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FOREWORD 

Events of recent years have led to an awareness that present estimates of 
the world's nuclear fuel resources may not be sufficient to support the kind of 
nuclear power programmes envisaged for the rest of this century and the early 
part of the next. An effort must be made to find new uranium deposits, and 
for this work an understanding of the mineralogy and the geological occurrence 
of uranium is essential. More information on the chemical, mineralogical and 
geological controls and on the regional tectonic and geochemical distribution of 
uranium is required to support future exploration programmes. 

The International Atomic Energy Agency, conscious of the importance of 
the study of uranium geology and exploration techniques, first sponsored a panel 
meeting in April 1970 on Uranium Exploration Geology. As a result of that 
meeting a number of specialist Working Groups were set up to study genetic 
concepts, the principal types of uranium deposit and their formation. These 
Working Groups were re-convened at the 24th International Geological Congress 
in Montreal, Canada, in 1972, and met again at the IAEA Symposium on the 
Formation of Uranium Ore Deposits, held in Athens in 1974. 

These Groups, six in number, have the following titles: 
I. Chemical and physical mechanisms in the formation of uranium minerali-

zation, geochronology, isotope geology and mineralogy (Chairman: 
S.H.U. Bowie, United Kingdom) 

II. Sedimentary basins and sandstone-type uranium deposits (Chairman: 
R.J. Wright, United States of America) 

III. Uranium in quartz-pebble conglomerates (Chairman: S.H.U. Bowie, 
United Kingdom) 

IV. Vein and similar-type deposits (Chairman: J.C. Rowntree, Australia) 
V. Other uranium deposits (Chairman: J.W. von Backstrom, South Africa) 
VI. Relation of metallogenic, tectonic and zoning factors to the origin of 

uranium deposits (Chairman: V. Ziegler, France) 
The Working Groups were again brought together in August 1976, when, 

through the kindness of the Congress organizers, the discussions formed part of 
the 25th International Geological Congress held in Sydney, Australia. Each 
Working Group session consisted of an introductory paper or introductory 
remarks presented by the Group Chairman, followed by general discussion by the 
Group members and participants. The IAEA considered that the material was of 



sufficient interest to merit publication for the information of uranium geo-
logists throughout the world and felt confident that the book, which is now 
presented here, would promote further thought on these important subjects. 

The Agency is most grateful to Mr. R.D. Nininger of the United States of 
America, who acted as General Chairman of the meeting, to the Chairmen of 
the Working Groups for their introductions to the various sessions and for their 
leadership of the discussions, to Mr. J. Ferguson of Australia for help in 
reviewing and technically editing the transcripts, and to all those who took part 
in the discussions and provided their stimulating ideas. Gratitude is also 
expressed to the organizers of the 25th International Geological Congress for all 
the facilities provided. 
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OPENING REMARKS BY THE GENERAL CHAIRMAN 

R.D.NININGER: This is the fourth meeting of the IAEA Working Groups on 
Uranium Geology, which were first established in Vienna in 1970. Since then 
they have met in Montreal in 1972 and in Athens in 1974. 

I believe the efforts of the Working Groups have been quite helpful in 
enhancing our knowledge of uranium geology and in identifying problems needing 
further investigation. It was originally envisaged that there would be continued 
contact among the members of each group to exchange ideas and to keep in touch 
with new developments pertinent to each group's interest. This should continue 
to be an objective and the Group Chairmen should attempt to promote such 
interim contacts within their groups. Perhaps some kind of reporting and exchange 
of information between the various groups might also be developed through the IAEA. 

Also, I would like to suggest that more emphasis be given to applying information 
developed by the Working Groups to the identification of favourable exploration targets 
and the evaluation of favourable areas in both the explored and the relatively 
unexplored parts of the world, particularly in developing countries. This is 
consistent with the objectives of the International Atomic Energy Agency, the 
Nuclear Energy Agency (OECD), and the newly established International Energy 
Agency. It is envisaged that there will be a collaborative world resource evaluation 
programme followed by direct exploration and/or exploration assistance in 
countries believed most likely to have a potential for uranium discoveries. The 
work of the Working Groups can be most helpful in supporting such an endeavour. 

The reports of the Chairmen of the Working Groups and the discussions 
in the sessions which follow will identify important problems and areas for 
investigation. 

The scope of Working Group I on the mechanisms in the formation of 
uranium deposits is, of course, quite broad and the group's conclusions and 
investigations have an impact upon the subject matter of all of the other groups. 
The subjects that come to my mind will therefore also apply to some of the other 
groups. The important discoveries in Australia and Canada that have been made 
since the organization of the Working Groups in 1970 have produced a major 
change in the magnitude and geological distribution of known resources. It would 
seem highly desirable, therefore, to consider the question of origin and the reason 
for the similarities of the deposits in these two widely separated areas. What, for 
example, is the significance of the apparent relationship of these deposits to 
Proterozoic unconformities? Do the deposits represent, and are they limited to, 
a particular and unique metallogenic epoch? 

Working Group I also could constructively give attention to the results of 
the intensive investigations of the Oklo phenomenon to determine what might 
be learned about matters such as uranium movement, deposition, and 
reconstruction. Finally, the Rossing deposit is the only important one of its 
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2 OPENING REMARKS 

kind found in the ten years since its development began. What are its implications 
in terms of the possibilities for replication of this type of deposit elsewhere in 
the world and what are the mechanisms of uranium mineralization? 

Although sandstone-type deposits appear likely to be overtaken in importance 
by the Precambrian massive pitchblende deposits, they continue to be of major 
importance and to pose some interesting questions, the solution of which has not 
progressed significantly in the past six years. Working Group II could well 
consider whether sandstone deposits are essentially time-bound, that is con-
centrated within relatively recent metallogenic epochs, namely the Mesozoic 
and Cenozoic. Why are the Permo-Triassic deposits of Europe and elsewhere so 
much rarer, smaller and leaner than sandstone deposits in younger rocks? Why 
are there so few significant sandstone-type deposits in Paleozoic and older rocks? 
Answers to these questions, which would help define more precisely the favour-
ability of host rocks of various ages for sandstone-type deposits, would be 
most useful. 

Are conglomerate deposits time-bound? Must they always be 2000 million 
years old or older, preceding red-bed formation? Where else than in Canada and 
South Africa might important conglomerate deposits be found? How are these 
deposits related to uranium source rocks and were the source rocks in these two 
areas unique in their uranium content? Working Group III might ponder 
these questions. 

One of the problems of Working Group IV is terminology. We must develop 
a better term than 'vein' or 'vein-type deposits' for these deposits, which range 
in character from the classic Shinkolobwe and Great Bear Lake mesothermal 
multi-element deposits to the new Australian and Canadian finds. A better and 
more descriptive name should be given to the latter, and a better understanding 
of their origin is essential. 

The area of concern of Working Group V — Other Types of Deposits — 
does not appear to be expanding, although the discovery of additional calcrete 
deposits is of interest. In view of the probable need to rely on larger, lower-grade 
deposits to meet the uranium requirements of the future, the manner of 
formation and the location of intermediate-grade deposits, averaging hundreds 
of parts per million uranium rather than thousands, becomes increasingly important. 

Finally, the work of Working Group VI on metallogenic zoning and tectonics 
appears to be suffering from lack of consensus and specificity. Most of the 
concepts presented are either too general to be of use in determining specific 
exploration targets or include such a multitude of structures of all types as to 
be equally unhelpful. 

The first Working Group is entitled Chemical and Physical Mechanisms in 
the Formation of Uranium Mineralization, Geochronology, Isotope Geology 
and Mineralogy. Probably only one man could handle all that at once — and so 
I would like to introduce Dr. S.H.U. Bowie who is the Chairman of that group 
and has been since the beginning. 
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Uranium Geology Working Group I 

CHEMICAL AND PHYSICAL MECHANISMS 
IN THE FORMATION OF 
URANIUM MINERALIZATION, GEOCHRONOLOGY, 
ISOTOPE GEOLOGY AND MINERALOGY 

INTRODUCTORY REMARKS BY THE CHAIRMAN OF WORKING GROUP I 

S.H.U. BOWIE: I propose to outline very briefly the three main items that 
we considered at our last Working Group meeting as requiring further work to be 
carried out on them. I am simply trying to give some kind of guidance, particularly 
to those who come from Australia, and have a considerable task ahead of them in 
trying to understand the origin of the uranium deposits in their country and thus give 
other people a clue as to where they might look for similar deposits. This is most 
important because it is quite certain, as Mr. Nininger has just said, that, in order 
to meet the indicated levels of uranium requirement towards the end of this century, 
we will have to find some new, or perhaps even new types of, ore deposits. To do 
this, it is necessary to have some understanding of the mechanisms whereby 
such deposits came into being and were preserved. This will help us find future deposits. 

The first things that we looked at were what might be called the chemical 
relationships, and most important of these were the solubility relations of the 
minerals of uranium deposits as a function of solution composition, pressure, 
temperature, oxidation potential etc. These we felt were important in under-
standing the formation of ore bodies. Now it is quite likely that ore bodies have 
formed and have been dissipated, and perhaps deposits may still be forming; others 
may be dissipating, so what we have to examine are the formation and preservation 
mechanism. Also, we must look at the leachability of well-known detrital minerals. 
Do these minerals give up their uranium or do they survive and are concentrated 
by placer mechanisms? I would like to say something about that later because in 
the last two years we have done a considerable amount of work on the matter of 
uranium preservation in placer-type deposits. We must also consider the chemical 
and physical aspects of ore formation — and here we have conditions such as the 
topography, climate, ground-water level, permeability of the rock system, whether 
it be a sediment or fracture system, and we have geothermal gradient and other 
processes which will affect the formation of the ore body that we are seeking. 
Finally, we have something that has been recognized now for many, years and could 
be a feature that plays a very important part in the formation of the ore bodies, 
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998 WORKING GROUP III 

particularly in the Northern Territory, Australia. I refer to the association of 
uranium with organic material. We have two possibilities — organic material 
living at the present time, and material that formed thousands of millions of years 
ago. The information that has been built up over recent years would indicate 
that the presence of organic material of one type or another has a very important 
part to play, not only in the dissolution but in the complexing and in the 
absorption and reduction of uranium as well as other elements. For this reason 
we must try and understand very broadly the mechanisms that resulted in the 
formation of uranium ore deposits. 

A difficulty of language and of understanding arises concerning what we mean 
when we speak about the same thing, for example, vein deposits and lode deposits. 
"Lode" is an old Cornish, word dating back to early tin mining in the south-west 
of England. However, it is being used again for some of the occurrences in the 
Northern Territory, Australia, because nobody is quite sure whether they are 
veins or something else. Thus they call them "lodes" and it sounds good. Now, we 
can improve our understanding of terminology through the IAEA because we have 
a forum and the possibility of meeting every few years and trying to understand 
exactly what we mean, and thus avoid misunderstandings. 

DISCUSSION 

R.G. DODSON: You mentioned that you had been doing quite a lot of work 
on the Precambrian atmosphere. Could you elaborate a little on this subject? 
Possibly; it does not affect Australian deposits to the same extent as it would 
affect South African and Canadian uranium conglomerate-type deposits, but it 
may have a bearing. 

S.H.U. BOWIE: I couldn't agree more with you — it may very well have a 
bearing. Unfortunately, I am also the discussion leader of Working Group III — 
the uranium in quartz-pebble conglomerates — and I would hope to leave that 
matter until a little later. However, I would like to tell you that since the Working 
Group on the chemical and physical mechanisms in the formation of uranium 
mineralization was set up, we have tried to do something to produce some definitive 
information, particularly on the chemistry of uranium in association with granitic 
rocks and l am pleased to inform you that, although I don't want to anticipate 
this work, it will be presented in London in January 19771 where, among others, 

1 Geology, Mining and Extractive Processing of Uranium, Int. Symp. co-sponsored by 
the Inst, of Mining and Metallurgy and the Commission of the European Committees, 
London, 1 7 - 1 9 Jan. 1977. 



7 WORKING GROUP III 

two papers will be presented — one from the United Kingdom 2 and one from 
France 3 — on the relationship of uranium to granites. 

One of the things we have been concerned with is to understand whether 
granites with a high uranium clarke are the granites with which we found uranium 
deposits associated; or whether the uranium has been derived from the granite, 
and depleted granite might be found with which uranium deposits are associated. 
This can only be done on the basis of accurate quantitative data. We have already 
talked too long about things in general terms but now that we have electron probes, 
neutron activation analysis, XRF etc., we can use these techniques to measure 
the amounts of uranium precisely. Thus, for the first time we can establish whether 
there are zones of depletion enrichment of uranium. New data show that, in 
addition to uranium at about a clarke of 4 ppm, there are concentrations in the 
granites of south-west England up to 20, 25, or even 30 ppm. This is the sort of 
content with which we had previously associated only the Conway granites or the 
newer granites of Nigeria. The more granites we analyse the more we seem to find 
that some are very considerably enriched in uranium. However, there rarely seems 
to be enrichment beyond the 20 to 30 ppm level, unless this is associated with 
deep fracturing and accompanying haematitization and sometimes silification. 
All the evidence that we can amass would indicate that we have an influx, an 
ingress, of this material from below associated with the cooling of the granitic 
batholith, with the fracturing and with the later introduction of various elements 
which are part and parcel of the whole differentiation processes. This has resulted 
in enrichments f rom 30 ppm U up to levels of 0.1 to 0.2% U or more. This 
is something I feel ought to be looked at on a world-wide scale. This is just one 
example of the kind of thing I feel ought to be done in the future and on which, 
if you don't have the quantitative evidence, it is no use at all. 

G.W. BAIN: The doctrine of uniformitarianism applies strictly only when 
dealing with the laws of physics, chemistry and mathematics. A number of years 
ago, I think at New Delhi, Dr. Menner reported the discovery of encapsulated 
spores in Siberia. This means that very low types of land plants flourished there 
and these are roughly 1700 million years old. As soon as a land flora exists, the 
whole behaviour of soil formation or rock decay changes. The disposal of land 
vegetation produces various acids and other reagents that are adequate to render 
uranium soluble and to a very large degree prevent its preservation in the detritus. 

2 SIMPSON, P.R., PLANT, Jane, CAPE, M.J., "Uranium abundance and distribution in 
some granites from northern Scotland and south-west England as indicators of uranium provinces", 
paper presented at Int. Symp. on Geology, Mining and Extractive Processing of Uranium, Inst. 
of Mining and Metallurgy, London, 1 7 - 1 9 Jan. 1977. 

3 MOREAU, M., "L'uranium et les granitofdes: essai d'interprfitation", Paper presented 
at Int. Symp. on Geology, Mining and Extractive Processing of Uranium, Inst, of Mining and 
Metallurgy, London, 1 7 - 1 9 Jan. 1977. 
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Antecedent to the appearance of these land forms, the only way known to me to 
cause a lowering of the pH to where the uranium would become soluble, would 
be by oxidation of sulphides or by fumeralic action in the vicinity of hot springs. 
I think that this is one feature that is responsible for the oligomictic con-
glomerates of very ancient times, usually more than 2000 million years (m.y.) ago, 
still preserving in them detrital uranium minerals that are not particularly decay 
or solution resistant. I think that when you are dealing with some of the brannerites 
and some of the monazites, and almost all the zircons, you have no danger of 
solution. When you are dealing with uraninite or even some of the higher uranium-
content brannerites, they do enter solution at a pH of 5 or less and this is possible 
as soon as you have disposal of organic materials on land. So I would like to 
pass on for consideration that uniformitarianism applies the physical and chemical 
laws, but when a new environment is imposed from the biological side, then the 
old chain of thought is broken. 

S.H.U. BOWIE: Thank you Mr. Bain. That is an important contribution, 
and your thoughts are very much in line with what I hoped to say as Chairman of 
Working Group No.III. We now have new information which supports what 
you say and I should like to emphasize that the importance of new data cannot 
be overstressed. We have had too little since the period ending about 1962—63. 
We are now entering a new period with new deposits being found in Canada, 
Australia and elsewhere. I believe that Australia's potential is possibly greater than 
that of any other country in the world. Thus, it is important that new minds are 
applied afresh to problems of origin by applying a more quantitative approach 
than was possible in the past. 

D.C, GELLATLY: You have put a pH limit of 5. In Western Australia we 
have some natural waters that go down substantially below that, quite often to 
pH 4 or even less. I wonder if you could possibly give us some idea of the behaviour 
of uranium under these conditions and whether we are wasting our time completely 
in trying to look for uranium deposits in areas that have waters with such low 
pH levels. 

G.W. BAIN: Uranium is an allotropic substance. It becomes very soluble 
as a uranyl substance at a pH below 5, or as a uranate above 8. I wouldn't say that 
that made any difference because as the water disappears into the ground in 
Western Australia, and that is where most of it goes, it will shortly have its 
oxidation potential reduced very much and its pH raised considerably, at which 
point I would expect any uranium dissolved in it to be either precipitated or 
adsorbed in clay minerals. 

D.C. GELLATLY: So, in reducing conditions with low pH we still have a 
good possibility of precipitating uranium? 

G.W. BAIN: As your Eh changes then you can expect the uranium to be 
reprecipitated as the pH changes in that wide range from 6 to 7.5. Actually high 
pH and reduction are coincident as are low pH and oxidation. 



9 WORKING GROUP III 

R. RICE: Mr. Chairman, in your recent presidential address4 you said that 
no new uranium field has been found that hadn't been known at least ten years 
ago. I said field, not deposits. Now, you have just said that though we have all 
these weird and wonderful new instruments we are failing to discover new uranium 
fields. How much is this esoteric work, how much is it helping towards exploration? 

S.H.U. BOWIE: That 's a challenge! In my presidential address I said that 
no new uranium province had been found since 1953. I qualified that by saying 
that according to my classification — and I defined that very clearly — a uranium 
province was a region, reasonably easy to define, that had been shown to contain 
more than 100 000 tonnes of uranium oxide. For example, the Northern Territory 
was discovered in the 1950s; and the same can be said even of some of the more 
exotic places we have heard of recently. For example, Rossing is not a new 
occurrence. I examined ore material from there in 1952 or 1953. In Australia's 
Northern Territory the real prospecting effort took place in the late 1960s into the 
1970s and if you look at the tonnage figures, such as are known at present, you 
will find that they all relate to deposits discovered round about 1970 or 1972. 
Large tonnages of uranium remain to be discovered in many parts of the world. 
The present-day erosional surface is purely fortuitous so that, for example, in the 
Colorado Plateau or Wyoming Basin areas there are probably many more deposits 
that do not outcrop, tens, hundreds or thousands of feet below the surface that 
will be mined in the future. The problem is one of discovery, and what I said in 
my presidential address was that there was good evidence that, over the next 
decade or so, we could introduce techniques capable of detecting uranium at 
least several hundred feet below surface. This would result not only in an increment 
in the uranium tonnage in the known provinces, but would also result in the 
discovery of regions that we don't know of at present. 

R. RICE: I hate to be argumentative all the time but I am interested. In 
large commercial deposits these little fancies of geology are very nice but they 
don't earn a dollar. Every large uranium deposit appears to be spatially related 
to Archean formations. If granites are thought of in terms of ore put through 
the mill, then the normal pegmatites of a " h o t " granite contain mostly refractory 
ores such as davidite, betafite, euxenite, uranothorianite, which are refractory 
ores and difficult to concentrate economically, but above all difficult to get into 
solution. What you are looking for is soluble uranium which comes mostly in 
Archean granites. The uranium that is easily released are those little fractions of 
uranium that are frequently seen under a microscope, the pleochroic haloes in 
the muscovites, biotites and amphiboles. When those minerals are broken down, 
enormous quantities of uranium are released in solution and it is what happens to 
that uranium when it is in solution that is going to lead to ore bodies. 

