of the 
samples from Barberton (fewer than 1 Ograins) but amounting to several milligrams for a specimen from the 
Carbon Leader Reef. 

All the grains of native gold were treated in an ultrasonic bath of distilled water for 5 minutes, rinsed 
with acetone, and allowed to dry. This was done to ensure that no pyrite or other gangue minerals adhered 
to them. 

Composites of 20 to 50 grains of native gold were prepared, each with a mass of 1 to 8 mg. The 
composites were prepared in quadruplicate if the yield of gold from a sample was sufficient. Those 
composites that were to be irradiated for one hour were loaded in duplicate into high-purity polyethylene 
containers, whereas the composites to be irradiated for approximately 100 hours *ere doubly encapsulated 
in quartz ampules. For the latter, the grains were encapsulated first in capillary ampules 20 mm long, and 
then in ampules that contained I cm length' of stainless-steel wire for P IX monitoring. 

2.2. irradiations 
All the irradiations were carried out in the research reactor (Oak Ridge type) of the South African 

Atomic Energy Board. For the determination of copper, the samples were irradiated in the pneumatic 
facility in a thermal-neutron flux of 7.5 x 10,L> n-cm --s ' for one hour so that substantial activation of t'»e 
gold and silver matrices of the grains of native gold would be prevented. For the determination of 
longer-lived isotopes (those with half-lives of more than 10 days), the samples in quartz ampules were 
sealed in aluminium cans and irradiated for approximately 100 hours in the poolside facility at 2 x 
10"n-cm --s '. 

2.3. Flux Monitoring 
Direct flux-monitoring procedures were necessary for the long irradiations since irradiation positions 

had to be changed to conform to the operating cycles of the reactor. These procedures were not necessary 
for the one-hour irradiations, in which the flux variation was checked against calibration standards. 

The flux monitor used for the poolside irradiations was stainless-steel wire, 1 cm lengths of which were 
positioned next to the capillary ampules. The use of the wire made it possible for the overall variations in 
neutron flux and for the flux gradient across each irradiation can to be corrected. The gradient was found to 
exceed 5 per cent for the thermal-neutron flux, and 10 per cent for the fast-neutron flux**. The use of 
stainless-steel wire had the additional advantage of allowing the thermal-neutron and the 
epithermal-neutron fluxes to be monitored simultaneously. The following reactions were monitored: 

,HFe(n,v)MFe (thermal) 
v'Cr(n.y)''Cr (thermal) 
^Cofn.yV'Co (thermal-epithermal) 
""Ta(n,-y)'"-Ta (thermal-epithermal). 

This monitoring reduced the flux-correction errors for those elements with high epithermal-neutron 
cross-sections. In this type of flux-monitoring procedure, errors of 1 to 3 per cent can be expected. 

2.4. Gamma-ray Spectrometry 
The counting system in this work used a 45 cm' lithium-drifted germanium detector with a resolution of 

2.5 keV for the 1332 keV peak of cobalt-60, and a relative efficiency of 10 per cent. The detector was 
coupled through a Canberra 1408C preamplifier and a Canberra 1417 amplifier (incorporating a base-line 
restorer) to an Intcrtechniquc Didac 4000-channel pulse-height analyser calibrated at 1 keV per channel. 

The dead time of the system was corrected by the use of a pulser peak for the measurement of the total 
dead time". This reference peak was generated by a Canberra 1501 stablization pulser, which was also used 
in conjunction with Intertcchniquc digital stablization circuits in the correction for gain shifts. Pulse pile-up 
was made negligible by the maintenance of the dead time for the system at less than 10 per cent. 

The activities of the samples and standards were measured at equal distances from the detector, a 
distance at which the count rate would be maximized. The accumulated spectra were transferred to 
magnetic tape for subsequent analysis by means of a modified version'"' of the Hcvesy computer 
programme'". 

A summary of target elements, isotopes produced, radionuclide half-lives, and gamma-ray photopeaks 
used for the quantitative determination of 14 impurity elements in native gold is given in Tabic 3. 

s 
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TABLE 3 

Summary of target elements, nuclear reactions, neutron-capture cross-sections", 
half-lives, and gamma-ray energies used in this work 

Thermal-neutron Gamma-ray 
Target Nuclear cross-section Half-life of energy measured 
element reaction a,, x 10 -sm- radionuclide Ey(keV) 

Sc 4"Sc(n,-y)4,1Sc 26.5 83.9 d 889.4 
Fe M¥e(n,yf9¥e 1,15 45.1 d 1098,6 
Co :,! ,Co(n,y) , i , ,Co 37 5.27 y \r2A 
Ni ",Ni(n,p)'1"Co 0,1« 71,3d 810.3 
Cu •"Cu(n.-y/3T'Cu 4.5 12,8h 511,0 
Zn •"Znfn.yf'Zn 0.78 24 5 d 1115,4 
Zr !HZr(n.y)^Zr 0,056 65 d 756.6, 724,0 
Ag '"»Ag(n.y)""Ag 4,5 253 d 657.8. 884.5. 