4 BOWIE, S.H.U., Whither uranium? Presidential address 25 May 1976, to the Institute 
of Mining and Metallurgy, Trans. 85 (1976). 
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S.H.U. BOWIE: If you hoped to provoke an argument with me, you have 
picked the wrong man. According to my judgement — for what it is worth — 
I have confirmed more or less exactly what you say and have published the evidence 
to this effect. More than 90% of the total workable tonnages of uranium we know 
of is associated with the Archean. It occurs in Archean rocks, or it occurs in 
Phanerozoic sediments immediately overlying the Archean basement. The uranium 
in these rocks was almost certainly derived from the Archean, and introduced 
by some mechanism or other. What we want to try and find out is the exact 
nature of this mechanism, because if we understand it fully we will know which 
basins we ought to look at in the future. Some of the ideas applied in the past 
had little validity. Many basins were looked at and no uranium found in them. 

G.W. BAIN: Having been associated with the uranium from the days when 
the best test was a gold leaf electroscope, I must defend some of the modern 
gadgetry, particularly in assessing the future sources of uranium from some of 
those granites that run to 25—35 ppm. The Conway granite happens to be near 
our home and a whole series of granites from near Dartmouth College have a 
considerable amount. Without the modern gadgetery I doubt that we could learn 
how uranium occurred in the rock. At least half of it is there as uranotil in the 
intergranular space and the uranium was carried down by the surface water. This 
is a surface enrichment that will die out at depth. I think that the original part 
of the granite had nearer 5 ppm. This part is enriched by water reaching an 
alkaline zone and modern equipment will enable us to detect just how that occurred. 

S.H.U. BOWIE: Unfortunately, Lincoln Page is not here. Later he will tell 
us about the newest developments in the Conway granite and about the information 
derived from putting down a three-thousand-foot hole. I entirely agree with what 
you say about modern equipment, because not only is it now possible to determine 
the uranium to the 1-ppm range but it is also possible, using techniques with poly-
carbonate film, to locate the actual position of point sources of uranium one 
micron across. There is no longer any excuse for not knowing where uranium 
occurs and how it occurs and for not knowing the concentration'. This is where 
the research of the future lies. 

R.A. WATTERS: Would you care to comment on I-type and S-type granites5 

and their relation with uranium? 
S.H.U. BOWIE: Well, no, I prefer not t oco mmen t since I do not know 

enough about this at the moment, but this is one of the things that I feel we 
really ought to be looking into quantitatively. We have made empirical observations 
over the years, not only myself but dozens of other uranium geologists who are 
working in this field, relating to the association of uranium with acid igneous 
rocks. Mr. Zuffardi has indicated to me that there is an association of uranium 

5 CHAPPELL, B.W., WHITE, A.J.R., Two contrasting granite types, Pacific Geol. 8 
(1974) 173 -74 . 
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with acid volcanic rocks. It does not really matter too much whether these 
rocks were extrusive or plutonic in nature. One of the things that we have 
observed — and as Frank Joubin has observed along with others — is that in a 
granitic association with uranium it is very common to see evidence of magmatic 
differentiation. Fissures form and at this stage basic dykes were introduced. 
At present many good prospectors look for basic dykes in an environment as 
being indicative of the possibility of the formation of uranium deposits, genetically 
associated with granites. There may be no uranium deposits associated with 
those granites but this does indicate the stage of differentiation reached. 
Jim Cameron can vouch for this because I am sure he has seen them all over the 
world. In some instances the basic dykes are earlier than, and in some instances 
later than, the actual uranium formation. I have observed this in places as far 
apart as Finland, Portugal, Canada and South Africa. But I can't specifically 
answer your question. This is one of the pieces of research that we would like 
to see carried out, and one of the real reasons behind a meeting of this kind, which 
is to try and get people in various parts of the world to undertake new types of 
research to broaden our fields of knowledge. I believe that this is where the IAEA 
can play a very important role, which is why we are having this IAEA 
discussion meeting. 

E.U. KRISCHE: Is there a certain type of granite which we can call "ferti le" 
granite — is it a very distinct type, or does this word "ferti le" actually concern 
the concentration 20 ppm near the surface? Or is it a whole body which has 
larger concentrations? 

S.H.U. BOWIE: This is a sixty-four-thousand-dollar question for which we 
yet have no answer, but it is not too difficult a problem to solve. It really requires 
the examination of granite bodies in our respective countries. As I indicated 
earlier, we have started this in the UK, and perhaps even more comprehensive 
investigations are being carried out in France. Many of the uranium deposits of 
France are associated with the granites, and it could well be that French researchers 
will come up with the answer as to whether or not there is such a thing as a 
"ferti le" granite. 

R.A. WATTERS: Doesn't this hark back to the question of S- and I-type 
granites? The granites of Georgetown can be classified thus and the uranium is 
associated more with S-type granite. 

S.H.U. BOWIE: But more recent evidence indicates that this view may be 
wrong. What I am suggesting is that those of you who are interested in uranium 
associated with granites, uranium contents of granites and possible associated 
uranium deposits, ought to read the two papers I mentioned earlier6. 

A.A. LE VINSON: What do you understand as an S-type? 

6 See Footnotes 1—3. 
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S.H.U. BOWIE: I should be glad if you or someone else would say exactly 
what is understood by an S-type granite. 

R.A. WATTERS: Essentially an acid granite similar to that defined by 
Hosking as being a tin granite. An S-type granite is one derived from source 
material which has undergone a weathering cycle. Other criteria, mineralogical 
and chemical, have been advanced by Chappell and White1. 

V. ZIEGLER: I would not like to anticipate the paper you were announcing 
a few minutes ago about "fert i le" granites. I would just like to say that the content 
of uranium in the granite is not absolutely indicative of a "ferti le" granite. 
Additional conditions are necessary for making these granites fertile, for instance 
most of the high-level granites have an increased content in uranium but those 
granites which have not migrated to upper levels do not give concentrations of 
an economic nature. 

S.H.U. BOWIE: What you are really saying is that the erosional level 
is important? 

V. ZIEGLER: No, the granite has moved from its original position. 
J.G. WILSON: I think, relevant to the comparison with the tin-bearing 

granites, that it is important to realize that a high overall content of the ore element 
is not in itself enough to signify that a body of granitic rock has any worthwhile 
ore-bearing potential. It is important that this ore-element content, e.g. tin or 
uranium, is related to the content of the relevant transporting agent in the rock, 
e.g. fluorine, for,, no matter how rich the geochemistry is in terms of uranium, it 
is more important that some of this uranium could have been substantially 
concentrated to form ore. If not, the ore-element content is academic, thus the 
transporting agents must also be identified and appraised. 

R.G. CHUCK: I know a lot of people may not agree, but I wonder if, as 
explorationists, we should simply accept that there is a source — we don' t have 
to know what that source is, but accept that it was there, and start looking for 
either the process, or more importantly the environment, where we know that 
these deposits occur. 

S.H.U. BOWIE: I couldn't agree with you more — I have had exactly the 
same sentiments for many years now. The ultimate source of the uranium may 
not be so important as we think. But you know what we are like — we are 
inquisitive people and always want to take things to their ultimate origin. 

A.J. GASKIN: Is it necessary to assume that uranium comes from the erosion 
of granite in the local watershed of an area containing deposits of secondary 
uranium minerals or can uranium actually move over large distances? 

We have recently been puzzled by our calculation on the calcrete-type 
deposits of Western Australia where large secondary accumulations, containing 
tens of thousands of tons of uranium, occur in stream channels draining identifiable 

7 See Footnote 5. 
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areas of granitic rocks which show no extraordinarily large levels of uranium, 
at least in their rather deeply weathered present state. It seems impossible, from 
the calculations, that the quantities of uranium in the channel systems, which are 
relatively young, could have been derived from the present watersheds unless 
richer pegmatites or equivalent parent rocks have been tapped in these areas, or 
unless the uranium was collected from a much more extensive region. 

S.H.U. BOWIE: I will answer your question, but probably no one else in 
this room would answer it the same way. I don't believe that any uranium deposits 
come from granites. I believe that uranium is liberated from granite magmas in 
differentiation processes. I do not say that occurrences are not formed during 
normal erosional processes. I have seen occurrences, perhaps of tens of tons or 
even a few hundred tons concentrated in the form of secondary uranium minerals. 
I believe that the uranium I am thinking about is associated with granite, is 
spatially associated with granite, and is part and parcel of the differentiation that 
has taken place in the emplacement of the granitic material of the earth's crust. 
There seems little doubt that these processes have taken place over hundreds of 
millions of years. If, for example, we date uranium from south-west England — 
and the same applies in the case France and Portugal — the earliest uranium 
formed at the time of the formation of the granites, the earliest age is 
Hercynian — 250—300 million years old. The first phase of mineralization is 
usually in the form of uraninite in the form of discrete grains in some cases 
associated with tin. Later there is a zoning of elements both in space and time. 
Everbody understands the spatial zonation but few people have previously realized 
that time zonation is important. Thus, there is clear evidence of mineralization 
having taken place in episodes from 250—280 m.y. ago down to Alpine times and 
possibly later. The mineralization sequence changed the character of the uranium 
mineral from uraninite to pichblende and finally to coffinite. This is a characteristic 
of many of the uranium-granite associations I have seen. This does not indicate to 
me that uranium deposits were derived from the weathering of granites. 

G.R. BAGLIN: I was wondering if among the "ferti le" granites you also 
include migmatites and gneisses and if not, are there any known uranium deposits 
within the gneisses? 

S.H.U. BOWIE: It is difficult to answer this question in the sense that, when 
we were talking about gneisses and migmatites, we were going back into the 
Precambrian, whether the Proterozoic or Archean. So far back matters get 
confused and one is not absolutely certain what we are speaking about. I regret 
I cannot be drawn on your question other than to say that to the best of my 
knowledge I have not seen any uranium deposits associated with gneisses or migmatites. 

J. CAMERON: The Alio Ghelle deposit in Somalia is in an interfingering of 
granite and gneiss but the deposit of uranothorite is a later replacement in that 
mixed host rock. 
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D.A. WHITE: We have an obvious uranium-gold association in South Africa 
and again in the Alligator River. Do we have any quantitative data on the gold 
content of other uranium deposits? 

S.H.U. BOWIE: I would not like to answer that question off the cuff, though 
it is a very good question. A gold-uranium association is one that is not uncommon. 
However, it is rather uncommon that the elements occur in such concentrations 
for both to be economically viable. Outside the Witwatersrand there is evidence 
of material with substantial amounts of gold, for example in the Northern 
Territory, Australia, or in the Canadian deposit recently discovered at Cluff Lake. 
I should like to leave this to a general discussion of gold-uranium association 
unless anybody else likes to take it up now. 

R.W. BOYLE: Let us look at the statistical relationship of gold and uranium. 
In the Archean, disregarding the possibility that the Witwatersrand is Archean — 
I myself think that it is Lower Proterozoic — I can't think of any gold deposits 
of Archean age that contain uranium. In fact, I don't think there are any uranium 
deposits of Archean age, a circumstance that is of interest as I have pointed out 
(Geol. Surv. Canada Paper 75—15). In the Proterozoic deposits, in Canada, 
Australia, South Africa, Brazil and in various other parts of the world, one often 
observes an association of gold with uraninite (pitchblende), and in places the 
platinoids, especially palladium, are associated with uranium minerals, gold, 
selenides, etc. Cluff Lake is an example in Canada, and there are some deposits 
in the Northern Territory, which I hope to see soon. In Paleozoic terranes there 
are very few gold deposits containing uranium. In the Mesozoic the same is true. 
In the Tertiary, however, there is again an association of gold and uranium, the 
latter usually in pitchblende. The deposits in Colorado (Central City district) are 
a case in point, and there are others in various parts of the world. The exact 
paragenetic relationship of gold and uranium in the Tertiary is difficult to 
establish as it is in the various Proterozoic deposits that I have investigated. In the 
Rand deposits gold and uranium appear to have an intimate relationship, being 
present in spots of hydrocarbon ("thucholite"), or closely associated with this 
mineraloid and sulphides such as pyrrhotite and chalcopyrite. In some of the 
Beaverlodge, Saskatchewan deposits, the gold veins are transected by the pitch-
blende veins (e.g. Box Mine) but in other deposits in this belt gold and uranium 
are closely associated. In the Tertiary deposits pitchblende is commonly an early 
mineral, and gold and gold tellurides late minerals. As far as I know, modern hot 
springs do not contain very much uranium, and I think that hot springs and cold 
springs that are uraniferous usually contain very little gold. Why this is so, I 
do not know. 

S.H.U. BOWIE: I do not think it is clear what is meant by Archean, Lower 
Proterozoic, or Proterozoic on a world-wide basis. Could you indicate what 
you mean? 
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R.W. BOYLE: Well, I usually place it a 2.5 m.y., and I know there is a 
problem here. I include all the Witwatersrand in the Proterozoic since the system 
lies with great unconformity on what are normally considered Archean greenstones 
and granitoids. I think the age determinations are in error; they record too old an 
age for the Rand for some unknown reason. 

S.H.U. BOWIE: Thank you very much. I shall have to try to enlighten you 
when we come on to this in my Working Group III report. 

R.G. CHUCK: I was wondering about this subject of uranium and gold 
association - could someone please tell me something about how the gold gets 
where it is in uranium/gold deposits? I was under the impression that gold is very 
insoluble. Bearing in mind that most uranium deposits are attributed to some 
sort of groundwater activity, how does the gold get there? 

R.W. BOYLE: I don' t think many of the uranium deposits with which I am 
acquainted are associated with groundwater processes; some deposits are, of 
course, and there I would include those in the Colorado Plateau. The pitchblende 
veins? I doubt very much if they are related to groundwater processes. I can't 
go into the details of the solubility of gold here - there are two chapters in my 
book on the subject. (Geochemistry of Gold and its Deposits, Geol. Surv. Canada, 
in press). Briefly, gold is usually transported as a sulphide complex, as an arsenide 
complex, as a sulphide-arsenide complex, or as antimonide complexes (Geol. Surv. 
Canada, Paper 75—25), whereas uranium is usually transported as the uranyl 
carbonate complexes which are stable down to pH 5.5; below this the uranium 
passes into a colloidal state and may be transported as a colloid. Gold can also 
be transported as a colloid in silicate solutions. These are the various possibilities. 
One of the interesting possibilities of transporting uranium and gold together is, 
as Mr. Bowie says, as some kind of an organic complex. This seems to have 
operated in the Witwatersrand. It is also a probable mechanism for some of our 
Canadian deposits. In my opinion the formation of pitchblende veins such as 
those at Great Bear Lake, Canada, Goldfields, Saskatchewan, and the Northern 
Territory, Australia, are formed at much higher temperatures than those normally 
prevailing in groundwaters. In my opinion they are formed as a result of meta-
morphic secretion processes, the uranium and gold being derived mainly from the 
sedimentary rocks which host most of the pitchblende deposits. 

S.H.U. BOWIE: Thank you. I thought you weren't going to give me credit 
for your last comment. Again, with due respect, I would like to include that in 
my comments on the new evidence of the origin of the gold/uranium deposits of 
the Witwatersrand. Here there is considerable evidence of transport in fairly weak 
organic acids. 

W.A. FAIRBURN: Perhaps I may draw people's attention to some remarks 
made by Mr. Bostrom. Once, in discussing plate tectonics, he referred to metalli-
ferous material originating from the mid-Pacific rise which commonly contains 
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between 20—30% iron and also up to a 180 ppm U. Uranium-thorium ratios for 
this material are in the region of 100 to 1. 

S.H.U. BOWIE: Thank you very much. This is new and useful information 
similar to that which I was talking about earlier. This is an association of uranium 
with iron in what one might call deep geofractures. How these originated I do 
not know, but they are undoubtedly of importance. 

P. ZUFFARDI: George Bain pointed out the importance of fumaroles as 
possible controlling factor for uranium deposition. I wish to present two 
examples of this phenomenon from Italy. First, a large recent extinguished 
volcanic complex occurs north of Rome, and a number of fumaroles are still 
active. Uranium and thorium are concentrated around them, along and below the 
water table, in connection with intensive silicification and kaolinization. Other 
sites for U-concentration are the lake sediments, around or inside the volcanics. 
These deposits are sub-economic, because their grades range from 350 to 800 ppm 
(with occasional concentrations over 1000 ppm) but are very extensive. 

Second, also a number of economic/sub-economic occurrences of U-Th along 
the Alps are related to Permian volcanics and have quite similar genesis. 

I quote these two examples, so as to point out that, when thinking about 
U-Th reserves — especially for the future — the volcanogenic and/or volcano-
sedimentary environments should not be disregarded. 

B. MAJOR: How common is the association of uranium with haematite? 
S.H.U. BOWIE: The evidence we have is that, in the case of uranium deposits 

that are spatially associated with granites, nearly all have haematite associated with 
them. Now, whether this is something that is more universal and more applicable 
to other types of uranium deposit I wouldn't like to say at the moment, but I 
do know of many other types of uranium deposit which have haematite association. 

R.G. DODSON: If I might make a suggestion — for instance in the Alligator 
Rivers area, I have come to the conclusion that an association of haematite with 
uranium is related to chloritization. 

S.H.U. BOWIE: Yes, I agree that this is a possibility. 
D.C. GELLATLY: Mr. Bowie, you mentioned earlier when you first brought 

up the haematite association that there are other elements associated with uranium. 
Can you elaborate on this please? 

S.H.U. BOWIE: The type of thing we get is the association, for example in 
places like France, Portugal and south-west England, of massive development of 
sericitization chloritization which you have already mentioned. Iron is introduced 
in the form of haematite, or in the form of iron silicate, e.g. jasper. The latter 
occurs in phases of wall-rock alteration and is very indicative of favourable 
environments for vein-type uranium fofmation. However, I do not wish to over-
emphasize such evidence as I am not yet sure about the origin of haematite at 
localities in the Alligator Rivers region. It could very well be that this is associated 
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with chlorites. I am going to speak about this later in the case of the Witwatersrand 
where chlorite-chloritoid mineralization is very important. 

R.A. LAVERTY: Among the mechanisms controlling uranium deposition 
you mentioned temperature and pressure. Uraninite has been investigated and 
very little effect of temperature has been found. The effects of pressure would 
seem to be generally tied up with releases of carbon dioxide here and I wonder if 
you know of any other specific work that has been done in either of these two 
areas. 

V. ZIEGLER: This is a field in which a very important programme is being 
done in France with regard to the thermodynamic conditions of the French vein 
deposits. There are several theories which have been published on this subject 
during the last four to five years. 

S.H.U. BOWIE: Thank you. This is a good example of the kind of thing 
that I was trying to draw attention to earlier. I am aware that work like this is 
going on but, unless we have some division of labour, this kind of information can 
only be made widely known at a discussion group like this. To augment your 
comment there is little doubt that further work in this field is very necessary but 
it should not all be left to France to undertake such investigations. 

R.W. BOYLE: All the stability relationships of uranium complexes are 
contained in a number of chemical textbooks. The work was done by Seaborg 
and others in the 1940s and 1950s. We also did some work on the stability of the 
carbonate and sulphate complexes of uranium. This was mostly metallurgical 
work and is in secret files somewhere because it has never been published. Anyway 
the work was done when there was great secrecy in the early 1950s. Just to 
conclude I would say that the most important complex is the carbonate complex; 
others in nature include the humic complexes of uranium. 

S.H.U. BOWIE: Thank you very much for that comment. It is absolutely 
correct that there is much so-called secret information on the files but I hope most 
of these will be released in the near future. Also, I hope that they may well tell 
us something we have forgotten. Otherwise we may have some starting points 
rather than having to repeat the same things that were done during the last 20 years. 
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SEDIMENTARY BASINS AND SANDSTONE-TYPE 
URANIUM DEPOSITS 

INTRODUCTORY REMARKS BY THE CHAIRMAN OF WORKING GROUP II 

R.J. WRIGHT: I felt it might be useful to review briefly the developments 
since the last meeting in Athens two years ago. 

For this session five subjects of interest have been identified — (1) source 
rocks, (2) fluvial sedimentation, (3) paleomagnetism, (4) precipitation agents, 
and (5) age determinations. Unfortunately, the last three of these have proved 
refractory and I have little to say about them. The first two have proved more 
promising and I have some information to impart. 

1. Source rocks 

The two rocks that have received the most attention as possible sources for 
uranium in sandstone ores are granite and tuff . Studies continue on both of these. 

J. Stuckless of the US Geological Survey has examined the isotope geology 
of granite core from a drill hole in the Granite Mountains on the south margin of 
the Gas Hills District, Wyoming. About 50% of the original uranium content has 
been removed from the granite to a depth of at least 400 m, as indicated by the 
deficiency of 238 U with respect to its long-lived daughter products. During this 
work some ideas have developed regarding the kind of granite that should be 
promising as a uranium source rock: it should be strongly alkaline, contain 
abundant biotite, and have a high thorium content, say 50 ppm Th or more. Then 
the rock fabric should be disrupted by late intrusive events or by tectonics to 
provide the plumbing for attack by groundwater. A rock with these features 
might be considered a "fert i le" granite. 

The sites of uranium within tuffaceous rock have been examined by the 
US Geological Survey, mainly by the fission-track method. Uranium is present in 
zircons, absent from feldspars, evenly distributed in glass, and it occurs with 
haematite along tiny fractures. Some very interesting experiments are now under 
way to quantify possible uranium movement by leaching tests on rock samples in 
the laboratory. One rock under test is the one-million-year-old Bandelier tuff 
of north-western New Mexico, which appears to be related to sandstone ores 
there. Other samples consist of recent ash falls — some are so recent, in fact, that 
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they have never been subjected to rainfall. By attacking these rocks with solutions 
of varying chemistry, it may be possible to determine how readily they can yield 
uranium to groundwater. 

Tuff plays a role in a recent study by J. Olson (US Geological Survey) 
concerning the Los Ochos deposit of western Colorado, which was discovered in 
the early 1950s. Although located in the Jurassic Morrison Formation, which 
contains the carnotite ores of Colorado, the deposit has many hydrothermal 
features: pitchblende is emplaced with pyrite along a steeply dipping east-trending 
structure containing some breccia zones. 

At the deposit the Morrison Formation is exposed through erosion of an 
overlying Eocene welded tuff and ash flow unit. Mapping of the Eocene volcanics 
in the surrounding hills shows that the uranium ore body is about 70 m below the 
erosion surface on which the Eocene rocks were deposited. Furthermore, the ore 
appears to be directly under a topographic low on the old surface. Thus, an 
alternative to hydrothermal deposition is suggested — the uranium may have 
moved down from weathered tuffs into a pre-existing structure in the Morrison 
Formation where it was precipitated by reducing agents. 

In the United States of America the districts with sandstone ores (e.g. the 
Colorado Plateau, the Wyoming Basins, and west Texas) are also areas with silicic 
volcanics in the stratigraphic section above the ore-bearing formations. This 
relationship also applies to some districts outside the USA, but two areas with 
sandstone uranium but no volcanic units have been identified. One is the Frome 
Basin, here in Australia. The other, which contains sub-economic deposits, is 
the Cretaceous Tucano Basin near Salvador, Brazil. If any of you present can 
comment on or expand on these observations, it would be appreciated. 

2. Fluvial sedimentation 

During the past 10 years considerable advance has been made in understanding 
sedimentation in fluvial environments. This stems from the discovery of oil in 
1965 in the Eocene Wilcox sand of Texas. The oil is located in channel bars that 
formed in streams of Wilcox time, as well as in sand bodies in deltaic and marginal 
marine locations. The purpose of the studies by petroleum geologists was to 
understand the situation and the geometry of the sandstone bodies to improve 
exploration. Applied to uranium, however, the emphasis shifts to the margins of 
the sandstone units, where there may be a favourable interfingering relationship 
between sandstone and mudstone. As experience has shown, the favoured 
position for uranium in the Jurassic Morrison is at the boundary between the 
channel sands and the flood-plain deposits. In the Triassic Chinle formation, 
uranium is found in the distal portion of braided stream systems and in bars formed 
on the inside of meander loops. In the Tertiary host rocks of the Texas district, 
uranium appears to be associated with barrier islands and wave-dominated deltas 
where the stream sands were reworked by marine action. 
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This type of thinking has a practical exploration aspect. Shallow reflection 
seismic work has been used to identify the sandstone bodies, the margins of 
which may provide drilling targets for uranium ore. Seismic surveys have been 
undertaken to depths of 800 m in the San Juan Basin, New Mexico, and to 300 m 
in the Gas Hills District, Wyoming. 

3. Paleomagnetic studies 

Interest in paleomagnetics began in the Grants District, New Mexico, several 
years ago when it was observed that there is an antithetic relationship between 
heavy minerals and uranium ore. Normally the Morrison sandstone contains 
between 0.3 and 0.8% heavy minerals — mainly magnetite and ilmenite. Within 
100 m of ore these minerals have been oxidized; thus, magnetic properties of 
rock near ore are different from rock away from ore. 

In Texas the US Geological Survey has noted a difference in magnetic 
properties on the two sides of a roll front owing to a contrast in oxidation 
conditions. 

With these observations one quickly turns to the possibility of using 
magnetics as an exploration tool. Unfortunately, this has proved unpromising to 
date, because the variation scale is too small both in geometry and in magnetic 
units. Paleomagnetics is mainly useful as an index of changes in mineralogy owing 
to oxidation and alteration. 

4. Precipitation agents 

Organic materials of various types have been recognized as uranium precipi-
tants in many deposits. Identification of these materials and their chemical 
relation to uranium is an area of organic chemistry that is beyond the experience 
of most geologists. It is a field of considerable promise, but the problems are 
also considerable. Work is continuing in the US Geological Survey, but I am 
unaware of any worthwhile developments at present. 

5. Age determinations 

Work is continuing on the determination of the age of uranium minerals by 
isotopic means. This, too, is a complicated problem because one deals mainly 
with open chemical systems, and igneous approaches are needed to sort out the 
quantitative relationship between isotopes of uranium and its daughter radio-
elements. Work on this is continuing in the US Geological Survey. 

In conclusion, I wish to apologize for the chauvinistic slant of these remarks 
— most of my informants are from the United States of America. I hope that this 
imbalance can be rectified during our discussion period and that knowledge can 
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be expanded by contributions from other parts of the world. Perhaps I might 
open the discussion by asking for comments about the relation of tuffs to 
sandstone-type deposits. 

DISCUSSION 

L.R. PAGE: I've just been impressed by going through North Island of New 
Zealand and seeing thick sections of altered tuffs, some of which were underlain 
by lignite, but I didn't see any uranium deposits. I wonder what other factor, 
in addition to the leaching of the ash, is necessary to make a deposit. There are 
a number of other areas where there is plenty of ash that has been leached and 
are good, favourable hosts but there is no deposit. I wonder what the other factor 
is that goes with leaching to make deposits. I 'd be interested in any comments. 

C.R. DALGARNO: Of the various deposits in Australia — take Yeelirrie, 
Beverley, and those of the southern part of the Frome Embayment which have a 
sedimentary character — none are associated with volcanic material. Are there 
any recorded sandstone uranium occurrences in Australia that are associated with 
tuffaceous material? 

K.J. KEMEZYS: I would like to make an observation about the younger 
Australian non-vein deposits. Once one leaves the Lower Proterozoic deposits of 
the Northern Territory, the next in age that are being discovered are Lower 
Carboniferous or younger. Yeelirrie, Western Australia, is in Tertiary fluviatile 
rocks, as are the deposits of the Lake Frome Embayment in South Australia. 
There are no volcanics (O'Rourke, 1975') . 

The Maureen deposit in Northern Queensland is in Lower Carboniferous 
fluviatile sandstones. The fluviatile sequence is overlain by thick acid volcanics. 
In the Ngalia Basin, Central Australia, uranium is being discovered in Lower 
Carboniferous fluviatile sandstones. There are no volcanics whatsoever in the 
very thick Ngalia Basin sequence. In Victoria, uranium occurs in Lower Carboni-
ferous fluviatile sedimentary rocks which overlie thick basal acid volcanics. 

Looking at all these at their face value I think that the significant aspect is 
not the presence or absence of volcanics, but the Carboniferous and later ages, 
and the fluviatile environment of the deposits. The Carboniferous age is significant 
because it is at this time in Australian geological history that land plants become 
abundant. Plant trash is a component of most of the Australian deposits 
mentioned above. 

1 O'ROURKE, P.V., "Maureen uranium-fluorine-molybdenum prospect, Georgetown", 
Economic Geology of Australia and Papua, New Guinea (KNIGHT, C.L., Ed.), I. Metals, 
Monograph Series No. 5, Aust. Inst. Mining and Metallurgy (1975) 7 6 4 - 6 8 . 
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R.J.WRIGHT: While examining many prospects in the western United 
States in the 1950s, I noted that, subconsciously, without giving it any analytical 
throught, I became suspicious as soon as I got into volcanic terrain. Around 
tuffaceous rocks it seemed there was always the opportunity for a small deposit 
to be formed by some combination of topography and oxidation/reduction con-
ditions and groundwater conditions. In looking at a raw prospect to determine 
whether it shows promise of becoming a mine, the first question is — is this surface 
showing bigger and better in depth or is it going to disappear in depth? My 
predisposition, whenever around tuffaceous beds, was to suspect that the minera-
lization was poorer in depth rather than better. The tuffs provided a surficial 1 

source rather than a source in depth which I was looking for. 
S.H.U. BOWIE: First of all, I would like to say how much I welcome the 

views that you have given us, Mr. Chairman, about the kind of quantitative work 
that is now going ahead in the United States of America. For many years I have 
been associated with the researches in the USA and know all about the early days 
and ideas of uranium being derived from granites and from tuffs, and I have always 
said that what we require is some quantitative work to be done on this and I am 
very glad that you are going ahead on two or three fronts. There are not very many 
sedimentary basins in the world of any significant thickness as to sediment that 
don't have some kind of acid volcanic tuffs in them. Regarding Line Page's 
question concerning in which basins are tuffs found and are they likely to have 
associated uranium in them? Now my philosophy is quite different from the 
one that has just been suggested — I may be right and I may be completely wrong. 
As I said earlier, I believe that there is a spatial association with acid igneous rocks 
whether they be extrusive or intrusive. Therefore, I expect uranium to be asso-
ciated with acid tuffs. And I think it is quite likely that uranium got into the 
basin at the same time, or approximately contemporaneously, with the tuff 
formation. One of the things I'd like specially to ask is — has anybody done any 
age determination work on the succession of tuffs that occur in the Wyoming/ 
Colorado area and come up with any ideas as to when the uranium was derived 
from these tuffs? Was it soon after they were laid down or was it tens of millions 
of years after they were laid down? And this is the kind of evidence that would 
convince me one way or the other. And at the moment I have an open mind on it. 

R.J. WRIGHT: Thinking of the tuffs versus the granites is to oversimplify 
things a little. With granites the preliminary evidence indicates that there is 
plenty of uranium in the rocks to satisfy all the known deposits, and much more. 
What is lacking is a viable idea on the mechanics — how to get the uranium out of 
the granite mountains that are subject to oxidation and erosion and into the 
sediments. With the tuffs it doesn't take too much imagination to visualize the . 
mechanics. What is lacking is evidence that the tuffs contain enough uranium 
and give it up in large enough quantities to make ore. One of the favourite ideas is 
that uranium known to exist in the glassy portions of the tuffs may be released 
on devitrification, and devitrification is considered as something that can happen 
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very soon after the tuffs form, but what "very soon" means, I don't know. It 
would seem that the time between deposition of the source rock and deposition 
of the uranium derived from the source rock could be determined from the age 
of the deposits. Bob Cadigan here is with the US Geological Survey Branch of 
Uranium and Thorium Resources, which is working on the geochronology of 
uranium deposits. What kind of progress are you making? 

R.A. CADIGAN: With regard to the age determination of uranium deposits, 
one must have reasonable confidence that the ore is generally not in a state 
whereby some daughter products critical to age determination have been 
removed. So this is the problem — to find an ore deposit from which we can get 
an age on the uranium that is dependable. It is extremely difficult because, as 
you say, a uranium deposit exists in an open-ended system and, unless some more 
sophisticated way of handling these age determinations is developed, it looks as 
though the question regarding the precise age of the deposit will be difficult to 
answer. 

B. DUVAL: In south-eastern Gabon there is a crystalline Archean basin 
overlain by a sandstone formation of Proterozoic age which also contains the 
huge manganese deposit of Moanda. This is in the Francevillien and the base of 
the sandstone formation is mineralized in uranium and in thorium. I would like 
to know whether this set-up would fit approximately into that picture. This 
sedimentary formation contains many tuff layers. 

R.J. WRIGHT: I wonder if this might be similar to some of the occurrences 
at the base of the Karoo lying on the Precambrian rocks in Botswana and perhaps 
in South Africa. It is possible that these deposits are derived from black-sand 
placers at the base of the sedimentary sequence. The association of uranium and 
thorium would make me think along these lines. 

R.G. DODSON: As I understand the case, in the United States you have 
rather classified your sedimentary sandstone deposits within quite strict limits — 
they can only be so old or so young, and they must be nearly horizontal and so 
on and so forth. Can you fit into that classification or relate the slightly unusual 
deposits within a sedimentary sequence in the Lower Carboniferous Ngalia basin 
that Mr. Kemezys mentioned, and perhaps you could persuade Mr. von Backstrom 
to comment on the uranium in the Beaufort Group of the Karoo Basin in South 
Africa. Can you relate the Beaufort Group uranium deposits to the sandstone-
type deposits and if so, do they fit into your classifications? 

R.J. WRIGHT: I would like to pass that enquiry along to someone who is 
familiar with these areas. I would say only one thing - although we speak of 
strata-bound deposits and the sedimentary ores of the United States of America, 
this does not mean to say that they are limited to a single stratigraphic unit. As 
you know there are stacked ore bodies which have a greater vertical extent than 
horizontal extent. 

W.K. VOGEL: I want to make a comment regarding the Ngalia Basin. It is 
probably a molasse-type sediment in a braided channel alluvial fan environment 
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in red-bed facies. What I would like to know is whether there are similar uranium 
deposits in other parts of the world which are mined. In Central Australia several 
other sandstone-type deposits exist in molasse of Devonian and Carboniferous 
age and they are in a high-energy environment. So, according to literature on 
uranium deposits in sandstone, no mineable uranium deposits are known in such 
an environment outside Australia. 

S.H.U. BOWIE: I could perhaps attempt to answer that question. First, this 
is an extremely interesting piece of information as far as'I am concerned. In the 
north of Scotland is the Devonian molasse cuvette of Orkney and Caithness, 
which extends over a vast area; at the base of this pile of sandstone, which is 
singularly barren as far as uranium is concerned, but near the basement and, in 
rare cases where you have basement outcropping and near the surface, we have 
in recent years found evidence of quite good grade — and fairly extensive — deposits 
going up to maybe 2000 ppm uranium. I think maybe we have 5 0 0 0 - 1 0 000 tons 
of oxide in it. As you know we often begin from small beginnings and when we 
start examining this kind of environment it turns out very favourable. 

W.K. VOGEL: I just want to point out one big difference. In Australia, 
we have Devonian-Carboniferous type red beds. 

S.H.U. BOWIE: In Scotland it is lacustrine, not marine. 
W.K. VOGEL: The uranium occurrences here are quite unique because they 

are in a braded channel environment and don't have large sedimentary structures. 
This is a disadvantage. 

S.H.U. BOWIE: It is a good place to look. 
R.J. WRIGHT: Returning to the deposits which Mr. Duval mentioned in 

Gabon. One thing that strikes me is the fact that when we find uranium in 
connection with thorium, it means something in the geochemical sense. It means 
that there has not been much interaction between the uranium and an aqueous 
system, because when the uranium becomes soluble on oxidation, it tends to 
move away from the thorium. Thus, uranium and thorium together in sedimentary 
rocks suggest placer deposits with concentrations of rock-forming accessory 
minerals normally found in granites. I would say, expressing an opinion without 
knowing the details, that I would be inclined to think about the placer possibility 
— i.e. a fossil placer. 

R.B. MAJOR: The Beverley sedimentary uranium ore body in South 
Australia is beneath the plains between the northern Flinders Ranges and Lake 
Frome to the east. It has been described by R.W. Haynes.2 

The uranium occurs in sand lenses within unconsolidated argillaceous 
sediments of Miocene age. It is overlain by (?)Pleistocene, and underlain by 

2 HAYNES, R.W., "Beverley sedimentary uranium ore body, Frome Embayment, S.A.", 
Economic Geology of Australia and Papua, New Guinea (KNIGHT, C.L., Ed.), I. Metals, 
Monograph Series No. 5, Aust. Inst. Mining and Metallurgy (1975) 8 0 8 - 1 4 . 
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Cretaceous sediments. The uranium is in the form of finely divided uraninite. 
Total reserves are 15 800 t U 3 0 8 ; the grade of recoverable material is 2.4 kg/t 
U 3 0 8 . 

The source of the uranium is in the Flinders Ranges to the west, where the 
crystalline rocks of the Lower Proterozoic Mount Painter Complex, and sedi-
mentary rocks of the Late Proterozoic "Radium Ridge Beds" (this is a newly 
defined unit which I describe in another paper at this Congress3) contain uranium 
minerals such as monazite and uraninite. The uranium is presumed to have been 
leached from these rocks and transported eastwards to the Beverley prospect by 
the streams flowing towards Lake Frome. 

P.N. FILLIS: I have been working on the Karoo in South Africa and would 
like to make a couple of points. First, although earlier in our investigations there 
seemed to be no correlation between tuffaceous material and uranium, recent 
work has indicated that at least some of the sediments contain a high proportion 
of shards. Second, there is evidence of the introduction of uranium into the 
basin at the same time as the sediment. It is locked up in limestones and contained 
in river channels. In the latter cases both the channelling and contained minera-
lization are cut off by later channelling. The environment of deposition is thought 
to be a fluctuating shoreline — the marine material, probably represented by the 
shales, contains no uranium anomalies. So we have the situation whereby uranium 
is moving around in solution in the continental fluviatile sediments but is not 
precipitated in the marine beds, which may indicate that the transition zone 
between marine and continental is a good target for uranium exploration. 

R.J. WRIGHT: I know that there are a large number of occurrences in the 
Karoo. Are there mineable deposits? 

P.N. FILLIS: There are three small reserves known at the moment, but 
nothing over a million pounds U 3 0 8 . On their own they will not be mined, but if 
the Government sets up a custom mill, there is no doubt that these could be 
mined at a profit. 

R.J. WRIGHT: From what I've heard, the Karoo reminds me of the Permian 
in the south-west United States. Here one can find innumerable occurrences of 
uranium tied in with carbonaceous material and mudstone splits, but very few 
mines. I have followed the at tempt to compare favourability features of the 
Morrison Formation, which contains large reserves, with these Permian beds. If 
one looks at these favourability indices it would appear that the Permian is almost 
half as favourable as the Morrison, but the Morrison has large reserves and the 
Permian has practically no reserves. However, there is one important difference 

3 MAJOR, R.B., "The uranium-bearing Radium Ridge Beds, Mount Painter, South 
Australia", Paper 35, Section 4A, Genesis of Stratiform Ore Deposits, 25th Int . Geol. Congr. 
Sydney, 1976. 
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in geological setting. The'part of the Morrison Formation that contains the ores 
is everywhere overlain by the Brushy Basin shale which is dominantly of tuffaceous 
origin, and there are no corresponding tuffaceous units in the Permian. 