1384.0 
Sb '-'SNn.-yV-'Sb 4.28 60.9 d 1690,7 
Te '•--Te(n.y),i:,Te !.l 117d 158.8 
Ce ,4"Ce(n,y)'"Ce 0,57 32.5 d 145.4 
Eu ,:"Eu(n,y)lv-Eu 5900 I2.2y 1407.5 
Yb "1"Yb(n.y)"1!,Yb 3470 30.6 d 197.8 
Au l',7Au(n.y),""Au 98.8 2.7 d 411.8 
Hg '"-'Hg(n.yp'Hg 4.9 46.9 d 279.1 
Th 2,-Th(n,y/3 )-:1,Pa 7.4 27d 311.8 
* In a fission-neutron spectrum for an (n.p) reaction 

2.5. Reference Materials 
Approximately lOOmg of the NIMROC reference standard'" NIM-L and 5 mg of analytical-reagent 

grade compounds such as zinc oxide and silver nitrate were accurately weighed in separate quartz ampules. 
Dilute solutions (1 /xg/ml) of elements that were expected to have high specific activities, e.g., cobalt and 
tellurium, were prepared and immediately micro-pipetted into clean quartz ampules. The solutions were 
dried in a heated desiccator (40°C) before being sealed into the ampules. All the reference samples for the 
determination of longer-lived isotopes (those with half-lives of more than lOdays) were irradiated in the 
same reactor positions as the samples of native gold. They were irradiated for only 12 hours so that 
over-activation of the reference elements could be prevented. The stainless-steel wires served as flux 
monitors. 

Reference samples of approximately 5mg of copper foil were accurately weighed in separate 
polyethylene vials and irradiated with the samples of native gold for the determination of the copper in the 
samples. 

2.6. Instrumental Determination of Silver 
After the long irradiations, the activated samples were allowed to decay for approximately 45 days. 

This long period of decay was necessary for the reduction of the activity of the gold-198 (ij = 2,7 days) in 
the native gold matrix. 

Once the outer quartz ampules had been broken and the samples separated from the flux monitors, the 
samples and reference standards, still sealed in their capillary ampules, were analysed by gamma-ray 
spectrometry. 

2.7. Radiochemical Determination of Long-lived Isotopes 
The gamma activity that derived from silver-110m partially or entirely masked the gamma transitions 

of other long-lived isotopes (e.g., cohalt-60, zinc-65, and cobalt-58) in the activated native gold (see Figure 
1), and these isotopes could not be determined instrumentally. Silver-110m was therefore removed from 
the samples of native gold so that the other long-lived isotopes could be determined. 

h 
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IMPURITIES IN NATIVE GOLD 

After the determination of the silver, the activated grains of gold were removed from their capillary 
ampules and transferred to nickel crucibles. Silver nitrate powder (5 mg) was added to each crucible as a 
carrier for silver-11 Om. This was followed by the addition of 2 g of powdered sodium peroxide. Each sample 
was dissolved by fusion over a Meker burner. The fusion cakes so obtained were leached with dilute nitric 
acid (50 per cent), and the acidity of the sample solution was adjusted to approximately 1 M nitric acid. 
Sample solutions (200 to 300 ml) were heated to boiling, and 1 ml of 0,1 M potassium iodide solution* was 
added drop by drop to each. The boiling was continued for a few minutes to facilitate coagulation of the 
silver iodide. The samples were left to cool overnight. The precipitated silver iodide was finally removed by 
filtration, and the filtrates were concentrated by slow evaporation to approximately 20 ml. The gamma 
activity of the sample solutions, now relatively free from silver-110m activity, was measured so that the 
concentrations of long-lived isotopes could be determined. 

2.8. Radiochemical Determination of Copper 
2.8.1. Principle of the Method 

During the neutron irradiation of copper, two different isotopes are produced: copper-66 
(/j = 5,1 minutes) and copper-64 (/t = 12,8 hours). Both isotopes have half-lives shorter than that of the 
gold-198 (2,7days) produced from the native gold. For this reason the copper can be determined by 
neutron-activation analysis only if it is separated from the gold matrix. 

It has been shown'"that the diethyl dithiocarbamate ligand (DDC) extracts bivalent copper, along with 
other metal ions such as triva'?nt gold, from aqueous solutions into an organic solvent. The extraction 
constants of different metal complexes of DDC have been determined by several authors4" 4 2 . Stary and 
Kratzer42 gave the order of magnitude of the extraction constants as follows: Au'* >Pd 2 ' >Hg 2 ' > A g * > 
Cu2* >Nr* >Bi'* >Pb 2 t >In'* >Cd2* >Zn 2* >Co 2* >Fe 2* > T 1 . If the chelating agent is introduced 
in superstoichiometric quantities as a metal-DDC complex whose conditional extraction constant (K\'.J is 
smaller than the value of K\.y for Cu-' but larger than the value of K'n for the other metal ions (such as Co-' 
and Na *) in the sample, then the separation of Cu2* together with A g \ Hg2 *. Pd-'. and Au:i * should result. 

The exact conditions4" to be fulfilled for the selective extraction of copper can be described as follows: 

n ' log K'n (Cu) > n~' log K'n (metal-DDC reagent) > « ' log K',:s (other metal ions). 

In this expression r. is the number of DDC groups bound in the respective complexes. This principle has 
recently been successfully applied4' to the selective extraction of C u 2' by Bi(DDC):). 