P.N. FILLIS: In that part of the Karoo formation that we are looking at, 
uranium is found almost everywhere where limestone is formed and where organic 
material collects, so there seem to be considerable amounts of uranium moving 
around, but maybe the traps available are just not big enough, or extensively 
developed in this environment. 

J.W. von BACKSTROM: The Karoo Supergroup, which is approximately 
10 000 m thick at a maximum, is characterized by being capped by lava over 
2000 m thick in places. Therefore I think, Mr. Chairman, that your comment is 
very pertinent. There are thick beds of intercollated so-called mudstone and shale, 
some of them containing shards which are undoubtedly altered tuffaceous rocks. 

R.J. WRIGHT: When it was first suggested that in the Jurassic Brushy Basin 
mudstones facsimiles of shards could still be observed, there was an enormous 
amount of criticism and scepticism, but I think that has been largely dissipated. 
The Karoo ranges from late Carboniferous to early Jurassic so that there could be 
a problem in trying to identify a volcanic component. 

J. KRASON: I have been working in the European Permian basin and also 
the US Permian basin and I had a chance, in the Democratic Republic of Germany, 
to see the very large uranium deposits, which are stratigraphically equivalent of 
the formations containing the Kupferschiefer deposits in the Mansfeld basin. 
There are essentially two horizons of uranium-bearing beds separated by about 
80 m. Each one ranges from several metres up to 30 m thick and is of a rather 
high-grade uranium concentration. The environment in which these deposits were 
formed has been interpreted as lacustrine or deltaic. There is no tuffaceous 
material, in fact no tuff at all. However, we are dealing with the flanges of a sedi-
mentary basin which was very rich in older Permian volcanics and older Variscan 
granites which were rather decomposed and deposited as a debris in sedimentary 
environments. Now comparing this factor with the US Permian basin, it would 
appear that there is still a large potential for economic uranium deposits to be 
found in the USA. However, we have to consider a uraniferous source; if we seek 
uranium deposits far away from an original source, our chances will be minimal. 
Recently, some Soviet papers have mentioned that uranium or sedimentary copper 
can be carried in groundwater from an original source for a distance of up to 
500 km. Could someone comment on how far we can transport uranium from 
the original source in groundwater situations? 

R.A. WATTERS: Surely 500 km is a tremendous distance. If it can go that 
far it can go any distance. 

J. KRASON: Well, perhaps this is the reason why we have no obvious source 
in some of the basins. 

R.J. WRIGHT: Well, one approach would be to ask how far uranium travels 
under present-day conditions. 
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R.G. DODSON: Of all the uranium deposits we know of in the world, in 
how many cases have we been able to identify positively the source — I can't 
think of any. 

R J . WRIGHT: I agree with you that we should not get preoccupied with 
source material. In my experience with other metals, such as base metals, copper 
and molybdenum, the sources were some distance away or are not exposed at the 
present surface, so in searching for those metals we do not worry about the source. 
The reason we are interested in the source in the case of uranium is that the source 
may be exposed in the present erosion cycle, and therefore we have the oppor-
tunity to put together more fragments of the geological picture. Fortunately for 
finding ore bodies it is not necessary to know either the source or the method 
of origin. 

R.A. CADIGAN: What happens to the uranium in groundwater solution? 
There is a locality in the state of Colorado in the USA in which groundwater is 
enormously high in uranium: 50—100 pplO 9 . Where the uranium comes from 
is not specifically known. It is possible that large leachable low-grade deposits are 
in the Cretaceous sedimentary rocks within which the water is flowing, but the 
main point I wish to make is that most of the uranium in solution is just flowing 
down the hydrological gradient. Just because the uranium is in the water does 
not necessarily mean that it is going to be deposited somewhere. In this example 
there is no apparent lack of source of leachable uranium, no lack of mobility of 
uranium, only a lack of an environmental or geochemical mechanism needed to 
precipitate and trap the uranium. This may be a typical situation. 

R.J. WRIGHT: And your interpretation of these springs with high uranium 
content suggests that that uranium has moved through the rocks for some distances? 

R.A. CADIGAN: Yes, and that it is moving at present from west to east and 
from north-west to south-east in the Arkansas River basin groundwater system; 
it is not necessarily being deposited anywhere — it is flowing at least 100 km in 
the subsurface before it enters the Arkansas River. 

S.H.U. BOWIE: There is nothing very unusual about tracing water for around 
500 km in an aquifer. This is known in the USA as well as in the USSR and one 
presumes that the uranium can travel all sorts of distances in groundwater. I would 
like to return to earth rather than going too far under the ground and ask a 
question that has concerned me for many years. When I said I was very pleased to 
hear of all these new quantitative data that were being derived, I have not yet seen 
any data on comparisons between U and Th contents in unaltered tuffs, devitrified 
tuffs, and fairly appreciably weathered tuffs. Uranium in altered tuffs is adsorbed, 
being taken up by the alteration products, namely clay minerals. Has anyone any 
data on these rocks? 

R.J. WRIGHT: Regarding the identification of tuffs, one thing might be 
mentioned. I think it was A. Waters who first looked closely at the Brushy Basin 
and said that these clays may have originally been volcanic material. We are 
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speaking of Jurassic rocks, but my point is that when one deals with older sedi-
mentary sections — let us say older than Tertiary — there may have been a 
tuffaceous origin for some of the clay units that is perhaps not readily apparent 
at the present stage. 

P.J. O'ROURKE: I'd just like to point out that we do have in Australia one 
small deposit which has all the characteristics of the sedimentary sandstone 
deposits which are listed, but unfortunately it happens to be a metasomatic 
deposit (I refer to the Maureen prospect near Georgetown, North Queensland).4 

This can be proved by the fact that the mineralizing basement channel-ways have 
been located for this particular deposit by extensive drilling, and also by the fact 
that the deposit has a large amount of fluorite and molybdenite associated with it. 
If the fluorite and the molybdenite were not present and channel-ways not located 
it would be called a placer sandstone deposit. 

R.G. CHUCK: With reference to the Maureen Prospect, it is very interesting 
to note that, although the prospect shows many features characteristic of a 
sandstone-type host environment, it is possible that the uranium source here is 
from fluids other than groundwater. The elemental associations at Maureen may 
suggest hydrothermal origins - uranium, fluorine and molybdenum. 

I believe that in the Great Slave Lake area of Canada (Simpson Island and 
Snowdrift), deposits appear to be of the sandstone type, but were formed by 
uranium deposition from fluids derived from the metamorphism of their Proterozoic 
host sediments. I wonder, as far as exploration goes, if it is the sandstone-type 
environment that we should be looking for without regard to possible or probable 
sources, as it is this which acts as the locator of mineralization regardless of the 
uranium source and the type of fluid in which it was moved to the environment. 

R.J. WRIGHT: When one gets down to practical ore finding the first thing 
that one is interested in is what the geological environment is where this ore is 
found. 

R.G. CHUCK: Therefore, the sandstone uranium deposit as a class may have 
to be broadened so that it includes not only deposits where the uranium was 
brought in by groundwater, but also deposits where other types of fluid were the 
transporting agents. 

A.S. RITCHIE: Some of you might know that I am a chromatographer and 
for some years have been applying chromatographic techniques to the solution of 
geological problems. In Rome, in 1 9 7 3 - 7 4 , 1 carried out some work on migration 
rates of metals in brine solutions as they passed over various geological materials. 
I was able to make thin layers of geological materials which included silica gel, 
alumina gel, ferric hydroxide, ferrous carbonate, calcium carbonate and kaolinite. 
In some cases the same environment was produced by impregnating chromato-
graphy paper with the same materials. Among the metals studied was uranium 

4 See Footnote 1. 
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( U 0 2 , or its chloride or other complexes). Now, in the presence of all but one 
material, uranium, in a range of brine concentrations, remained immobile. The 
exception was calcium carbonate in the presence of which the uranium travelled 
with the front of the brine solution. It seems to me then that uranium will only 
travel freely through geological material if there is a component of calcium 
carbonate present. In nature it is not uncommon to find uranium deposits above 
carbonate rocks. The research will be prepared for publication in the near future. 

D.A. WHITE: Apart perhaps from tuffaceous sources it would seem to me 
that a prerequisite for extracting large amounts of uranium from granitic rocks 
must be a long and stable period of chemical weathering. Perhaps this might 
account for the proliferation of deposits in the basal Proterozoic which, in many 
parts of the world, are associated with a very profound unconformity and certainly 
this should lead to more attention being given to this type of strucutre in possible 
source areas. 

R.J. WRIGHT: One also has the problem, as in the work of Stuckless5, of 
realizing that uranium has been depleted to a depth of 400 m in granite. When did 
that happen? Is it recent geological or earlier geological history? 

5 STUCKLESS, J.S., PIRES FERREIRA, C., in Exploration for Uranium Ore Deposits 
(Proc. Symp. Vienna, 1976), IAEA, Vienna (1976) 717. 
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URANIUM IN QUARTZ-PEBBLE 
CONGLOMERATES 

INTRODUCTORY REMARKS BY THE GENERAL CHAIRMAN 

R.D. NININGER: Quartz-pebble conglomerates have been major sources 
of uranium production for the last 25 years and they continue to be one of the 
three major types of uranium reserves, along with sandstone and massive 
pitchblende deposits. You will also know that there has been a long-standing 
discussion or controversy on the origin of these ores .beginning in the early 
days of gold production, and when it was discovered that uranium was an 
extremely important constituent this only seemed to heighten the controversy 
rather than to solve it. Working Group III has been looking into this problem 
at some length, although I don't think any solutions have been found yet. 
Dr. David Robertson of Canada, who has been a chairman of the last two 
sessions of Working Group III could not be here so we have invited 
Dr. S.H.U. Bowie, who was the initial chairman of this Working Group. 

INTRODUCTORY REMARKS BY THE CHAIRMAN OF WORKING GROUP III 

S.H.U. BOWIE: I started in my early career in uranium geology looking 
at material from the Witwatersrand. Although it is true to say that this was 
after people like George Bain had been out there and seen the mines and collected 
samples, it still takes me back to the mid-forties. Since then I have had the great 
privilege of working very closely with South African geologists and in particular 
with people like Larry Whiteside and Johann von Backstrdm, and many others 
who are not with us today. The work started from discussions with Larry 
Whiteside over the origin of the Witwatersrand ore and at my suggestion he 
collected a most magnificent suite of mineral samples and specimens from the 
Dominion Reef through the Witwatersrand to the Ventersdorp lavas. I decided 
that the best thing to do with this suite of specimens that Larry had provided 
was to throw all the modern techniques that we have available at them. We 
carried out work on geochronology — which has been done before - but we 
did it anew with the most up-to-date methods available. We looked at fluid 
inclusions in the quartz pebbles and in secondary quartz formed in the sediments 
themselves. We looked again at the mineralogy and were particularly interested 
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in the nature of the minerals, in particular whether the uranium minerals have 
much or no thorium in them. To do this we used an electron microprobe with a 
Canberra energy dispersive system of analysis which means one can look at large 
numbers of individual grains and derive their chemical composition. It was only 
when we started looking at individual mineral phases that we realized that all the 
analytical information that had been available previously had been averaged; the 
work had been carried out on bulk samples and we had the average value of the 
uranium/thorium ratio from the Dominion Reef and from the various economic 
units of the Witwatersrand System, but we had no idea of the variation between 
individual grains. 

I can indicate to you very briefly what the researchers have found. First 
of all, it is almost certain that there is a bimodal occurrence of uranium in the 
Witwatersrand, one being an allogenic or detrital mineral which has an appreciable 
amount of thorium contained in it. We have the actual figures, we have curves 
showing the full range and grades, but generally the range is about 6—8% thorium. 
We have another main development of uranium in the Witwatersrand system — 
we're not talking about the Dominion Reef now - which some call pitchblende 
because it is not well crystallized. It also has a variable amount of thorium 
associated with it but it is clearly not in the form of the detrital grains. Perhaps 
even more startling than this is that sections and bulk samples with no 
appreciable content of uraninite or pitchblende had the uranium contained in 
phyllosilicates, that is in clay — particulate material not fully defined yet even 
by X-rays — which is included in two of the types of pyrite that exist in the 
Witwatersrand. 

There are, in fact, three types of pyrite. This has been recognized already 
by South African mineralogists. We simply confirm this. One is of detrital 
origin, one of concretionary origin and has travelled to its present site, and one 
has formed in situ. Both the last-mentioned types contain the fine-grained silicate 
material. This is significant because the uranium is not in the pyrite, it is in the 
silicate phase and it is seen to be in quite considerable amounts. We feel that 
this could be of importance in beneficiation of the ore and may account for the 
fact that a lot of uranium goes into the slime dams. 

Now if we look at the age determinations '— we have a lot of information 
on geochronology as our researchers produced isochron data on the whole suite — 
it has been done with the thoroughness that one would expect in 1976 and the 
allogenic material was found to be 3100 million years old. Again, this has been 
shown by South African mineralogists to be the age of the material in the 
Dominion Reef. 

The second age and that which applies to the material that is almost 
ubiquitously associated with hydrocarbon, for example in the Carbon Leader, 
is 2040 million years old. Thus, there is approximately a thousand million years 
difference between the Dominion Reef uraninite and that of the Witwatersrand 
at whatever level in the system it occurs. 



33 WORKING GROUP III 

While we were working on the mineralogy and geochronology, South 
African mineralogists and geologists have been looking at the hydrocarbons 
(Hallbauer and van Warmelo, [ 1 ]; Hallbauer [2]). The indications that have been 
produced are quite striking. They indicate with considerable certainty that the 
Carbon Leader material was formed for an algal-type mat. This indicates that 
there was an early aquatic plant life which preceded the earliest land plants now 
known to be about 1700 million years (m.y.) old. The earliest aquatic plant life 
certainly goes back to earlier than 2500 m.y. ago, which is the probable age of 
the Witwatersrand sedimentary basin. Thus, much of the uraninite could have 
been of detrital origin, but it could equally well have been that there was 
remobilization of the origin material associated with Bush veld igneous activity. 
This is dated at 1954 m.y. (Davies et al. [3]) ago and the interesting thing is 
that the nearer you get to the broad zone of igneous activity, the greater is the 
abundance of this later type of uraninite. 

So this could be the answer to the problem. It might well have been that 
uranium was introduced into the basin from hot springs marginal to the basin 
and within the basin itself, at the time of the uplift. I cannot answer that 
question at the moment but we think that we might be able to get something 
out of additional fluid inclusion studies, not only from the quartz pebbles 
themselves but from the quartz that has been generated in the ore units. Now 
the interesting thing about the quartz pebbles is that all that occur in 
association with uraninite, where uraninite has been developed to mineable 
ore grade, contain fluid inclusions which are rich in C 0 2 . If this proves to be 
more widely applicable, it might be a prospecting tool, I don't know, because 
it might be easier to look for the uraninite. 

We were talking about uniformitarianism and about a reducing atmosphere 
2000 million years ago. However, the latest information is that there has been 
little change in atmospheric conditions since about 3700 million yeras ago. 
Thus, conditions have been essentially uniform since early Precambrian times. 
Before that it could very well have been that we had an anoxic atmosphere. 
But by the time we had aquatic plant life, of the kind and extent that is now 
indicated [1 ,2] , it would seem that there could have been an abundance of 
oxygen available in the atmosphere. One of the conclusions of this Working 
Group when we last met, but which was not accepted by the total symposium, 
indicated that there was not much use looking for deposits of Witwatersrand or 
Blind River type unless they were Archean age. 

However, there is new evidence in the USSR of Cambrian quartz-pebble 
conglomerates with uraninite and there is very recent evidence of a Cambrian-
Ordovician conglomerate in Algeria with possible detrital mineralization. But 
there is overriding evidence from the Indus Valley, where there are alluvial 
deposits with a detrital phase in the form of well-developed uraninite crystals, 
with almost exactly the same U/Th ratio as we find in the Dominion Reef. 
These concentrations exist in a perfectly normal 1976 oxygenated atmosphere. 
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So it would seem to be prudent to suggest to people looking for uranium that it 
is too restrictive, and hence bad advice, to say that we ought not to look for 
conglomerate deposits which are younger than Precambrian in age. I would 
look at any likely conglomerate deposit. I hope what I have said will start the 
discussion. One more thing — I'd like to say that those people who are going 
to be doing research in the future should please forget the word 'thucholite'. It was a 
useful word for a time, but the material that occurs in the Witwatersrand and 
elsewhere is carbonaceous, i.e. either a hydrocarbon or an oxyhydrocarbon and 
it so happens that uraninite is associated with it. Hydrocarbon is clearly very 
important chemically in the fixation of uranium, not only in the Witwatersrand 
but in the sandstone deposits of Colorado, Wyoming or Niger. 
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DISCUSSION 

R.A. WATTERS: Mr. Bowie, would you please repeat what you said 
about the 3.7 eons ago and the atmosphere. 

S.H.U. BOWIE: Recent studies, that have been carried out of different 
parts of the world, in the United Kingdom, the USA and elsewhere, indicate 
that some kind of major event took place about 3700 million years ago and 
it was after this particular period that crustal rocks as we know them started 
building up. The indications are that since then, although I may not entirely 
agree with the authors of these papers, nearly uniformitarian conditions have 
existed. 

R.A. WATTERS: To continue on this point, the latest information that 
I've seen popularly disseminated is that this is approximately the same time as 
the last accretions were occurring, the last so-called intensive bombardments 
which were the accretions to the earth. 

S.H.U. BOWIE: That's right, that was when the crust was at least two-
thirds formed. 

L.A. NAGY: I fully agree with you about the origin of the earth, but I 
would also like to argue for the point that we should not use the word hydro-
carbons because these are not hydrocarbons, at least in the Witwatersrand, but 
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are a complex mixture of organic compounds which contain oxygen, nitrogen 
and sulphur so, as hydrocarbons only consist of carbon and hydrogen, maybe 
our word should be 'kerogen' or 'organic material'. 

S.H.U. BOWIE: I am quite happy to settle for organic material, I just 
did not want to put a name to it. It so happens that I have analysed this 
material and I know that it is essentially an oxyhydrocarbon but I do agree 
with you that it contains other elements. So long as we know what we're • 
talking about perhaps we do not require a specific name. The material that 
forms the Carbon Leader occurs in two main forms, one is an almost continuous 
layer and the other one is particulate - in South Africa called fly-spot hydrocarbon. 

G.W. BAIN: The conditions for deposition of all known uraniferous conglo-
merates are specific. First, except for the Elsburg Reefs which are unique, all are 
in oligomict sediments accumulated on a late mature topography and the quartz 
concentrate is a residue after the quartz wore all softer minerals to silt size: 
mature topography characterized the first development of gold alluvials in 
California, Alaska (Yukon), New Guinea and the Witwatersrand. Second, all 
these conglomerates were deposited before a land flora existed to induce soil 
formation and mineral decay by addition of reactive organic acids to bring about 
solution of uraninite and dissolution of most common minerals. Third, even the 
other associated heavy minerals are highly worn to rounded form and the euhedral 
ones show outgrowths on central spheroids. I will take up each of these points 
in sequence. 