The extraction constant of Pb(DDC)., is much lower than that of the complexes of copper, silver, 
mercury, palladium, and gold with DDC4-, and gold will therefore be extracted along with copper if it is not 
removed first. Since the major proportion of the gamma activity of ihe samples of native gold comes from 
gold-198, which is created during the neutron irradiation of the gold matrix of the samples, such gold is 
removed by solvent extraction with methyl isobutylketone44. Copper can then be extracted selectively from 
the remaining aqueous phase into a solution of Pb(DDC)2 in chloroform. The copper can then be 
determined by gamma-ray spectroscopy. Any traces of silver, mercury, or palladium that may accompany 
the copper will not cause interference in the determination. 

2.8.2. Procedure of the Method 
Four to six hours after they were irradiated, the samples and copper foil reference standards were 

transferred to separate 100 ml beakers. 
First. 20 ml of a mixture of hydrochloric acid (16 ml) and nitric acid (4 ml) was added to the gold and 

copper, and, after the initial reaction had ceased, the solutions wer. slowly evaporated to incipient dryness. 
The reference samples were dissolved, transferred to volumetric flasks, and diluted to 1000 ml with 2M 
hydrochloric acid. Two aliquot portions of I ml were pipetted from each reference sample. One *vt was 
transferred direct to 25 ml polyethylene bottles for counting, and served as a control in the calculation of the 
percentage recovery obtained in the chemical procedure. The other set was treated in the same w?y as the 
samples. To each sample was added I mg of copper carrier T 5 ml of 2 M hydrochloric acid. A further 15 m! 
of 2 M hydrochloric acid was used to transfer thr samples to 125 ml separating funnels. To each separating 
funnel. 20 ml of methyl isobu:ylketone was added, and the sample solutions were then agitated on a 
'Silver iodide has a lower solubility pro luct(Ai„, - I ,i x 10 "mol-l ' al 2Í T ) than (he mure commonly used silver chloride (K., 
1.5 * 10 '" mol-l ' al 2Í"('). and iodide precipitation is therefore preferred to chloride precipitation for (he reduction of ihciictivif) of 
the silver-110m in (he samples < f gold. 
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mechanical shaker for 5 min. The phases were allowed to separate, and the organic phase was removed with 
a pipette. The addition of 3 to 4 portions of extractant was necessary for the complete removal from the 
samples of the activity of gold-198. The organic phase was discarded, except in the instance of the reference 
samples, in which it was retained as an indicator for the loss of copper-64. 

The aqueous phase, which contained the copper, was adjusted to a pH value of 2 to 3 by the addition of 
6M sodium hydroxide. Copper was extracted into 20 ml of a solution of lead diethyl dithiocarbamate 
dissolved in chloroform. A superstoichiometric amount of lead diethyl dithiocarbamate in chloroform (at 
least one hundred times the amount of copper-64 and copper carrier to be extracted)''9 was used for the 
extraction. The organic phase was washed with distilled water for the removal of any sodium-22, and the 
samples were transferred to 25 ml polyethylene bottles with screw caps and inserts similar to those used to 
seal perfume bottles. The gamma activities of the samples, calibration standards, reference controls, and the 
methyl isobutylketone phases of the calibration standards were measured. Each measurement was for one 
hour, and the same counting geometry was used for each measurement. The copper was determined by the 
measurement of the 511,0 keV annihilation peak from copper-64 (the possibility of interference from 
sodium-22, zinc-65, cobalt-58. or nickel-57 was eliminated by the separation procedure). The 511,0 keV 
peak is more sensitive than the 1345,5 keV peak by a factor of at least one hundred. 

3. RESULTS AND DISCUSSION 
3.1. Silver in Native Gold 

The quantitative results obtained for the silver content of ten different samples of native gold are given 
in Table s The mass of each of the samples analysed is given to indicate the extent to which the precision 

TABLE 4 

Neutron-activation results for the silver content of different samples 
of native gold 

Sample 
Mass 

g 

Silver 
content 

% 

Average 
silver 

content 
% 

Carbon Leader Reef from 
Blyvooruitzicht Gold Mine 

0,007 96 
0,007 35 

7,99 
8,37 

8,18 

Elsburg Reef from 
Loraine Gold Mines 

0,003 35 
0,002 98 

9,75 
9,26 

9,51 

Basal Reef no. 154A from 
St Helena Gold Mine 

0,004 92 
0,005 36 

10,2 
10,0 

10,1 

Basal Reef no. 153 from 
St Helena Gold Mine 

0,005 37 
0,007 26 

9,80 
9,64 

9,72 

B Reef no. 136 from 
Loraine Gold Mines 

0,006 20 
0,004 63 

7,46 
7,05 

7,26 

Ventersdorp Contact Reef 
no. 420 from East 
Driefontein Gold Mine 

0,004 14 
0,007 14 

10,7 
10,2 

10,5 

Vaal Reef from 
Stilfontein Gold Mine 

0,001 69 
0,001 19 

8.86 
9,73 

9,30 

Barberton no. 99 from 
Fairview Gold Mine - 7,87 ng -

Barberton no. 167 from 
Fairview Gold Mine 

0,001 83 
0,001 84 

11,2 
10,4 

10,8 

Barberton no. 12 from 
Fairview Gold Mine 

0.000 80 
0,001 01 

4,89 
4,49 
5.21 M g 

4,69 

9 
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and accuracy cf the results may have been affected by the mass. For the determination of the mass of a 
sample, a balance was employed that was accurate to five decimal places, and the maximum error is 
therefore 0,05 mg. For the sample of lowest mass (0,80 mg), an error of 6 per cent is likely, but for samples 
of higher mass the error decreases rapidly, and errors of 1 to 5 per cent are typical for such determinations. 
(Sample no. 99. from Barberton. was so small that its mass could not be determined.) Additional errors 
usually arise from the precision of the measurement of the peak area, as well as from the intensity of the 
Compton background beneath the peaks, and are normally expressed in terms of counting statistics. These 
errors were generally about a fraction of 1 per rent and had no effect on the results. 