The Main Reef and Kimberley Reef Group of the Witwatersrand System each 
rests nonconformably upon a surface with a slope of less than 50 m in 40 km, or 
1.80 m/1.6 km, which is a very mature landscape. Approximately the same low 
slope exists for those members of the Mississagi Formation below the Whiskey 
"shale" from Geneva Lake to Lake Huron. This environment is repeated for the 
basal members of the Moeda Conglomerate, beginning 16 km eastwards from 
Belo Horizonte and extending to northwards from Ouro Preto. Experimental 
work which I did years ago showed that heavy minerals in a stream alluvial move 
downstream on a steep slope of aggradation during a youthful stage in development 
of topography, but later remain in situ as the detritus is reworked. During maturity 
the residue is enriched by the scour and fill stages of stream action during 
development of mature topography. Rejuvenation results in the mature alluvials 
being let down into the entrenched channels on the tilted Miocene epoch 
peneplain of the Sierra Nevada of California, the uplifted Yukon Plateau, and 
the Wau Plateau of New Guinea. The Australian alluvials are in their original sites. 
The Elsburg Reef Group are youthful tppography deposits aggraded during the 
uplift of the west side of the Rand Basin synchronous with the Ventersdorp 
volcanism. 

The oldest recognized encapsulated spores were described by Menner from 
collections made in eastern Siberia. Encapsulation preserves the "germ cell" 
from drought and it indicates a land environment during deposition of the early 
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Proterozoic sediments in eastern Siberia. All conglomerate deposits of uranium 
ante-date this stage in the development of life. Fermentation of this land plant 
life provided acid, lowering the pH, and dissolving that uraninite which lacked 
considerable thorium. Thus, post-Black Reef, Cobalt Series sediments and the 
Itacolumite Series of Brazil lack detrital uranium. 

Some years ago, a study of the heavy minerals of the Dominion Reef appeared 
and all grains shown were well rounded. This is true for all mineral grains in the 
Main Reef and Kimberley Reef Groups, except those which show indisputable 
outgrowths; even the green diamonds from the Rand are highly worn - I mean 
abraded. The Pronto Mine in the Blind River area did have some less ellipsoidal 
heavies in the 125-m size but coarser ones were rounded. Outgrowth features 
to form euhedral grains are discussed below. 

Rutile grains in sediments develop outgrowths with iron oxide dust outlining 
the original form; some recrystallize completely; outgrowths have good crystal 
terminations. This same characteristic attends metamict zircons, but only the 
metamict type. However, crystal zircon is very refractory to outgrowth. I regard 
the Blind River brannerite as a recrystallization product, probably from uranothorite 
and rutile, and formed during intrusion of the Killarney Granite. 

The time to the development of a land flora, even of the thallus type, 
represented a great discontinuity in subaerial processes; it initiated soil-making 
whereby mineral decay superseded simple disaggregation as a detritus-producing 
mechanism. Minerals susceptible at pH 7 or less - including uraninite - did not 
survive to mature abrasion and so enter equilibrium sediments. Previously, 
quartzites originated by being a quartz residue from "milling" of much rock, and 
greywacke-type sandstones predominated; afterwards, quartz grains were liberated 
from their matrix by decay and much more quartz of sand size remained to make 
normal orthoquartzites. 

I have limited these remarks to the oligomict quartz rocks which have been 
with me for a long time. My doctorate thesis was on the Huronian succession 
in the Blind River-Lake Agnew area and I was the first to identify the argillite 
(Whiskey Shale) near the base of the Mississagi Formation. Then came work 
on the Witwatersrand in 1941 and the Moeda Conglomerate in the 1960s. 

In another matter, the doctrine of uniformitarianism is valid for physical 
activity, but when biological activity becomes involved, modifications appear. 
At first organisms functioned only in an aqueous sphere, later to expand into a 
warm humid terrestrial environment, and ultimately to become selected for 
survival in both cold and (or) dry regions. Their activity and disposal introduced 
significant changes in geological activity and its rate. Increase of organic matter 
hastened rock decay which in turn produced dissolved salts which accelerated 
rock disaggregation. The net result is that change came with exponential increase 
in frequency and amount; many of our assumed rates and environments are not 
as interpreted. The doctrine holds only under uniform conditions; biological 
activity is non-uniform; rather it is progressive and spasmodic. 
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V. ZIEGLER: What is the Th/U ratio? In the vein-type material you mention 
the Witwatersrand and also the Indus River uraninite. 

S.H.U. BOWIE: The material in the Dominion Reef varies between 5 and 
8% T h 0 2 by weight. The Indus River material is on average approximately the 
same but the range is greater. The range is from 1 % by weight thorium up to 
about 13 to 14% which incidently is the range quoted in the literature by 
mineralogists like Clifford Frondel for uraninites from all over the world. 

G.W. BAIN: I believe that the detritus of the Indus River is not a single 
mineral type; it is essentially what could be called a "Lilliputian conglomerate" 
or a polymict conglomerate, or a sand which could become indurated to make 
greywacke. The uraniferous sediments are essentially all quartz unless the Elsburg 
Reefs on the Rand are considered. I make this point because the detritus in the 
Indus, where uranothorianite or uraninite is found, has had very little time lapse 
between rock disaggregation and the time it was laid on sandbars in the river. 
On the other hand, the Witwatersrand reefs and Blind River deposits and Moeda 
of Brazil, or the Roraima of Venezuela and Colombia have developed maturely, 
with well-rounded grains which are 90% quartz by comparison with the varied 
mineralogy of Indus detritus. I think that the preservation of unstable minerals 
and wide variety in the thorium-uranium ratio in the Indus River is due to a very 
short lapse of time from when the rock tumbled down the cliff in those 4200-m 
deep gorges in the Karakorum and the time that it came to rest on the sandbars 
where it was collected; time was inadequate to dissolve the uranium independent 
of reagents in the river water. So I doubt that the polymict origin can be applied 
to those oligomict uraniferous sediments in order to interpret the environment 
of deposition of the uranium producers. 

S.H.U. BOWIE: First of all, I should like to make clear that I never 
indicated that the material from the Indus River formed a polymictic, or an 
oligomictic conglomerate. It simply forms a deposit of some significance which 
might be commercially viable some day, and it formed under normal oxygen-rich 
atmospheric conditions. I agree with you that it probably has not travelled very 
far, and it is also possible that some of the material that appears in the Dominion 
Reef has also not travelled very far. In the Dominion Reef the bulk of the 
material is not in a quartz pebble conglomerate, it is in a quartzite. 

G.W. BAIN: Are you referring to the degree of rounding of the grains 
which gives a measure of the number of miles they have moved? 

S.H.U. BOWIE: In the Dominion Reef and in the Blind River area there 
are perfect cubes with the corners not even rounded off. Perhaps they were 
reconstituted in situ. 

R. RICE: There is every evidence that the Huronian of the Blind River 
area and the Witwatersrand were laid down in water as shown by the presence 
of cross-bedding, etc. Also present are good impermeable layers overlying the 
arkosic sediments, particularly in the Witwatersrand Basin, as the Black Bar 
in the Main Reef Group, the amygdaloidal lava in the Bird Reef Group and 
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Kimberley Shale, all finally capped by the Ventersdorp lavas. Thus, connate 
waters must have been trapped between the impermeable layers and had no 
way of getting out. A similar impermeable layer exists in the Blind River area, 
the Whisky Argillite. Now, both in Blind River and particularly in the Witwaters-
rand, the whole area was under terrific tension so that there was a massive 
infusion of diabase that must represent a considerable extension in surface area. 
In the case of the Witwatersrand, this was mainly pre-Ventersdorp so that the 
sediments must have still been in a semi-consolidated state when the expansion 
occurred owing to the infusion of diabase dykes. The expansion due to these 
diabase dykes must literally have been miles as some of them are 1000 feet thick 
and strike for miles. Similarly, in Blind River and the whole of the north 
shore of Lake Huron there must have been a great expansion due to the 
Nippissing diabase intrusion. The heat from the differentiated quartz diabase of 
the Nippissing must have been enormous and I would like to suggest that the 
effect of this heat on an unconsolidated sediment with trapped connate waters 
would be to boil it or bring it very near to boiling, and it is the hot connate 
waters that dissolved the uranium dispersed in an undifferentiated arkosic 
sediment derived from Archaean granite, and that at a later stage was precipitated 
out of solution in the most permeable horizon which is a conglomerate of even-
sized pebbles. 

S.H.U. BOWIE: I do not disagree with you. We are still not very sure 
although we hope we can determine the actual temperatures of formation by 
the fluid inclusion work, not only on the quartz pebbles themselves but also 
in the quartz that has formed in situ in the sediments. At present, the temperature 
range appears to be 5 to 350°C; however, it is probably not as wide as that. But I 
agree with you that this is the sort of mechanism that might have resulted in the 
redistribution of the uranium in the form in which we now find it, particularly 
that associated with the carbonaceous matter. 

I hope the work we are continuing to do will throw light on this problem. 
We are looking at the oxygen-sulphur isotope ratios, and hope to come up with 
more precise data on temperature of formation and, perhaps more relevant, on 
the possible secondary phase I mentioned. Much work remains to be done but 
it seems to me that it is now becoming very easy to understand why there has 
been so much controversy about this particular field. We have had the so-called 
hydrothermalists, the placerists, and at one time we had the modified placer 
theory coming in between. Modified placer could account for the observed 
bimodal occurrence. 

R.G. DODSON: You say bimodal, but it could be remobilized. 
S.H.U. BOWIE: Yes it could be remobilized. We do not know whether it 

was simply remobilized during the metamorphism, because the metamorphic 
grade is relatively low — it is chlorite grade. We think that by looking at the 
uranium-thorium ratios we can differentiate between original material and 
material that has either been reconstituted or newly introduced. But as we 
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already said, the most important thing to know, as far as the future is concerned, 
is where to look for deposits of this kind and perhaps not to worry too much 
about exactly where it came from. 

L.R. PAGE: If we have remobilized uranium should we not be able to find 
some indication of the solution and removal of uranium from the detrital grains 
that have been found? 

S.H.U. BOWIE: That is a very important question. Again we have not the 
full answer and the question posed by George Bain is also very relevant to this. 
In the Witwatersrand System as a whole, as opposed to the Dominion Reef, we 
find rounded grains. These could have been formed in two ways — one by normal 
attrition through transport and the other by chemical corrosion. What we 
are not sure about yet is whether there are different uranium-thorium ratios 
depending on the areas of infeed. That is to say, whether the sediments came 
from the north-west, or around to the west or south-west. Different ratios for 
infeed material might give the answer to your question. 

L.R. PAGE: It would seem to me that if you are going to dissolve the 
uranium and leave behind the thorium you would have to have a thorium-
enriched rim around the grains. Has any evidence of this been found? 

S.H.U. BOWIE: None whatsoever. If it is dissolved by the method I 
suggested — corrosion — there is no thorium rim left. But the interesting thing 
is that if you look at the "reconstituted material" it is also fairly rich in thorium. 
It is not all low-thorium uraninite. It has got 1 to 2% by weight, but is variable. 
However, the overall measured ratios, for example from the Dominion Reef, 
are roughly 1:4 thorium to uranium whereas, in the Witwatersrand System as a 
whole, this ratio is 1:33. That is on bulk analysis. As I indicated, now that 
we have started examining individual grains, we are getting far more useful 
information. 

L.R. PAGE: Another question — what is the distribution of thorium that 
is determined by the electron microprobe? Is it uniform inside these grains? 

S.H.U. BOWIE: Uniformly distributed within the uraninite grains. 
Another quite significant feature is that, in the Witwatersrand, there does not 
appear to be the kind of material many people speak of, namely an organo-
uranium complex. The carbonaceous matter is non-uraniferous. All the uranium 
is contained in discrete microscopically visible grains. The only uranium we 
cannot see is that contained (possibly adsorbed or absorbed) in the silicates 
contained in the pyrite and, as I said before, this might be quite significant and 
important commercially. 

L.R. PAGE: Are these phyllosilicates related to the crystal structure of 
pyrite? Commonly the pyrite deposits will have sooty pitchblende in a layer 
on the outside of the crystal and then another layer of pyrite will be formed 
and some silicate. This will be in a similar position. 

S.H.U. BOWIE: No, the appearance of the phyllosilicates is one of fine 
dissemination throughout the concretionary pyrite and in some instances along 
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traceable minor veinlets. But it is fairly diffuse. The only example we have of 
an overgrowth on pyrite is an overgrowth of radiogenic lead forming a rim on 
pyrite crystals. 

K.J. BARNARD: I wondered if you could possibly give some idea of the 
ratio between the detrital and non-detrital material. 

S.H.U. BOWIE: I would be delighted to be able to do so but we have been 
dealing with samples and, knowing a little bit about mining and mining problems, 
I would not say that we could come up with anything at this stage that- is 
quantitatively useful. However, I am sure that if one collected the right material, 
i.e. suitably chosen bulk samples rather than specimens, your question could be 
answered. 

K.J. BARNARD: With regard to the subject of cooking up connate water as 
the process by which uranium could be concentrated — one is looking at a belt 
here of a few hundred miles in circumference that is mineral bearing, and 
certainly the presence of dykes appears to have no relation at all to any concentra-
tion of either uranium or gold. In the Witwatersrand one is always impressed by 
the relation between gold and uranium mineralization, so my feeling is that I 
wouldn't like this to be put up as a model for the Witwatersrand — I would like a 
lot more consideration to be given to the matter. 

S.H.U. BOWIE: I am not going to suggest any models at this stage. I am 
simply indicating progress that has been made. On the association of gold with 
uranium I think that this is something else which requires more detailed research. 
One of the things that we have possibly found out, but this requires confirmation, 
is that both gold and uranium could have been mobilized and could have moved 
in relatively weak organic acid solutions, and this might have something to do 
with the tie-up between the gold and the organic material which is rich in uraninite. 
For example, in the Carbon Leader this may have been the main concentrating 
process. Gold might also move in other solutions as is indicated by the ubiquitous 
presence of chlorite minerals very often associated with the richest gold-uranium 
horizons in the Witwatersrand System. 

R.W. BOYLE: Our research indicates the possibility of the migration of 
gold and uranium as a chelated compound or metal-organic compound, these 
compounds, as in the Witwatersrand, being precipitated from solutions after 
which gold and uraninite are split out in an extremely finely divided form during 
the process of crystallization of the organic substances. Some of this has actually 
occurred along the syneresis cracks that we have observed in the Witwatersrand. 
In the Blind River deposits, however, there isn't any "thucoli te" there worth 
mentioning. There is some, but it is very minor. It occurs mostly along slips 
and fractures and contains no gold. Recently we have found other deposits in 
the Grenville Province skarn-type deposits, which have the same organic material 
as the Witwatersrand. These are large nodules of organic matter, or "thucholi te" 
as Dr. Ellsworth used to call it, with abundant gold. In at least two places 
now we have discovered this auriferous "thucholite", and it is certainly an 
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indication to us that both elements (gold and uranium) have moved, probably 
as an organic complex in some cases. What troubles me very much about the 
Witwatersrand is the rather extensive occurrence of certain of the platinoid 
metals, especially in some parts of the Carbon Leader. How they got there I 
don't know, but some of the uranium deposits that are associated with gold in 
some of the Precambrian rocks of Canada, especially in the Athabasca region, 
are likewise rather rich in platinoids. They also contain vanadium. We haven't 
been able to discover much selenium in the Witwatersrand or in the Blind River 
ores, but we have found a remarkable quantity of mercury in both deposits. 
This element does not occur in any quantity in the Tarkwa deposits in Ghana. 
The Tarkwa you will recall does not have the zones of pyritic mineralization. 
There, the iron mineral is haematite, in some cases ilmenite, and there is no 
uranium; there is a small amount of thorium and there is a high gold content. 

S.H.U. BOWIE: All the evidence that I have would show that the 
platinoid metals are in a straightforward allogenic range of minerals. The 
detrital material more or less parallels the bedding, whereas the hydrocarbon or 
organic matter is perpendicular to the bedding. Some of the gold may have 
been caught in the hydrocarbon riffle and may be of detrital origin. Detrital 
grains seem to be trapped in filaments which can be seen with an electron scanning 
microscope, but they are few and far between. 

R.W. BOYLE: I find it very difficult to understand why the Carbon Leader 
contains an especially large number of platinoid minerals. These are in reality 
not detrital in my estimation; if they are detrital, they must represent remobilized 
material. The other problem of the Witwatersrand that we have discovered is 
that there is very little tungsten in these ores. The same is true of the Canadian 
Blind River ores. You are all aware, I am sure, that most gold ores contain 
tungsten. There isn't a gold deposit that I know of that doesn't contain at 
least marked traces of tungsten; yet there is very little tungsten in the quartz -
pebble conglomerate ores, and if they are detrital then I don't understand where 
all the wolframite and scheelite has gone. The Archean, or let us say the lower 
parts of the Archean — the greenstone belts — usually contain veins which are 
markedly enriched in tungsten, although not in tin, so if the gold is detrital 
where did the tungsten go? 

S.H.U. BOWIE: I accept your argument. First of all, it is almost certain 
that there is a bimodal occurrence of uranium in the Witwatersrand. There is, 
detrital material and superimposed upon that the material which has either been 
remobilized or is epigenetic in the sense that it was introduced into the basin 
at a subsequent time which we can date fairly precisely at around about 
2000 million years ago. The detrital phase throughout the Witwatersrand gives 
an age of 3100 m.y. The age of the Witwatersrand Basin, according to the best 
stratigraphical evidence available, is around 2500 m.y. 

R.W. BOYLE: The stratigraphic position and age of the quartz-pebble 
conglomerates is I think an important point with respect to their origin. The 
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Witwatersrand is above the Swaziland System which contains greenstone belts. 
In Canadian terminology the deposit is, therefore, Proterozoic. The other 
deposits — Jacobina, Tarkwa, Blind River and others in Canada, and those 
in the USSR - all lie above the greenstone belts and what we call in Canada 
Algoman granites which intrude the greenstone belts. The source of the gold 
could have been the greenstone belts and the uranium could have come from 
the granites. Both metals could have been derived either by sedimentation 
(placers) processes from the greenstones and granites by weathering, or they 
could have been leached from these two rock types by rising thermal waters 
which, on their upward ascent, moved laterally and deposited both the gold 
and uranium in porous conglomerates. Criteria are needed to decide which of 
these processes has been effective. 

S.H.U. BOWIE: I will try and clear up the concern about this in the future. 
J.G. WILSON: In respect of the remobilized uranium at the age of about 

2000 million years, you mentioned briefly its relation to the Bushveld complex. 
Could you please explain what prompted that thought and the reasoning behind it? 

S.H.U. BOWIE: The evidence of the geochronologists, wherever they come 
from — and they are now coming up with first-class data which is improving all 
the time — is that the Bushveld igneous activity is centred on 1954 million years 
ago.1 This seems to fit with the remobilization or introduction age. Also, the 
nearer the minerals approach the Bushveld centre so does the preponderance of 
this younger material increase. This is the evidence provided by the very fine 
suite of samples provided by Larry Whiteside and which, in the first instance, 
were numbered so that we had no idea where they came from. Only after our 
studies had been completed did I allow Larry Whiteside to give us details of the 
location of the specimens. 

J.G. WILSON: I thought I had misunderstood you before but now I grant 
you your argument. What would be the association apart from time? 

S.H.U. BOWIE: Another important question. The Witwatersrand is a well-
defined metallogenic province where certain elements are concentrated. The 
Bushveld may have provided a heat source which is an alternate one to that 
suggested by Bob Rice, i.e. one of basic dykes. I am sorry that I have not got 
any recent information — or even old information — on the age of the dykes. 
It could very well be that the dykes are also of Bushveld age. I don't know. 
Perhaps Johann von Backstrom can answer. 