The results are given to a maximum of three significant figures, and reflect the best estimated precision 
of this work (1 to 3 per cent). 

A typical gamma-ray spectrum of neutron-irradiated native gold, recorded at a relatively early decay 
time of 11,9 days, is shown in Figure 1. The spectrum shows only the photopeaks of gold-198 and 
silver-110m, and therefore indicates that the two matrix isotopes should be removed chemically before the 
determination of any other impurities in native gold. 

Silver could be determined from its analysis lines (see Table 3) without any significant interference. 
The samples of native gold that were analysed were relatively small (I to 7 mg) and usually consisted of 
approximately 20 to 50 individual grains of gold about 100 /im in diameter. Therefore, no neutron shielding 
or gamma-ray absorption effects could be observed. 

The silver content of the samples analysed varied (Table 4) within acceptable limits for native gold. 

3.2. Trace elements in Native Gold 
After the removal of the silver from the irradiated native gold, it was possible for the concentrations of 

twelve trace impurities to be determined from the long-lived isotope - ' he impurities were scandium, iron, 
cobalt, nickel, zinc, zirconium, antimony, tellurium, cerium, europijin, ytterbium, and thorium*. The 
quantitative results obtained for six samples of native gold are summarized in Table 5. The wide range of 
concentrations found for different elements resulted in large variations in the piecision of the results, as is 
indicated by the counting errors for the peak areas, which are also given in Table 5. Although the gamma 
activities of the sample solutions were measured as near to the detector as was practicable (approximately 
1 mm from the detector housing) for relatively long counting periods of 2 hours, and, although a lead 
shield1'' was used to reduce natural background interference, poor precision was still obtained for low 
concentration, of certain elements such as iron and nickel. 

That relatively few results were obtained for the sample from the Elsburg Reef could be interpreted as 
an indication that the gold from the reef is relatively pure. However, such a conclusion could be erroneous 
since only small masses of native gold were available for ana> -;s. Those elements that were not detected i 
the samples might have been present in concentrations below the detection limit of the method used for the 
analysis of a particular sample. Estimates of the limit of detection for the trace elements are given in Table 5, 
and should be viewed as maximum concentrations for those samples for which there are no direct results. 

In general, the agreement between the results for duplicate samples from the same source was fairly 
good, particularly when it is considered that composite samples from each source were prepared by the 
random selection of gold grains for analysis. 

There is hardly any evidence of contamination by minerals that could have been included in the 
malleable native gold during its transportation or deposition. Such a conclusion is based on the relatively 
low concentrations that were measured for elements like iron, which is one of the main constituents of pyritc 
minerals that are closely associated witii native gold. 

The high results recorded for the concentration of zirconium in certain samples (eg., the sample from 
Loraine Gold Mines Ltd) is significant with regard to the presence of the intermediate compound Au,,Zr. 
This compound may form despite the relatively low solubility of zirconium in gold (see Table 2). Since 
zirconium-95 can also be produced by the fission of uranium, a high content of zirconium could indicate the 
presence of uranium in native gold. Inclusions of zircon minerals are virtually ruled out by the total absence 
ot hafnium in the native gold that was analysed. 

Antimony has a low solubility in gold (see Table 2) compared with that of cobalt and nickel, but the 
results of this investigation show tiiat the concentration of one of these elements in native gold is strongly 
deprndent on the concentrations of the other two. The concentration of zinc present as an impurity varies 
independently of the antimony, cobalt, and nickel. 

An interesting feature of the results is the consistent occurrence of tellurium in the native gold 
analysed. In this context, Denisov el al.'" r ported concentrations of tellurium of 1 per cent in native gold 
'The determination of traces of mercury in gold will be the subject of a separate report. 
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TABLE 5 

Concentrations of trace elements in detrital native gold, determined by radiochemical neutron-activation analysU 

Sample 
Aliquot 
portion 

Mass 
g 

Sc 
p.p.m. (E) 

Fe 
p.p.m. (E) 

Ni 
p.p.m. (E) 

Co 
p.p.m. (E) 

Zn 
p.p.m. (E) 

Sb 
p .pm. (E) 

Zr 
p.p.m. (E) 

Te 
p.p.m. (E) 

Ce 
p.p.m (E) 

Eu 
p.p.m. (E) 

Yb 
p.p.m. (E) 

Th 
p.p.m (E) 

Carbon Leader Reef from 
Blvvooruitzichi Cold Mine 

1 
1 

Mean 

0.008 08 
0.007 24 

0.01 (29) 

• 
0,01 

160 (34) 

160 
• 

8,9 
13.7 
11,3 

(1 ) • 
0.5 
0.4 
0.5 

(13) 
(16) 

70 (24) 

70 

15 (17) 
18 (12) 
17 

1.7 
1.4 
1.6 

(10) 
(17) 

0.03 

0,03 

(18) 
• 

0,3 

0,3 

(20) 

Etsburg Reef 
from Loraine Gold Mine* •» 

Mean 

0.002 18 
0.002 97 • 

130 (40 ) 

130 
• 

0,1 
9,5 
4.8 

(26)' 
(2) • • 

• 
• 49 (12) 

97 (5) 
73 

• • • 
• 
• 

Basal Reel no. 154 A 
from St Helena Gold Mine 

1 

Mean 

0,004 92 
0.005 20 

0.12 (8) 
0,16 (5) 
0,14 

: 

60 (38) 

60 

37,9 
25,2 
31.6 

( < l > 
(<D 

180 (3) 
4 7 0 (1) 
325 

3J 
8,: 
5,7 

(6) 
(3) 

260 (20) 
4 3 0 (10) 
345 

21 (18) 
29 (23) 
25 

7.2 
13,6 
10.4 

(6) 
(4) 

0.12 
0,21 
0,17 

(15) 
(») 0,01 (35) 

0.01 

0,8 
2 i 
1,5 

( I I ) 
( f ) 

Basal Reef n o 153 
from St Helena Gold Mine 

1 

Mean 

0,005 33 
0.004 64 

0.14 (13) 
0,19 (9) 
0.17 

4 4 0 (29) 
50 (45) 

245 
200 (24) 
200 

41 .9 
63.5 
52,7 

(<D 
( < 1 > 

580 (1) 
746 (1) 
660 

10.1 
8,3 
9,2 

(3) 
(4) 

8 0 0 (6) 
800 (13) 
8(H) 

26 (20) 
34 (22) 
30 

35,5 
32.8 
34.2 

(2) 
(2) 

0,25 
0,29 
0,27 

(8) 
(9) 

0,01 (33) 
0.01 (28) 
0.01 

3.5 
4.5 
4.0 

(4) 
(3) 

B Reef no. 136 
from Loraine Gold Mines 

1 

Mean 

0.005 92 
0.004 28 

0.21 (8) 
0.14 (19) 
0.18 

880 (27) 

• 
8 8 0 

730 (8) 
9 0 0 (13) 
815 

85.6 
107.0 

96.3 

(<•> 
( < 0 

10 (31) 
30 (35) 
20 

33,1 
36,0 
34,6 

(2) 
(3) 

1070 (7) 
1200 (12) 
1135 

200 (5) 
50 (24) 

125 

13.9 
15.1 
14.5 

(5) 
(12) 

0.25 
0,19 
0.22 

(11) 
(24) • 

0,9 
0,8 
0.9 

(27) 
(35) 

Verrtersdorp Contact Reef 
no. 420 from East Driefon-
tem Gold Mine 

1 
•> 

Mean 

0.004 0 9 
0.006 66 

0.11 (9) 
0.17 (5) 
0.14 

1230 (24) 
1160 (19) 
1195 

• 
3.5 
2.4 
3.0 

(4) 
(•») • 

5.0 
2.9 
4.0 

(7) 
(8) 

500 (17) 
320 (14) 
410 

58 (29) 
32 (24) 
45 

3,5 
12,4 

8.0 

(29) 
(7) 

1.6 
1,5 
1.6 

(3) 
(2) 

0.28 (5) 
0.04 (4) 
0.16 

11.9 
11.3 
11.6 

(1) 
(3) 

Estimated limit oi detection 0.004 50 4 0 0.05 5 0.0. 25 t 0, • > 0,006 0.006 0,07 

' Nol tk levied 
(t> Error in counting &uttsticv ** 
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from the Kirovskoye deposit in the Amur region of the Soviet Far East. The Russian investigators reported 
that bismuth and tellurium are typically present in Kirovskoye ore, and are intimately associated with the 
gold in the ore. 

The results in Table 5 and the results published by Gay17 are generally in good agreement for iron (iron 
and copper were the only trace elements determined quantitatively by Gay). Gay reported the occurrence 
of nickel, cobalt, zinc, and antimony in local native gold. 

The detection limits given in Table 5 for the different elements were calculated from three standard 
deviations of the background count in their respective peak channels. 

3.3. Copper in Native Gold 
The determinations ot copper in nine samples of native gold from various sources are given in Table 6, 

together with the mass of the sample used for each determination, and the errors derived from the counting 
statistics of the peak areas. The results show that relatively high counting errors were obtained (e.g., 5 to 10 
per cent) at the lower concentrations of copper. These errors can be attributed to the length of time 
(approximately 36 hours) between the irradiation of the material ;nd the measurement of its gamma 
activity. Although the decay period can be reduced to between 12 and 24 hours without modification of the 
radiochemical procedure, a delay before measurements of gamma activity are made will affect the precision 
of the determination because of the relatively short half-life, 12,8 hours, of copper-64. 

From the results presented in Table 6 it can be seen that single determinations were made for those 
samples in which less than 3 mg of native gold was available. This precaution was taken so that the 
introduction of errors during the determination of the mass of the sample could be avoided. For this reason, 
the maximum error that can be attributed to the process by which the mass of the sample was determined is 
limited to between 3 and 8 per cent, depending on the mass of native gold analysed. 