J.W. von BACKSTROM: Let's look at the whole set-up. There are three 
formations involved at the base. First, the Dominion Reef Group - in South 
Africa we put the age at approximately 2800 m.y.2 Disconformably overlying it 

1 DAVIES,R.D., et al., in Proc. Symp. The Bushveld Igneous Complex and other Layered 
Intrusions (VISSER, D.J.L., VON GRUENWALDT, G., Eds), Geol. Soc. S. Afr., Special 
Publication 1 (1969). 

2 VAN NIEKERK, C.B., BURGER, A.J., Trans. Geol. Soc. S. Afr. 72 (1969) 3 7 - 4 5 . 
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we have the Witwatersrand System, which in turn is unconformably overlain by 
the Ventersdorp Supergroup — a thick volcano-sedimentary format ion — dated 
at 2300 m.y. 3 

S.H.U. BOWIE: This is my own conclusion f rom the data that have been 
presented. What the full significance of it is, like you I do not know. I suggest 
that this is something we ought to look at more carefully in the fu ture and 
perhaps it will give us some of the answers. 

R. RICE: When I said that diabase dykes heated the connate waters, I did 
not imply that the uranium was in any way connected with the injection of the 
diabase. The uranium was present dispersed in the arkose. Incidently it was 
not only the diabase that was a heat source. Concurrently with sedimentation 
the Vredefort Dome was rising and in fact according to the University of the 
Witwatersrand Economic Geology Research unit , this contemporary rise of the 
Vredefort Dome played a major role in restricting the sedimentation and 
concentrating the alluvial gold.4 Now, if the Dome was rising during the 
sedimentation a lot of heat must have been generated where the dome pushed 
through the Witwatersrand sediments and, as far as I know and I stand to be 
corrected, there are no major gold or uranium mines round the outcrop of the 
Vredefort Dome. 

J.W. von BACKSTROM: This is not correct. Exploration in the area of 
the Vredefort Dome in the Witwatersrand formation has proved the presence 
of both gold and uranium. 

S.H.U. BOWIE: Economic? 
K.J. BARNARD: Not economic as yet ; certainly not at the moment . 
M.R. STEYN: Just a comment on some of the previous remarks about the 

dykes. These actually consist of about 90% of Ventersdorp dykes, in other words 
they are contemporaneous with the extrusion of the Ventersdorp Volcanic 
Sequence (2300 m.y.)5 which post-dates the deposition of the Witwatersrand 
sediments. Approximately 3% of dykes are of Bushveld age (1954 m.y.) and 
the remainder are Pilanesberg (1310 m.y. — Van Niekerk6) and Karoo dolerite 
(mean age 1 5 4 - 1 9 0 m.y. — McDougall7). 

With regard to the Vredefort Dome near the centre of the Witwatersrand 
Basin, there were a number of mines which actually exploited the conglomerates 
of the Kimberley-Elsburg Group during the early part of this century. Thus , 

3 VAN NIEKERK, C.B., BURGER, A.J., Ann. Geol. Surv. S. Afr. 3 (1964) 75. 
4 ERIKSSON, K.A., A basin analysis of the Transvaal sequence in the Potchefstroom 

synclinorium, Transvaal and Orange Free State, M. Sc. Thesis, Univ. of Witwatersrand (1971) 
Unpubl. 

5 See Footnote 3. 
6 VAN NIEKERK, C.B., Trans. Geol. Soc. S. Afr. 65 (1962) 1 0 5 - 1 1 . 
7 McDOUGALL, J. Geophys. Res. 5 (1963) 1 5 3 5 - 4 5 . 
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there were definitely some economic deposits near the centre of the depositional 
basin, as also proved by fairly widespread low-grade gold occurrences and, it is 
said, uneconomic uranium mineralization. 

These phenomena agree with the demonstrable and clear sedimentological 
control of the gold and uranium mineralization, which cannot in any way be 
construed to be genetically associated with the dykes. 

R.W. BOYLE: I have just one more comment. We have done a certain 
amount of work in the lower part of the Proterozoic, which includes the Blind 
River quartz-pebble conglomerates and also the rocks of the Cobalt area in 
Canada. There is an indication that these quartz-pebble conglomerates are of 
glacial origin. Now, I notice in the old literature of the Witwatersrand, and I 
have talked to people who likewise have had the idea, that some of the quartz-
pebble conglomerates in the Witwatersrand are also of glacial origin. I would 
like to know whether anybody here has this idea. The Cobalt series is 
definitely glacial, and there are varved sediments associated with some parts 
of the Matinenda series in Ontario which are also probably varved glacial 
sediments. There are dropped stones etc. in these rocks. I understand also 
that in some parts of the Tarkwa these types of phenomena are present as well. 
It would be interesting to know whether or not this is a fact, because it has 
considerable bearing on whether the uraninite and pyrite is detrital because, 
under glacial conditions in the Arctic, you can see these minerals, particularly 
pyrite, which are quite unoxidized. They end up in the sedimentary rocks in 
a non-oxidized state. In other words, redox potentials have little to do with 
the problem. Climate is more important than oxidation/reduction processes. 

S.H.U. BOWIE: It is not simply a matter of association with glaciation. 
There are perfectly beautiful pyrite grains in the Indus valley today, not 
formed under conditions of glaciation. I would not like to get drawn into this 
because we could have another discussion going for a long time on the mode of 
origin of the quartz-pebble conglomerates, which has been discussed now for 
goodness knows how many years. 

R.W. BOYLE: We did some work on the origin of the quartz and this 
seemed to come from two sources, one, a pegmatitic source, and two, a quartz 
vein source. 

S.H.U. BOWIE: I would like to complete something that we omitted 
in a previous discussion. 

This actually arose from Working Group I and I would not like to have to 
leave Sydney and not have made my views clear. I seem to have given the 
impression, when we were discussing uranium in association with granites, that 
the tonnages of uranium associated with granites were relatively small compared 
with some of the tonnages we know in other associations. In this I was not 
referring to Precambrian granitic associations, but only to Phanerozoic granites 
— the type that occurs in France, Portugal, Spain and elsewhere. Granites and 
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granitic rocks in the Precambrian are to my way of thinking of paramount 
importance in the origin of the bulk of the tonnage of uranium we known in the 
Earth's crust at present. 

V. ZIEGLER: In the last NEA/IAEA report on uranium resources the 
French resources account for 63 000 t uranium metal below a cost of US $ 15/lb 
U 3 0 8 . To this you may add some 23 000 t already mined, which totals 85 000 t U, 
or 100 000 t U 3 0 8 . Since you consider as a uranium province any part of the 
world where the tonnage is over 100 000 t U 3 0 8 , France fulfils this condition. 
Most of this tonnage is vein-type uranium related to granites, and furthermore 
we count much more on the uranium vein-type than on sedimentary-type uranium 
for our future reserves. I agree with you about the importance of the old Pre-
cambrian granites in connection with uranium provinces. But within the 
Hercynian belt, France is not an exception; important reserves occur in the 
Iberian Peninsula and I am sure that much more can be found. Moreover, 
significant uranium resources are known in almost all parts of the European 
area occupied by the Alpine belt where Hercynian remnants or Permian 
continental formations appear. This last remark remains valid for eastern Europe 
as well. Nevertheless, in this Hercynian area of Europe I do not believe old Pre-
cambrian ages were recorded, while total low-cost uranium resources (below 
US$15) probably greatly exceed 200 000 t U 3 0 8 , including those occurring in 
eastern Europe. 

S.H.U. BOWIE: I am very sorry if there was any misunderstanding between 
us because I entirely agree with you. The fact is that you have many important 
deposits which, when you add them together, reach 92 000 t oxide. What I was 
referring to earlier was a single deposit, or a very closely grouped number of 
deposits that made up a province, and I said that the chances of finding that, 
other than in the Precambrian, were not particularly high. 

J.W. von BACKSTROM: I support Mr. Ziegler. We classify Rossing, which 
is dated at 510 m.y. (Clifford8) as Cambrian, and it should be one of the biggest 
producers for many years to come. 

S.H.U. BOWIE: I would like to see more age determinations carried out 
on Rossing. I believe earlier ages will be recognized. 

8 CLIFFORD, T.N., Geol. Soc. Am. Special Paper 92 (1967) 77 pp. 





Uranium Geology Working Group IV 

VEIN AND SIMILAR TYPE DEPOSITS 

INTRODUCTORY REMARKS BY THE GENERAL CHAIRMAN 

R.D. NININGER: In Working Group IV discussions there is a problem 
of terminology which our Working Group Chairman is going to talk about. It has 
to do primarily with the change that has occurred in five years and the relative 
importance and kinds of deposit that this Group has been looking at. The 
Chairman was then Dr. E.E.N. Smith of Eldorado Nuclear, Canada, but the 
Chairman who has now taken over at Dr. Smith's request is Dr. John Rowntree 
of Pan-Continental, Australia. 

INTRODUCTORY REMARKS BY THE CHAIRMAN OF WORKING GROUP IV 

J.C. ROWNTREE: At the Montreal meeting of the IAEA working groups 
on the formation of uranium ore deposits in 1972, a recommendation was made 
to create a new Working Group IV entitled "Vein and similar type deposits". The 
first effective meeting of this new working group was held in Athens in 1974 and 
the present Sydney meeting is therefore only the second time that this Working 
Group has been convened. 

Since the purpose of the Working Groups is best served by having the people 
most active in recent work on the relevant uranium deposits as participants, and 
since these same people have many other commitments, it has not been possible 
to have a good continuity of membership in Working Group IV. 

One of the matters, which has been raised by Mr. R.D. Nininger, is the need 
to re-define Working Group IV to include the pitchblende-type deposits in host 
rocks of Lower Proterozoic Age. I suggest that a suitable name might be "Lower 
Proterozoic Pitchblende and Related Deposits". There should be further discussion 
concerning this proposal since it represents an over-simplification of the very 
great number of types of deposit still proposed to be encompassed by this 
working group. 

Of course, there should be more discussion by the IAEA concerning how 
the more classical vein-type deposits, such as the Permian deposits of Europe, 
should be categorized in the future, i.e. whether they should form a sub-group 
within Working Group IV, or whether they should be attached to some other, or 
become a new Working Group. 

47 
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It should be noted, however, that even if Working Group IV is re-defined it 
represents a very broad classification of Lower Proterozoic deposits which occur 
in host rocks with a 300—400 million year age difference. I am certain therefore 
that some of those deposits, which might be discussed under the section of related 
deposits, will eventually need to be segregated yet again as additional new working 
groups or sub-groups. 

The Lower Proterozoic pitchblende deposits in general were recognized as 
an important group of deposits only during the 1972/74 period with the discovery 
and elucidation of the geology of deposits such as those at Cluff Lake, Rabbit 
Lake, Key Lake in Canada and Ranger, Jabiluka, Koongarra and Nabarlek in 
Australia. These deposits together represent over a quarter of the total world 
reasonably assumed resources (RAR) and certainly represent the majority of new 
uranium discoveries within the last 10 years. 

Review of activity since 1974 

Even since 1974 exploration activity has resulted in a substantial new 
discovery of this group type at Key Lake in Canada and the addition of substantial 
amounts to the deposits in Australia. 

Many governments, as a result of the substantial interest in these deposits, 
have concentrated further regional surveys in areas where the potential exists for 
new discoveries. An example of this are the recent surveys carried out by the 
Canadian Government in northern Manitoba. 

Although numerous facts are now known about the major deposits, and 
although some information is available concerning the mode of occurrence and 
age relationships of these deposits, there is a continuing need for a^substantial 
increase in studies of chemistry, paleohydrology, age dating of ores and related 
rocks, detailed petrology, and light and heavy isotope work. 

Also, although a number of good working hypotheses concerning the genesis 
and source of these deposits have been put forward recently, it is clear to me that 
more thorough communication among the workers on the various deposits is 
required before working hypotheses, which certainly appear to be relevant to the 
genesis of any one particular deposit, can be said to apply to the group as a whole, 
or at least to other deposits within the group. I would like to recommend strongly 
that now is not the time to factionalize into opposing forces, but to co-operate 
fully so as to determine better the nature of these deposits. 

Definitive features 

Despite the number of hypotheses available to explain the genesis of these 
deposits, some potentially definitive features exist which I would like to list. 
This list is in order of importance. 
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(1) All the deposits occur within host rocks of Lower Proterozoic Age (Late 
Aphebian) ( ~ 2500 — ~ 1700 m.y.): This is about the time that oxygen 
became more abundant and biogenic organic matter was being produced in 
shallow-water environments that provided abundant reducing sites.1 

(2) The Lower Proterozoic host rocks were heterogeneous: In fact it may be 
possible in future, when it becomes necessary to subdivide this group further, 
to base such subdivisions on host rock types; for example, deposits such as 
the " N " zone at Cluff Lake occur in migmatized sediments, Rabbit Lake in 
chemical sediments, Ranger in pelitic sediments, and indeed perhaps even 
the associated deposits within the unconformity regolith such as the " D " 
ore body at Cluff Lake and at the 7J occurrence near Jabiluka, could be 
recognized as separate groups. In fact the sedimentary depositional environ-
ment was varied — oxygen was available; reducing environments existed 
within the shallow basin complexes; transgressive primary facies and vertical 
facies changes were rapid. 

It is possible, of course, to consider other classifications, for example 
those based on genesis/age relationships. 

(3) The importance of at least local structural controls within all the deposits: 
Larger structures such as strata-bound breccias, structural folding, faulting 
and shearing resulted in the creation of suitable structural environments. It 
certainly seems to have been essential that these structures were open in a 
timely manner during the emplacement of the uranium. 

(4) There is an apparent spatial relationship for most of the deposits to mantled 
gneiss domes (migmatites and migmatized sediments) which were active 
around Archean cores throughout the Lower Proterozoic. Deposits such as 
the " N " zone at Cluff Lake occur within the migmatized zone whereas others, 
such as at Ranger, occur immediately adjacent to a transition zone into non-
migmatized Lower Proterozoic sediments. Deposits such as those at Jabiluka 
appear to occur in sequences even more remote from the migmatization 
centres. 

(5) The apparent spatial relationship of uranium deposits to the present erosional 
margins of the unconformably overlying Middle Proterozoic rocks: Much 
discussion concerning the role of actual unconformity itself has been heard 
over the years. A number of people, in supporting the unconformity role in 
deposition, point to examples of minor related deposits such as those at 7J 
near Jabiluka and El Sherana in the South Alligator Valley of Australia. It 
is evident, however, particularly as a result of the discovery of deposits such 

1 MOREAU, M., "L'uranium et les granitoi'des: essai d' interpretation", Geology, 
Mining and Extractive Processing of Uranium, Proc. Int. Symp. Inst, of Mining and 
Metallurgy and CEC, London (1977) 83. 
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as Jabiluka underneath the Middle Proterozoic cover and Caramel near 
Nabarlek, that uranium mineralization occurs both along the erosional 
margins and under the Middle Proterozoic cover. 

I would like to suggest, in agreement with others, that there is a relation-
ship between the degree of recent oxidation and dissipation of at least the 
shallower deposits (almost all those which have been evaluated to date) and 
the amount of time that these deposits have been exposed by erosion of the 
Middle Proterozoic cover. It may therefore have been essential for at least 
some of the major deposits of this type to have been capped by the Middle 
Proterozoic soon after emplacement. Obviously the corollary to this is 
simply that other uranium deposits, as yet for the most part unexplored, 
extend under the Middle Proterozoic cover. 

Simply then, the spatial relationship with the Middle Proterozoic and 
the uranium deposits discovered to date is between the present erosional 
margin and not the unconformity itself. 

(6) Most deposits exhibited multiple ages of emplacement of uranium. These 
ages range from those possibly within 100 million years of being contempo-
raneous with the enclosing Lower Proterozoic host rocks up to the Recent. 

However, there is strong evidence, at least for the Alligator Rivers 
deposits of Australia, that ore-grade mineralization was introduced post-
lithification and post-prograde metamorphism. More recent ages for deposits 
both in Australia and Canada tend to group around at the time of orogenic 
events. It is possible that in some cases the original uranium could have been 
remobilized during one of these later events to obscure the genetic history 
of the deposit. 

(7) All the deposits encompassed within Working Group IV are essentially 
. pitchblende deposits of relatively high grade. Geochemistry also indicates a 

persistent gold association with the uranium such as at El Sherana in the 
South Alligator Valley of Australia and Koongarra in the East Alligator 
region and Cluff Lake in Canada amongst others. It might be interesting to 
determine if a trace-element chemistry of the gold provides a definitive 
signature for these types of deposit. Some other element associations with 
uranium are: nickel at Cluff and Key Lake, copper at Rum Jungle, Jabiluka, 
Eldorado and many others, as well as vanadium, molybdenum, mercury, 
selenium, titanium, thorium and possibly rare-earths. 

It should be pointed out that at least the gold, nickel and copper, which 
have proved to be independently economic in some deposits, should be 
discussed as associate economic mineralization. 

As I indicated earlier, additional work on temperature and pressure 
relationships Eh and pH of the depositional environment is required, particu-
larly for the more recently discovered deposits in Canada and Australia. 
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Conclusion 

Considerable activity is being centred upon deposits of this type and, although 
meetings of this forum can provide a useful exercise in clarifying the geology of 
pitchblende deposits in Lower Proterozoic rocks, I would like to reiterate the need 
for more thorough and co-ordinated factual studies and .communication among-
interested parties. 

DISCUSSION 

B.W. HAWKINS: I wonder if you'd like to comment on the position of the 
Kombolgie Sandstone escarpment, in relation to the deposits and whether you 
believe that the faulting, which is associated.with many of the deposits and which 
may have significant influence on their emplacement, also controls the present 
disposition of this scarp face. It surely has not much to do with the ore bodies. 

J.C. ROWNTREE: In deposits such as Jabiluka we have mineralization 
extending under the Kombolgie sandstone for over a kilometre and within that 
kilometre there are a number of other faults running parallel to the scarp face. 
There is really no indication that mineralization is particularly controlled by those 
faults, which are at present reflected at the scarp face. There is some indication 
that there are temporary speed-ups in the rate of erosion, so that the migration 
rate of the scarp face is affected by structures that transect it. Therefore, I don' t 
think that the emplacement of uranium and the present position of the scarp face 
are related. Obviously, we could not have had a faulted structure that prevented 
or stopped the erosion of the Kombolgie for the time that has elapsed since 
Kombolgie deposition, a minimum age being 1550 million years (m.y.). 

I would like to examine the position of the scarp face, which is the erosional 
margin of the cover rocks, and the position of the uranium deposits in another 
way. I mentioned that there seems to be a relationship between how much oxi-
dation has gone on in the upper parts of these deposits and how much dissipation 
has gone on of those uranium oxides into surficial water systems. In other words, 
how much of the deposit is gone and how long has it been exposed? If you take 
Jabiluka 2, none of it has gone, if you take Jabiluka 1, which is very recently 
exposed, it is only weathered to a depth of 6 m. At Koongarra, which is very 
close to the Kombolgie in a reverse faulted situation, there is a substantial group of 
sulpho-salts extending down the gravity gradient in the oxidized zone. Nabarlek 
shouldn't be there at all - it's a long way away from the sandstone cover and 
presumably is there because it was so rich a grade that the secondary products 
virtually coated and protected the primary pitchblende masses that remain. I 
think if you look at the deposits in Canada, you'll see something similar; there 
may be an exposure-time dissipation function. 
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M.F. FOY: How much could your thinking be coloured by the slightly 
different setting of Jabiluka, which is more flat-dipping than the other deposits? 

J.C. ROWNTREE: Well, Jabiluka is no more flat-dipping than Ranger is, for 
example in the gross sense. If Mr. Elliston were here he could answer this more 
accurately than I, but it is between 10° and 30° and Jabiluka is of a similar amount. 
As I said before, there appears to be no need to worry about what the structure is, 
but only that it is there and is a suitable sort of structure to develop open 
features for the uranium emplacement. I don't see any need to look to a complex 
model where you have some kind of relationship between the Middle Proterozoic 
sandstone and the uranium mineralization. 