TABLE 6 

Results for copper in nutive gold, determined by radiochemical neutron-activation 
analysis 

Sample 
Mass 

g 

Counting 
error 

% 
Cu 

p.p.m. 

Cu 
average 
p.p.m. 

Basal Reef no. 153 from 
St Helena Gold Mine 

0,002 84 
0,003 74 

7,6 
10,0 

28 
36 

32 

Carbon Leader Reef from 
Blyvooruitzicht Gold Mine 

0,002 30 
0,002 51 

3,6 
2,9 

159 
171 

165 

Ventersdcrp Contact Reef 
no. 420 from East 
Driefontein Gold Mine 

0,003 01 3,6 61 61 

Elsburg Reef from 
Loraine Gold Mines 

0,002 98 
0,001 44 

2,6 
2,2 

284 
427 

356 

Basal Reef no. 154A from 
St Helena Gold Mine 

0,001 81 
0,004 00 
0,003 45 
0,003 62 

7,9 
6,3 
5,5 
8,4 

64 
53 
54 
52 

56 

B Reef no. 136 from 
Loraine Gold Mines 

0,002 67 
0,002 44 

1,1 
0,7 

720 
820 

770 

Barberton no. 12 from 
Fairview Gold Mine 0,001 80 2,4 224 224 

Barberton no. 167 from 
Fairview Gold Mine 0,001 80 2,0 353 353 

Vaal Reef from 
Stilfontein Gold Mine 0,001 20 6,6 84 84 
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Copper is the only trace impurity determined in native gold for which a separate method of analysis was 
established. The main reason for this was the belief that the copper content of detrital gold from the 
Witwatersrand Basin might provide useful information about the genesis of the primary deposits. 

Figure 2 shows a typical gamma-ray spectrum for copper-64. The copper was separated from an 
irradiated sample of approximately 2 mg of native gold, and the spectrum was recorded at a decay time of 
1,44 days. Virtually all the gold-198 and most of the mercury-197 were successfully removed from the 
native gold prior to the extraction of the copper-64. Only small amounts of gold-198, mercury-197, and 
silver-110m were extracted with the copper, and the extractions caused no interference in the 
determination. 

Measurement of the gamma activity of the methyl isobutylketone phase of the copper reference 
samples showed no detectable loss of copper-64 at that stage of the radiochemical procedure. 

A comparison of the reference samples that were not subjected to the chemical separation procedure 
(the control samples) and the reference samples that underwent the same chemical treatment as the samples 
of native gold (see Figure 3) shows that the percentage recovery for the method of separation is more than 
95 per cent. The results for the control experiment are summarized in Table 7. 

TABLE 7 

Comparison of reference samples 

Counts in Counting Average 
Mass of Cu 511 keV error recovery 

Sample Mg photopeak* % % 

Control t 5,85 822 745 0,46 
Reference 5,85 810013 0,40 

96,96 
Controlt 5,85 834 °32 0,45 
Reference 5,85 797 204 0,44 

• Corrected to zero decay 
t Not subjected to radiochemical separation procedures 

The results (Table 6) show that the copper content of native gold varies greatly between deposits. The 
values for copper in detrital gold range between 32 and approximately 800 p.p.m., whereas native gold from 
the Barberton deposit has intermediate copper values in the range 200 to 400 p p.m. These values are in 
good agreement with previous reports"* ",-2" of the copper content of native gold. 

4. CONCLUSIONS AND RECOMMENDATIONS 
The results for copper and the other trace elements determined in this work show that the native gold 

that was analysed is relatively pure. This reflects favourably on the care with which the samples were 
prepared and analysed. The presence of the trace elements determined in the six samples suggests that 
intermediate compounds of elements with relatively low solid solubilities in gold (such as tellurium, 
antimony, cerium, europium, ytterbium, thorium, and possibly scandium) probably occur in native gold, 
and that such compounds can be regarded as integral constituents of gold minerals. 

This report, which describes the first published quantitative determinations by instrumental and 
radiochemical neutron-activation analysis of major, minor, and trace impurities in native gold, has shown, 
through the quantitative determination of tellurium and copper in millr lam samples of native gold, the 
extreme sensitivity of the neutron-activation technique, even when an unfavourable matrix such as 
gold-silver is irradiated. 

The results strongly suggest that geochemical differences exist between the various conglomeratic 
units. The relatively high concentration of antimony in the sample of B Reef from Loraine Gold Mines is an 
example. However, the number of samples analysed was relatively small and could not be expected to 
reflect all the possible constituent trace elements of the reef horizon from which they originated. As data on 
the differentiation of reefs and geological units are of importance in investigations of the distribution of 
gold, the trace-clement characteristics of native gold — that of local origin in particular — should be 
investigated in greater detail. 

13 



£ •v c 
2 
d 
z 
z 
> 
< 
tt! 
o 
o 

1000 
Energy, keV 

FIGURE 2. Gamma-ray spectrum of copper-64 concentrated from 2 mg of reactor-irradiated native gold 
(decay time 1.44 days) 

2000 



IMPURITIES IN NATIVE GOLD 

»_!_. L. 1. i . 1 i_ .1 -L. i - i ^. i. I. 

«• 

' ^ 

" t i 

10' 

Í W\ 

10' i 

io o4i 

I 

Uiili 
200 400 «00 MM 1000 1200 1400 1 1100 ' 1000 2000 

Enwgy.lwV 

10*4-

«•^ I 

J. j . 1. L . J J. 

! 

U \ 

1 V 
10* : 

-Cu 

: I 

10° -fl r T r 
MO 400 

•00 1000 1200 1400 1000 1000 2000 

Iiwrgy, MV 

FIGURE 3. Gamma-ray spectra of identical copper reference samples after the radiochemical 
concentration of copper-64 (top) and without radiochemistry (bottom) 

15 



IMPURITIES IN NATIVE GOLD 

5. REFERENCES 
1. PRETORIUS, D.A. The nature of the Witwatersrand gold-uranium deposits. Johannesburg, 

University of the Witwatersrand, Economic Geology Research Unit, Inform. Circ, no. 86. 1974. 
2. ANTROBUS, E.S.A., and WHITESIDE, CM. The geology of certain mines in the East Rand. 

THE GEOLOGY OF SOME ORE DEPOSITS IN SOUTHERN AFRICA. Haughton, S.H. vol. 1. 
Pretoria, Geological Society of South Africa. 1964. pp. 125-160. 

3. PRETORIUS, D.A. Conceptual geological models in the exploration for gold mineralization in 
the Witwatersrand Basin. SYMPOSIUM ON MATHEMATICAL STATISTICS AND 
COMPUTER APPLICA TIONIN ORE VALUA TION. Johannesburg, South African Institute of 
Mining and Metallurgy, 1966. pp. 255-266. 

4. MINTER, W.E.L. Gold distribution related to the sedimentology of a Precambrian 
Witwatersrand conglomerate. South Africa, as outlined by moving average analysis. Econ. Geol., 
vol.65. 1970. pp. 963-969. 

5. HALLBAUER, D.K., and JOUGHIN, N.C. Distribution and size of gold particles in the 
Witwatersrand reefs and their effects on sampling procedures. GEOLOGICAL, MINING AND 
METALLURGICAL SAMPLING. Jones, M.J. fed.). London, Institution of Mining and 
Metallurgy, 1974. pp. 110-119. 

6. VOS, R.G. An alluvial plain and lacustrine model for the Precambrian Witwatersrand deposits of 
South Africa/ Sed. Petr., vol. 45, no. 2. 1975. pp. 480-493. 

7. MINTER, W.E.L. Detrital gold, uranium, and pyrite concentrations related to sedimentology in 
the Precambrian Vaal Reef placer, Witwatersrand, South Africa. Econ. Geol., vol. 71.1976. pp. 
157-176. 

8. LANE-CARTER, R. Notes on valuing a gold mine. J. chem. metall. Min. Soc. S.Afr., vol. 3. 
1902. p. 88. 

9. DURES,R. Notes on the assay of mine samples./, chem. metall. Min. Soc. S.Afr., vol. 13.1913. 
p. 608. 

10. FISHER, M.S. Notes on the gold, pyrite and carbon in the Rand Banket. Bull. Inst. Min. Metall., 
vol.48. 1939. p. 495. 

11. WARREN, H. V., and THOMPSON, R.M. Minor elements in gold. Econ. Geol., vol. 39.1944. 
p. 457. 

12. LIEBENBERG, W.R. The mode of occurrence and theory of origin of the uranium minerals and 
gold in the Witwatersrand ores. PROCEEDINGS 2nd INTERNATIONAL CONFERENCE ON 
PEACEFUL USES OF ATOMIC ENERGY. GENEVA, UNITED NATIONS, 1958. vol. 2. pp. 
379-387. 

13. FEATHER, C.E., and KOEN, G.M. The mineralogy of the Witwatersrand Reefs. Miner. Sri. 
Engng, vol. 7. no. 3. 1975. p. 189. 

14. EDWARDS, A.B. Textures of the ore minerals and their: ignificance. Melbourne, Australasian 
Institute of Mining and Metallurgy, 1965. 

J 5. DANA, E.S. A textbook of mineralogy with an extended treatise on crystallography and physical 
mineralogy. 4th ed. New York, John Wiley & Sons, 1966. 

16. DENISOV, S.V., KOSHMAN, P.N., and YUGAY, T.A. Trace elements in gold from some 
districts of the Amur region. Geokhimiya, no. 9. 1966. p. 1123. 

17. GAY, N.C, The composition of gold from the Barberton Mountain Land. Trans, geol. Soc. 
S.Afr., vol. 61, pt 3. 1968. p. 273, 

18. ANTWEILER, J.C, and CAMPBELL, W.L. Application of gold compositional analyses to 
mineral exploration in the United States. J. geochem. Explor., vol. 8. 1977. p. 17. 

19. POKROVSKII, V.P., BERZON, R.O., MURZIN, V.V., and SANDLER, G.A. Mercury 
containing natural gold of some Ural deposits. Ezheg., Inst. Geol. Geokhim., Akad. Nauk USSR, 
Ural. NA. 1977. pp. 79-81. 

20. NOVGORODOVA, M.I., and TSEPIN, A.I. Phase composition of cupriferous gold. Doklady 
Akademii Nauk SSSR, vol. 227, no. 1. 1976. pp. 184-187. 