D.A. WHITE: The distribution of the Lower Cretaceous sedimentation in 
the vicinity of the Alligator Rivers area seems to suggest from the outcrops close 
up, or even in juxtaposition with the Kombolgie, that this escarpment was essen-
tially in its present position before the Cretaceous. 

J.C. ROWNTREE: It 's a good point, and what you're really saying is how 
long can the escarpment remain static and does it get to the point where it stays 
static for 'a very long period? Well, we're talking about a long period, and it may 
be that there are erosional pauses for relatively long periods - but that may not 
be significant when you're looking at 1880 (±) m.y. for the older uranium deposits.2 

D.A. WHITE: But it does suggest that the deposits, for example Ranger, 
may well have been exposed for a considerable time before the Cretaceous was 
deposited because there must have been quite an interval then because the work 
on the Lower Cretaceous suggests that marine transgression came very close to 
the deposit or perhaps even covered it. Considerable reworking and perhaps 
secondary enrichment of the deposits could have taken place during this interval, 
perhaps at around 500 to 900 m.y. 

J.C. ROWNTREE: Perhaps the Cretaceous formed a new cap over the 
deposit. It 's just my rough suggestion that it is not so much a genetic relationship 
of the uranium with the unconformity as a spatial relationship with the cover 
rocks. If the static period of erosion of the cover rocks is 100 m.y., I don't think 
it ruins the overall model that I have talked about. The implications simply are 
that you might have to look deeper for uranium deposits further away from the-
cover rocks that have not been exposed to oxidation. Near the margin of the 
sandstone you will find the deposits that are easiest to find. Underneath the 
sandstone cover nobody bothers to look but it may be that unoxidized deposits 
occur there. 

R.S.NEEDHAM: I'd like to make a few comments first about fault 
control at the margin of the Kombolgie Sandstone Formation. Certainly in'many 
areas,'especially to the west of Nabarlek, fault scarps cut along marginally to the 

2 HILLS, J.H., RICHARDS, J.R., Pitchblende and galena ages in the Alligator River 
Region, Northern Territory, Australia, Mineralium Deposita 11 2 (1976) 1 3 3 - 5 4 . 
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escarpment but in the main, basement highs have done more to control the 
present configuration of the escarpment than has faulting. In the work I have' 
been doing over the last years with the Bureau of Mineral Resources, Geology 
and Physics, I've become more and more convinced that the unconformity concept 
and the present position of the unconformity has nothing at all to do with the 
position of the uranium deposits. 

Following up something you said in your final remarks, I think it is simply 
that around the margin of the Kombolgie there are areas which are more easily 
prospected. Most of the deposits, or all of them apart from Jabiluka, have been 
found by the follow-up of airborne radiometric surveys and, of course, this is the 
only area that has relatively good exposure with a thin cover over it — that 's the 
only place where this technique will work. The Kombolgie masks radiation from 
the underlying Lower Proterozoic and further out on the coastal plains the 
Cainozoic and Mesozoic deposits also make airborne work ineffectual. 

Further to this I am quite convinced that all these deposits, even Nabarlek, 
which is. within a migmatite type terrane, lie within a favoured unit in the Lower 
Proterozoic rocks. All these deposits are grossly strata bound and the dips of the 
deposits relate fairly closely to the schistosity of the enclosing host rocks. 

J.C. ROWNTREE: Thank you for the points you've covered. Regarding 
basement highs - I think I'll briefly return to them. I take it you mean that, 
where there were basement highs on the original unconformity surface, the Middle 
Proterozoic preferentially eroded in these areas. 

R.S. NEEDHAM: Exactly, the best of the highs are over dolerite which forms 
circular ring-type bodies, especially the one to the south and east of Oenpelli. 
Once exhumed by scarp retreat, this dolerite ridge protected the outlying sand-
stone massif from further erosion. Similar control of the position of the Arnhem 
Land escarpment by the Oenpelli Dolerite is also apparent in other places in the 
region. 

J.C. ROWNTREE: I'll just take you up on one other point you made in 
your comments — that was the question of being able to relate all East Alligator 
deposits to one particular unit — I think you called it the Cahill Formation if I'm 
not mistaken. I 'm not commenting on the need for a new name but I do feel 
that, in our work in looking from Ranger through our property on to Jabiluka, 
we can see that the Ranger series and our series aren't idential — the Ranger Mine 
series and Lower Mine series are not synonymous with the Jabiluka series. They 
may be close together and parts may in fact overlap, but I really feel that we've 
not gone far enough to say how they relate. 

R.S. NEEDHAM: I always find you examine things a little more closely than 
we do from a regional aspect. Is there any reason why similar rock types cannot 
be repeated many times in the one stratigraphic sequence? I would agree that 
Jabiluka and Ranger may not necessarily be in exactly the same stratigraphic 
position, but I do believe that they, together with the host rocks of the Koongarra 
deposit, would fall within roughly the same stratigraphic unit. 
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D. DUNNET: A few years back I was involved in a gold search programme in 
the USA. Among the things in which we were interested, we thought that 
Schwarzwalder uranium and Homestake gold may be part of the same general 
type of deposit and I noticed that you did not mention the Schwarzwalder in 
your introductory remarks. Do you include it in this type of deposit? 

J.C. ROWNTREE: From the little I know about the Schwarzwalder mine I 
would include it in this type. A number of other deposits around the world could 
be and should be brought into this work as it is now defined - I did not intend 
my introductory remarks to be exhaustive. 

D. DUNNET: Could you perhaps say a bit more about gold in these deposits 
and whether there is any indication of any association with the formation of iron 
in either the sulphide or the carbonate form. 

J.C. ROWNTREE: I think many people here could comment on that; how-
ever, I can speak perhaps first. At Jabiluka-1 gold consists of a very low concen-
tration within the uranium ore body, but rarely occurs outside it; values of 0.1 
to 1.0 g/t have been obtained. In Jabiiuka-2 we have come across something that 
is quite unusual — a gold ore body in a specific limited unit within a part of the 
uranium ore body, a unit 3—10 m thick which can be identified geologically. The 
grades within this unit average over 15 g/t. There is no positive correlation between 
the gold and the uranium. There are no gold tellurides; however, there is an 
intimate association with lead, nickel and bismuth tellurides. The gold contains 
less than 1% silver, and there is quite a high percentage, something like 10%, of 
the gold values with palladium. 

D. DUNNET: Could you say a few words about the host rock for the gold? 
J.C. ROWNTREE: Well, it appears to be locally structurally controlled 

within a unit that apparently was very amenable to disruption, with open low-
pressure brecciation and blind fractures. The actual unit that contains the gold is 
a graphitic chlorite schist. 

D. DUNNET: It 's a graphitic schist and also a chlorite schist? 
J.C. ROWNTREE: No-one seems to be here from the Company to talk 

about gold at Ranger. The gold-uranium association is, of course, not unusual. 
I believe that at Ranger the gold is disseminated through the uranium mineralized 
zones at values of around 1 g/t. But Jabiluka-2 is the only deposit I know of 
where the gold concentration may be economic independently from that of 
uranium. 

D.A. WHITE: You mentioned the heterogeneous nature of the precipitants 
of these deposits. In a recent paper by Doi et al.3 dealing with sedimentary 
deposits that they have in Japan, they report that they found that the only active 
precipitants of the uranium in these deposits were chlorite, carbon, calcite and 

3 DOI, K., HIRONO, S., SAKAMAKI, Y., Uranium mineralization by ground-water in 
sedimentary rocks, Japan Econ. Geol. 70 4 (1975) 6 2 8 - 4 6 . 
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one specific zeolite. It seems to me that the chlorite, carbon or calcite as preci-
pitant covers the range of host rocks in which these deposits occur and is a 
common factor in the gold host rocks. 

J.C. ROWNTREE: One complication is that the evidence points towards the 
fact that the pelitic and chemical sediments in the East Alligator Region have 
undergone diagenesis and litification as well as folding and late metamorphisnt, 
and it was only at that point during a retrograde phase that the chlorite was intro-
duced, possibly contemporaneously with the uranium. You must look at the 
chlorite in that light — the chlorite might not have been present before the 
uranium. 

A correlation between graphite and uranium does not show a positive corre-
lation. This has been mentioned by other people. In fact, almost the contrary — 
30% graphite in a graphite schist and you get no uranium. Perhaps one thing 
was a trapping mechanism within the lamellae of the fibrous minerals. That is 
directly different f rom what we see at Rabbit Lake where the succession is a series 
of dolomitic metasediments and dolomite limestones with some magnesite. These 
two separate possible mechanisms or chemistry have to be examined in detail. 

R.S. NEED HAM: I agree that not everywhere you get carbonaceous schist 
in the Alligator River; you also get uranium but, from the general point of view, 
wherever you find uranium some carbonaceous schist is in the proximity. You 
can also say that wherever you get uranium you can find chlorite. But then again 
wherever you find chlorite you don't necessarily find uranium. My idea on this 
is that ferromagnesium and uranium-bearing fluids probably had common path-
ways to a degree, but although uranium followed these pathways it was not 
mobilized significantly beyond a favoured carbonaceous stratigraphical interval. 
Ferromagnesium alteration is found in stratigraphic and structural breaks, for 
instance along a local unconformity between the Cahill Formation and the over-
lying Fisher Creek Siltstone, but there is no associated uranium. In conclusion, 
I think the uranium and ferromagnesium-bearing fluids in part used common path-
ways, but the uranium is never significantly distant from the carbonaceous part 
of the Lower Proterozoic sequence. 

J.C. ROWNTREE: What you are implying is that magnesium introduction 
during retrograde metamorphism was just superimposed on the picture. And the 
essential picture was that there was a succession that was carbonaceous in part 
at least, and that the succession including the carbonaceous part provided the. 
most favourable host rocks for the uranium. I believe that it is also necessary to 
explain the role of the chlorite in any genetic model. 

R.S. NEEDHAM: There seem to have been several pulses of chloritization, 
and the age dates for uranium seem to suggest that there are several periods of 
uranium mobilization or reconcentrations, and whether or not these processes 
took place concurrently is irrelevant. 

J.C. ROWNTREE: I would appreciate some comments from someone here from 
Eldorado in Canada — specifically, Ted Trueman and Don Ward. What comments 
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do you have about the Fay deposits in relationship to the deposits that have been 
discovered at Rabbit, Cluff and Key Lakes, and in the East Alligator, because I 
believe it was the Eldorado deposits which got people on to the classical hypogene 
genetic model? It has only been as a result of the Rabbit Lake and other dis-
coveries that thinking may have changed. 

D. WARD: I would just like to make a comment specifically regarding point 
(6) in your introductory remarks — on multiple ages of emplacement. The age 
dates on the pitchblende from the Athabasca basin postdate the last orogenic 
event by approximately 800 m.y., whereas the age dates of pitchblende in the 
Beaverlodge area do coincide pretty closely with the last orogenic event. 

T. TRUEMAN: Just a comment on various successive ages that have been 
determined — regarding the Beaverlodge deposits, these younger ages also 
correspond to ages of erosion or erosional periods. 

J.C. ROWNTREE: We do not have much age dating. But what we do have 
indicates that, at Ranger, the older stages are around 1700 (±) m.y. The enclosing 
rocks are between 2500 and 1800 m.y. The deposition of the middle Protozoic 
Kombolgie Formation is older than 1550 m.y. The only other pitchblende ages 
that are superimposement are clustered around 800—900 m.y. and 400—500 m.y. 

R.S. NEEDHAM: Well, there is certainly no positive event in the 
geological record which correlates with any of those later periods. The youngest 
event of anywhere in that region is the intrusion of the dolerite into the Kombolgie 
Formation and Carpentarian sandstones of 1550 m.y. That's only a very small 
intrusion about 60 or 70 km east of Nabarlek. The only other recent event — using 
the word "recent" very broadly — is the age of intrusion of phonolite dykes at 
around 1340 m.y. They are only found in two small areas, one around Munmarlary 
Homestead and Granite Hill which happens to be fairly close to Jabiluka. 

J.C. ROWNTREE: Thank you Mr. Needham. Mr. Trueman, I take it that 
you are driving at the relationship of these ages you have mentioned and penepla-
nation for a long, fairly static period, which might coincide with a supergene 
mechanism of something of that type. I'd like to explore that a little more. 

T. TRUEMAN: There are a few points which might suggest that a supergene 
origin should be favoured. The Australian deposits largely occur in schists; how-
ever, in Saskatchewan host rocks included schists, gneisses, granites, amphibolites, 
quartzites and dolomites. Port Radium, which should also be included in the same 
category, is largely within the tuffs and andesites. This suggests that contempo-
raneous deposition of uranium and host rock is unlikely.. Also, the proximity of 
these deposits to a Helikian/Aphebian unconformity implies a genetic relationship 
to.the unconformity. If the mineralization and host rocks were deposited at the 
same time, then we should find these pitchblende deposits wherever favourable 
hosts occur. However, we do not, we find them only at major unconformities. 

J.C. ROWNTREE: I said earlier that there are a number of good working 
hypotheses which can be useful from an exploration aspect. For example, 
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regarding Rabbit Lake, Hans Knipping has suggested very strongly a supergenic 
mechanism and put up some good arguments. I'm only a little uneasy because he 
indicates that the oldest ages he had are about 1200—1300 m.y. 

H.J. RIMSAITE: At Rabbit Lake 1700 m.y. is the oldest but most are 
1200 m.y. 

J.C. ROWNTREE: That is very interesting because what I was going to say 
was based on the 1200-m.y. ages. If a substantial proportion of the Rabbit Lake 
deposit was emplaced at 1200 m.y. that deposit was already covered with the 
Middle Proterozoic. How did a supergene mechanism operate under those circum-
stances? Now if we have ages of 1700 m.y., this reflects the comment I was 
making earlier about the obscuring of earlier ages by subsequent remobilizations 
which can be pretty pervasive. The evidence is, for example, at Jabiluka that a 
minimum of 80% of the uranium mineralization had been remobilized. If it's 
true that the earliest phases of mineralization at Rabbit Lake are 1700 m.y., it 
casts a different light on the problem because then we are looking at something 
very much more similar to what we have in the East Alligator; the mineralization 
becomes post-depositional, post-lithification, post-prograde metamorphism — only 
then do you emplace the mineralization. 

H.J. RIMSAITE: My recent mineralogical studies of the Rabbit Lake 
deposit4 indicated the presence of five generations of pitchblende and of eight 
other uranium-bearing mineral groups. We have to be very careful about the ages 
because of remobilization of both the uranium and lead, and because of fine-
grained intergrowths of different pitchblende generations. Microprobe analyses 
of the above uranium-bearing minerals provided data on marked variations of 
uranium and lead with Pb/U ratios ranging from 100/200 to 100/600. These 
variations in Pb/U ratio are attributed to the following factors: (1) different 
periods of crystallization of the five pitchblende generations; (2) differential 
removal of uranium and lead, particularly during replacement by sulphide; and 
(3) recrystallization of the remobilized uranium and lead in different proportions 
in newly formed radioactive minerals. Only a fresh, undeformed and unleached 
pitchblende would provide reliable data on the age of the original uranium 
mineralization and its origin. 

J.C. ROWNTREE: Thank you. One of the problems of this group of 
deposits is simply that it is too long in time span and too all-encompassing. For 
example, we can look at Permian deposits and we are very happy if we can 
compare one area to another. And yet here we are trying to look at a time frame 
of 300 or 400 m.y. at least. We need to classify the Lower Proterozoic uranium 
deposits in a way that allows an understanding of the differences over that time 
span while ensuring that the value of considering the deposits as a group is not lost. 

4 RIMSAITE, H.J., Mineralogical assemblages at the Rabbit Lake uranium deposit, 
Saskatchewan: A preliminary report, Geol. Surv. Can. Paper 7 7 - 1 B (Report of Activities) 
(1977) 2 3 5 - 4 6 . 
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OTHER URANIUM DEPOSITS 

INTRODUCTORY REMARKS BY THE CHAIRMAN OF WORKING GROUP V 

J.W. von BACKSTROM: Under this heading of Working Group V are 
included uranium deposits which could not readily be classified according to 
certain well-defined criteria and it makes provision for many diverse types of 
uranium mineralization of which the following appear to hold the most promise 
for future uranium exploration: orthomagmatic and anatectic; diatremes; shear 
zones and breccias; supergene; evaporites; brines; marine; surficial (calcretes). 

1. Orthomagmatic and anatectic 

As with many other metals, most of the world's important uranium deposits 
are associated with certain favourable geological features and are therefore clustered 
within broad ill-defined provinces, which are defined as areas in which uranium 
deposits occur. The formation of exploitable concentrations in a uranium province 
depends on many geological factors. The processes involved are largely geochemical, 
though to a large extent they are actuated by orogenic events. 

It is convenient to think of the geochemical cycle as consisting of three phases 
that grade into one another: one in which igneous processes prevail, one in which 
weathering and sedimentary processes prevail, and one in which metamorphic 
processes prevail. During the igneous and metamorphic phases of the cycle, magma 
is generated, emplaced and consolidated, pre-existing rocks are metamorphosed 
and uranium deposits of igneous and metamorphic origin may be formed. During 
the weathering and sedimentary phases, pre-existing rocks and ore deposits are 
weathered and eroded, uranium is transported and may be concentrated, and 
sediments accumulate and are lithified. 

Important new discoveries made during the past decade in alaskites, and in 
surficial deposits and calcretes, around Swakopmund in Namibia (South-West 
Africa), afford a good example of such a new uranium province. It is important 
to note, however, that entirely different processes were involved in the formation 
of the alaskitic and the surficial deposits. 

1.1. Alaskitic deposits 

Although since World War I it has been known that uranium and copper 
mineralization is associated with alaskite, which has intruded into schist, granulite, 
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quartzite and marble facies of the Damara and Nosib Supergroup, it is only since 
intensive prospecting commenced during 1967 that an extensive low-grade 
uranium deposit has been delineated at Rossing, near Swakopmund, in Namibia 
(South-West Africa). 

In general, alaskite is a coarse-grained granitic rock composed of roughly 
equal amounts of quartz and potassium feldspar. The major uranium-bearing 
type consists of quartz, microcline, microcline-perthite, subordinate albite-
oligoclase and very minor ferromagnesium minerals; this last is, as of ten as not, 
entirely absent. The major syngenetic uranium-bearing mineral present in the 
alaskite is uraninite which occurs intergranularly, with only minor amounts 
locked away in quartz and still less in feldspar. Betafite and brannerite are rarely 
present. Minor accessory minerals are apatite, zircon, monazite, samarskite, 
magnetite, haematite, ilmenite, rutile, pyrite, chalcopyrite, pyrrhotite, molyb-
denite, sphene, chlorite, muscovite and some clay minerals. 

The following epigenetic uranium-bearing minerals are present as coatings, 
encrustations and tiny crystals along grain boundaries and cracks in quartz and 
feldspar, and are associated with flakes of biotite and chlorite in the alaskite: 
gummite, carnotite, uranophane and beta-uranophane, torbernite and meta-
torbernite, metahawaiite and thorogummite. 

1.2. Origin of the alaskite 

In the case of these alaskitic deposits I believe that the uranium was 
syngenetically disseminated in the original host rock, which may have been either 
an original quartz-feldspathic sediment or a similar rock of volcanic origin, both 
of which appear to have constituted part of the original succession of the Etusis 
Formation of the Nosib Group in which the alaskite now appears as thin intrusive 
strangers, dykes sills and irregular masses which vary greatly in size (Nash [1 ], 
Jacob [2]). 