21. BAKER, G. Tellurides and selenides in the phantom lodes. Great Boulder Mine, Kalgoorlic. 
Australasian Institute of Mining and Metallurgy, Stillwell Anniv. vol. 1958. p. 15. 

22. SCHWARTZ, G.M. Progress in the study of exsolution in ore minerals. Econ. Geol., vol. 37. 
1942. p. 345. 

23. PEARSON, W.B. A handbook of lattice spacings and structures of metals and alloys. London, 
Pergamon Press Ltd, 1958. vol. 4. 

ih 



IMPURITIES IN NATIVE GOLD 

24. HUME-ROTHERY, W. The structure of metals and alloys. London. Institute of Metals. 1944. 
25. HANSEN. M. Constitution of binary alloys. 2nd ed. New York. McGraw Hill Book Company. 

1958. 
26. CROOK. W.J. Preliminary spectrographic and metallographic study of native gold. Metals 

Technology, vol. 6. A1ME. TP. 998. 1939. 
27. FEATHER. C.E., and KOEN, G.M. The significance of the mineralogical and surface 

characteristics of gold grains in the recovery process. J. S.Afr. Inst. Min. Me tall., vol. 73. 1973. pp. 
223-234. 

28. VILJOEN. E.A.. and HIEMSTRA. S.A. The composition and mode of occurrence of gold in 
Witwatersra'.ó ^res and leach residues. Johannesburg. National Institute for Metallurgy. Report 
no. 1845. 1976. 

29. HALLBAUER. D.K. The plant origin of Witwatersrand carbon. Miner. Sci. Engng, vol. 7, no. 2. 
1975. pp. 111-131. 

30. STRASHEIM. A., and JACKSON. P.F.S. An analytical survey of raw bullion from South 
African gold mines by massspectrography./. S.Afr. Inst. Min. Metali, vol. 72.1971. pp. 121-138. 

31. VILJOEN, R.P., SAAGER, R.. and VILJOEN, M. Some thoughts on the origin and processes 
responsible for the roncentration of gold in the early Precambrian of Southern Africa. Miner. 
Deposita, vol. 5. 1970. pp. 164-180. 

32. NEUERBURG.G.J. A method of mineral separation using hydrofluoric acid. Am. Mineralogist, 
vol. 46, no. 11-12. 1961. pp. 1498-1501. 

33. NEUERBURG. G.J. A procedure, using hydrofluoric acid, for quantitative mineral separations 
from silicate rocks. J. Research, U.S. Geol. Survey, vol. 3. no. 3. 1975. pp. 377-378. 

34. RASMUSSEN. S.E.. FESQ. H.W., SELLSCHOP. J.P.F.. and STEELE. T.W. Neutron 
activation analysis of samples from the Kimberley Reef conglomerate. Johannesburg. National 
Institute for Metallurgy. Report no. 1563. 1973. 

35. WATTERSON. L., WATTERSON, J.I.W.. RASMUSSEN. S.E.. SELLSCHOP. J.P.F.. and 
STEELE, T.W. A magnetic-tape-oriented system for data reduction in neutron-activation 
analysis. Johannesburg, National Institute for Metallurgy. Report no. 1476. 1972. 

36. YULE, H.P. Computation of lithium-drifted germanium detector peak areas for activation 
analysis and gamma-ray spectrometry. Analyt. Chem., vol. 40. 1968. pp. 1480-1486. 

37. MUGHABGHAB. S.l•"., and GARBER, D.I. Neutron cross sections. Brookhaven National 
Laboratory, Report no. 325. vol. 1. 3rd edition. U.S. Atomic Energy Commission, 1973. 

38. ERASMUS. C.S., FESO. H.W., KABLE. E.J.D.. RASMUSSEN, S.E., and SELLSCHOP, 
J.P.F. The NIMROC samples as reference materials for neutron activation analysis. J. 
Radioanalyt. Chem., vol. 39. 1977. pp. 323-334. 

39. LO. J.M., WEL, J.C., and YEH, S.J. Preconcentration of mercury, gold, and copper in sea water 
with lead diethyldithiocarbamate for neutron activation analysis. Analyt. Chem., vol. 49. no. 8. 
1977. pp. 1146-1148. 

40. WYTTENBACH, A., and BAJO, S. Extraction with metal-dithiocarbamates as reagents. 
Analyt. Chem., vol. 47. 1975. p. 1813. 

41. CHERMETTE, H., COLONAT, J.F., and TOUSSET, J. Extraction of gold(III) with copper 
diethyldithiocarbamate. Analyt. Chim. Acta, vol. 88. 1977. p. 339. 

42. STARY, J., and KRATZER. K. Determinations of extraction constants of 
metal-diethyldithiocarbamate. Analyt. Chim. Acta, vol. 40. 1968. p. 93. 

43. BAJO, S., and WYTTENBACH A. Radiochemical extraction of copper with 
metal-diethyldithiocarbamate. Analyt. Chem., vol. 48. 1976. p. 902. 

44. FÓRSTER, H., and GORNER, W. Activation analysis of platinum in gold via "'"Au. J. 
Radioanalyt. Chem., vol. 24. 1975. pp. 369-380. 

45. ANDEWEG, A.H. A lead shield for a germanium lithium-drifted detector. Johannesburg, 
National Institute for Metallurgy. Memorandum no. 10921. (Unpublished.) 

17 