A sedimentary origin, involving the deposition of a mixe4 suite of pelitic 
and carbonate material, has been ascribed to the gneisses of the Khan Formation' 
by earlier workers (Gevers [3], Smith [4]). Nash [1 ], on the basis of a special 
investigation on major element variations, also concluded that the basic and 
pyroxene-garnet gneisses of the Khan Formation were of sedimentary origin. 
He also concluded that the most likely origin of the potash granite or alaskite 
(portions of which are uraniferous) "may be sought in the anatectic melting of 
vast volumes of quartzo-feldspathic rocks of the Etusis Formation and the under-
lying Abbabis gneisses to yield the masses of granite exposed in the cores of 
major anticlinal structures in the Lower Khan Gorge section". 

The question naturally arises regarding why only some of the alaskites are 
uranium-bearing, and whether they can be distinguished from the barren ones. 
Although there are no obvious petrological differences, mineralized alaskites 



61 WORKING GROUP III 

contain more biotite and are reddish in colour, in contrast to the white to pale-
pink barren types. Alaskites are certainly of different ages and the late phases 
have the highest mineralization. 

The probable sequence of events in the history of the uranium deposits 
is not always easily determined. The original uranium-bearing sediments were 
probably deposited, according to Van Eeden [5], "between 850 and 1100 My" 
ago. The major source of the uranium could have been an area of Precambrian 
granitic rocks, even volcanic material in the form of ash beds. 

After the Damara period of orogeny and metamorphism (probably during 
the early Cambrian), which produced the structures in which the uranium is now 
localized, arkosic uraninite-containing sediments — primarily quartz-feldspathic 
sediments - were metamorphosed, mobilized and intruded into the country 
rocks as alaskite. 

1.3. Uranium pangenesis 

Griiner [6] has, through laboratory syntheses, demonstrated the chemical 
feasibility of mobilizing and precipitating uranium in the meteoric environment. 
Furthermore, during the first uranium boom in the early 1950s, many experiments 
were conducted to find out how uranium is transported in solution, redistributed 
and deposited in favourable locales. 

Because of their low resistance to oxidation and dissolution, these minerals 
soon liberate their uranium to the aqueous transport medium and become dispersed 
in meteoric water f rom which they may be stabilized in oxidized form by com-
plexing with P, V or As, or by loss of water in arid climates. 

Although the genesis of uranium and the controls over its fixation are still 
debated, there can be no doubt about the epigenetic nature of the secondary 
uranium deposits which occur.in a large number of localities on the Namib Plain 
in Namibia (South-West Africa), in both the alaskite and surficial deposits. In 
the first place the uranium is present in alaskite in the form of primary multiple 
complex oxides, i.e. uraninite, betafite and brannerite. 

Concentrations of epigenetic uranium minerals could develop only where 
the host rocks, such as the alaskite and the surficial deposits, offered permeable 
channel-ways and suitable precipitation mechanisms. It is visualized that the 
epigenetic uranium migrated in fluid media through the permeable systems present 
in these rocks, systems which govern the quantity delivered to any specific pre-
cipitation site. Some of the uranium could have been dissolved and precipitated 
a great many times until it ultimately met conditions which took it out of 
circulation permanently. 

Surficial uranium deposits form only under optimum combinations of 
permeability and where host-rock precipitants and structures that interrupt 
permeability are present which allow the precipitants time to act. The most 
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favourable structures are unconsolidated sediments found along paleo- and present-
day channel-ways, surficial stratified terraces and mechanically weathered porous 
material. 

2. Surficial deposits and calcretes 

The alaskitic impregnated basement is overlain by Tertiary to Recent 
deposits consisting of unconsolidated, residual and alluvial material, epigenetically 
cemented in places by calcite and gypsum to produce calcretes, calctufa, gypcretes, 
calcareous grits and sandstones. Accumulation and deposition took place on a 
highly irregular erosion surface which is equated with the African Erosion Surface 
of Senonian to Miocene age (Mabbutt [7]). 

These surficial deposits consist largely of calcrete and comprise chips and 
pieces of country rock (basement) and grains of quartz, felspar, amphibole, micas 
and gypsum. In some localities minor amounts of one or more of the following 
minerals occur sporadically: garnet, anatase, fluorite, tourmaline, epidote, 
geothite, psilomelane, pyrolusite, barite, wulfenite, mothranite. Of greater 
interest, however, is the presence of secondary uranium minerals, especially 
carnotite. A large number of uranium anomalies is under active investigation 
and, although the exploration effort and investigations to date are still regarded 
as inadequate to predict the significance and true potential of these type of deposits, 
it is clear that they do hold considerable promise. 

The uranium derived f rom the classical source area (i.e. the alaskite) was 
introduced into these surficial deposits during later erosion cycles. From the 
Upper Pliocene to the present, cyclic movements and climatic changes have been 
responsible for a complicated morphology, and many intraformational uncon-
formities are observed in the younger sediments. According to seismic surveys, 
accumulations of debris are up to 150 m thick in places, especially within broad 
and extensive drainage channels, now choked by calcareous and arkosic sediments 
that form calcareous grits and calcretes, which contain scattered pebbles and trace 
amounts of uranium. The uranium present in the surficial deposits is usually in 
the form of carnotite, intimately but very unevenly associated with the calcite 
in the matrix. 

Some of the most promising uranium occurrences are associated with the 
drainage channels, and are now under active investigation. The suggestion is that 
such secondarily derived uranium, present usually in trace amounts, should be 
considered in the recently formed uranium deposits as at least a 'secondary 
provenence area'. 

REFERENCES 

[1] NASH, C.R., Metamorphic petrology of the SJ Area, Swakopmund District, South West 
Africa, Precambr. Res. Unit, Ch. of Mines. Bull. 9 (1971). 



63 WORKING GROUP III 

[2] JACOB, R., in Proc. Conf. Geology of an Area East of the Khan-Swakop Confluence, 
South West Africa, Precambr. Res. Unit, Ch. of Mines. Bull. 19 (1974). 

[3] GEVERS, T.W., Untersuchungen des Grundgebirges im westlichen Damaraland, Neues 
Jb. Miner. Beilage-Band, Abt. 72(B) (1934) 2 8 3 - 3 3 0 . 

[4] SMITH, D.A.M., The geology of the area around the Khan and Swakop Rivers in South 
West Africa, Mem. Geol. Surv. S. Afr. 3 (SWA Series) (1965). 

[5] VAN EEDEN, O.R., The Geology of the Republic of South Africa, Geol. Surv. S. Afr., 
Special Publication 18 (1972). 

[6] GRUNER, J.W., Concentration of uranium in sediments by multiple migration-accretion, 
Econ. Geol. 5 51 (1956) 4 9 5 - 5 2 0 . 

[7] MABBUTT, J.A., The evolution of the middle Ugab Valley, Damaraland, South West 
Africa, R. Soc. S. Afr. Trans. 33 (1952) 3 3 3 - 6 5 . 

DISCUSSION 

R.A. LAVERTY: At the last meeting of Working Group V two years ago, 
there was considerable discussion about alaskite, primarily because of Rossing. 
Descriptions of Rossing indicate uraninite mineralization in larger pegmatites 
intruding metamorphic zones. There has not been enough erosion to expose 
the igneous mass from which the pegmatites rise. 

On the north-western slopes of Mt. Spokane in Spokane County, Washington, 
is an area of alaskite described by Weissenborn in an open file report of the 
US Geol. Survey and noted by Armstrong in a number of brief papers, 
papers. 

The igneous mass north-west of Mt. Spokane is composed primarily of a 
series of quartz-monzonites of Laramide age. The latest differentiate, alaskite, 
occupies the central part of the igneous mass, and contains many roof pendants 
and xenoliths of quartz monzonite. Coarse to very coarse grained alaskite 
pegmatites as much as a metre thick cut both the alaskite and the quartz monzonite 
roof pendants. Composition of both alaskite and alaskite pegmatites is similar, 
except that the pegmatites have more quartz and it is mostly smoky. The alaskite 
is host to autunite mineralization that includes the only mine of any consequence 
in the area, the Daybreak Mine, now belonging to Western Nuclear Corporation. 
The igneous mass is cut by a number of steeply dipping fracture lineaments 
trending NE and NW that are most easily seen on LANDSAT and air photos. 
E—W to WNW flat shears are reported in the Daybreak and Huffman mines as 
controlling the mineralization. The alaskite pegmatites follow these major shears 
as well as a large variety of minor ones. Outside the Daybreak property, the radio-
activity is confined almost entirely to the alaskite pegmatites and to open fractures 
connecting directly to them. Radioactive pegmatites carrying visible autunite 
mineralization are mainly limited to those that extend into the quartz-monzonites. 
The mineralization in the alaskite, as distinct from that found beyond the outer 
border of the quartz monzonite, is entirely secondary, consisting only of autunite 
and meta-autunite. Only one sample of uraninite has been noted. The autunite 
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moves a great deal more freely in the near surface environment than would be 
expected from a listing of its chemical properties. It appears as bloom on pit 
walls in a relatively short time. Leach tests have shown that it is quite soluble 
in dilute solutions of either sodium or potassium carbonates. 

Aside from the Daybreak property, exploration efforts have so far been 
preliminary, concentrating mainly on geophysical and geochemical surveys to 
locate mineralized fractures. Resistivity has been the most successful method 
of defining fractures on the ground because outcrops are poor. Surface radio-
activity is commonly masked by soil. Water sampling by the USAEC showed a 
relatively concentrated area of high uranium background. Soil and stream 
sediment samples help to delineate uraniferous zones. The patterns so far 
encountered in the resistivity surveys noted above indicate that the fracture 
zones are much thinner than would be expected from their appearance on the 
LANDSAT photos. Even fracture intersections give relatively small chimney-
like zones. From this and from the unique secondary mineralization, it is 
concluded that the occurrence of Rossing-type mineralization at Mt. Spokane, 
though not impossible, is highly improbable. 

J.W. von BACKSTROM: Before we move over to any of the other types 
of uranium deposit under this group, are there any questions? 

R. RICE: This time I don' t disagree with you. In fact, I think you have 
given a very good hypothesis for the genesis of the uranium of Rossing. The only 
thing I disagree with is the use of the word orthomagmatic in connection with 
Rossing — anatectic, yes, orthomagmatic, no. I would, however, like to point out 
a little about the history. It is an interesting history. Rio Tinto turned down the 
prospect twice before finally making a deal. The ore body was found by a 
prospector with the only tool available to the general public at the time, the 
Geiger counter. It was found in the mid-fifties and offered to many companies. 
One company drilled on the property and opened up an adit in the search for 
high grade. Finally the option was abandoned for the same reason that others 
had turned it down — the grade was too low. In the early 'sixties low-grade copper 
mines became the vogue and the costs were well known and it was from this 
standpoint that Rossing was reclaimed. The next important step that geologists 
often forget about was what percentage of uranium is recoverable. It doesn't 
matter how high the grade is if the uranium is irrecoverable. Hence, mineralogical 
and metallurgical tests were carried out on Rossing ore. It was found that Rossing 
is peculiar in one aspect mineralogically — the uraninite is crystaloblastic and causes 
cracks in the fabric along which the rock will fracture, thus allowing for uranium 
to be liberated for leaching with a coarse crush. It was these points that made 
Rossing appear economically viable. 

J.W. von BACKSTROM: Thank you very much. The history of the presence 
of radioactive material in the Rossing area goes back to before World War I. Old 
records at the Geological Survey show that when South-West Africa was still a 
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German colony, samples were taken near Rossing (Arandis). These were sent to 
the Kaiser Wilhelm Institute, Berlin, identified as davidite, and considered 
uneconomic for the production of radium, which was then in demand. There 
were further reports by Geological Survey personnel during the 1940s. Meanwhile, 
Mr G.P. Louw staked the property and his son undertook a Geiger survey and 
located the so-called G.P. Louw Anomaly. During the late 1950s Anglo-American 
located and explored the so-called S J-anomaly on which the Rossing uranium 
mine is located. 

T. TRUEMAN: Could you comment on the percentage of contained uranium 
which is in the form of secondary minerals? Also, are these secondary minerals 
formed in situ or are they introduced? 

J.W. von BACKSTROM: I refer you to the paper published by Berning et al.1. 
They quote figures there which were first given in my paper in 19702; the ratios 
given are roughly 50% primary, 45% secondaries and 5% refractories. 

T. TRUEMAN: Do you have any idea if the secondary minerals were 
introduced or formed in situ? 

J.W. von BACKSTROM: There are different opinions. Because of the very 
cold Benguella current, which moves north along the coast, the Namib Desert 
suffers heavy mist almost nightly for a distance of 5 0 - 8 0 km inland and all the 
well-exposed rocks along the canyons of the Swakop and Khan rivers, with their 
tributaries, become very wet. There can be little doubt that some of this water 
percolates down and leaches primary uraninite, which is redistributed as secondary 
uranium minerals in the already highly sheared alaskite and adjacent country rock. 
It should also be remembered that the deposit occurs along the edges and between 
these deep canyons, with the water-table well below the base of the canyon, 
which creates favourable conditions for downward percolation of leach solutions. 

P. STEDMAN: You have indicated that, in your opinion, shearing of the 
alaskites at Rossing might have been responsible for some increase in grade and 
we have also heard that the fact their uraninite is porphyroblastic is very important 
from a mining point of view. Do you think there is any relationship between the 
porphyroblastic nature of the uraninite and the shearing process? 

R. RICE: No. 
M.F. FOY: You mentioned that the mineralization is accompanied by an increase 

in biotite. Is there any differentiation between that biotite and the biotite in the 
surrounding rocks? 

J.W. von BACKSTROM: I don't know - I wouldn't be able to say off-hand. 
I have only examined them macroscopically and there does not seem to be. 

1 BERNING, J., et al., The Rossing uranium deposit, South West Afr. Econ. Geol. 71 
1 (1976) 351—68. 

2 VON BACKSTROM, J.W., in Uranium Exploration Geology (Proc. Panel Vienna, 1970), 
IAEA, Vienna (1970) 143. 
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I have made no mineralogical study, maybe somebody else in the audience could 
answer your question. 

D.H. JAMES: You mentioned slightly different varieties of alaskite dykes 
as being mineralized ones as opposed to others that are very low grade. Are these 
concentrated around this Rossing dome or in the locality? 

J.W. von BACKSTROM: An area of at least 40 000 km2 around Rossing 
is intruded by pink, grey or white alaskite and is being explored for uranium. 
Considerable parts are covered by sand, surficial deposits and calcrete, which in 
parts are also mineralized. 

L.R. PAGE: Could you say a little more about the fracturing and the relation 
of the uraninite grains to the fractures? Are the uraninite grains cut by the 
fractures or are they on the fractures? 

J.W. von BACKSTROM: There are a number of radiometric anomalies 
around Rossing, including the original G.P. Louw anomaly, which was the first 
one discovered. Fractures, joints and shearing are ubiquitous. A most interesting 
but still unexplained phenomenon is that many of the uranium deposits appear 
to have a linear arrangement which does not tie in to your structural picture. 
The secondary minerals are concentrated along the fractures, which accounts for 
their easy leachability. 

L.R. PAGE: What is the orientation of those small fractures to the straight 
lines? 

J.W. von BACKSTROM: I don't think a study has been made of that. Being 
ubiquitous I very much doubt whether any preferred orientation would be 
established. 

L.R. PAGE: Do you have calcrete deposits on this straight line, too? 
J.W. von BACKSTROM: It hasn't been examined. 
K.J. BARNARD: This is more of a comment than a question, but it is 

quite interesting that the ratio uraninite:betafite:uranophane of 55:5:40 persists 
all the way down to the proposed floor of the pit. 

J.W. von BACKSTROM: This relationship certainly holds, down to the 
bot tom of the valleys, which may be 150 to 185 m below the surface, and drilling 
goes much deeper, with no change being apparent. 

L.R.PAGE: What was the depth in Miocene time? Now, quite seriously, 
is there evidence of a deeper water-table? 

G.W. BAIN: The movement of water downwards, with its dissolved oxygen, 
does not stop at the water-table — it goes away below and carries the oxygen with 
it just as it does in the areas of underflow or artesian environments. You should 
not think of the zone of oxidation stopping at the water-table. 

R.J. WRIGHT: In support of Mr. Bain's comment, there is a nice example 
not too far from Rossing, at Tsumeb in Namibia (South-West Africa). Mining is 
progressing at a depth of about 1500 m, and the ore contains significant oxides. 
In fact, the mill uses a process to sulphidize the oxides of the ore in order to 
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prepare it for flotation; thus, we know that oxidation proceeds to depths of 
over 1500 m at this locality. 

K.J. BARNARD: Another point is that the oxidizing fluids that cause 
oxidation deep down in the mine came down to what is commonly called at Tsumeb, 
the north break, or something like that. It is a tectonic zone that has given 
the water access to restricted parts of the ore body below overlying sulphide 
mineralization. 

R.J. WRIGHT: But I think the point is that oxidation of minerals can take 
place below the permanent water-table. 

L.R. PAGE: Could I bring up another item? As I remember, you said that 
the biotite-rich parts of the granite were a little richer in uranium than the other 
parts. I'd like to comment that a recent metallurgical test on the Conway granite 
from New Hampshire, USA, shows that the fractions that might make ore-grade 
material have a high biotite content. 

J.W. von BACKSTROM: At Rossing you have biotite zones and some of 
them are enriched in uranium. 

R. RICE: If I can comment on that, there is a very good example of lit-par-
lit granitization at Rossing and, if I remember rightly .— when Dorothy Reynolds 
brought up the question of granitization — the basic front went ahead and pushed 
all the heavy ions in front of it, so maybe this has something to do with it. 

J.C. ARNOLD: Are there any age dates on Rossing? 
J.W. von BACKSTROM: Yes there are; about 510 m.y.3 

L.R. PAGE: What is the grain size of the alaskite? 
J.W. von BACKSTROM: It's quite coarse, like pegmatit in places but grades 

into ordinary granitic material. The size of the grains of uraninite is very small 
and cannot be seen by the naked eye. 

The next item under Other Uranium Deposits is alkaline pipes of which 
there are a large number in South Africa, Namibia (South-West Africa), Angola, 
North Africa and also in Canada. At the moment Palabora produces uranium 
as a by-product of copper mining. The grade is only 45 ppm and the production 
115 t/a. 

E. DECHOW: At one of the alkaline intrusives in Brazil, at Pocos de Caldas, 
the uranium deposits are about 10 000 t, but there is little information available 
on it.4 

R. RICE: There is always the question regarding what is Bancroft? I would 
like someone from Canada to explain the nepheline syenites — are they remobilized 
igneous rocks in impure limestones and, second, are the pegmatites really pegmatites 
or purely anatectic intrusives? 

D.H. JAMES: I have at least seen the Bancroft deposit and I don' t know if 
you can specify the origins of these pegmatites, but they definitely are pegmatites 

3 CLIFFORD, T.N., Geol. Soc. Am. Special paper 92 (1967) 77. 
4 WEDON, H., Bull. US Geol. Surv. 1185-D (1967) 34 pp. 
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and strongly red-coloured. I would suggest that they are perhaps some sort of 
anatectic effect rather than coarse-grained granite. 

L.R.PAGE: The ring structures in New Hampshire are alkalic rocks. One of 
the granites, the Conway granite, has about 11 ppm uranium and 50 ppm thorium 
on the average, but recently that has just been drilled to nearly 1000 m where 
there is evidence of hydrothermal alteration and movement of uranium out of 
the granite per se and into fractures. The fractures are lined with little streaks 
of haematite. There is some evidence that these ring structures have been crossed 
by big shear zones which go out for some 100—120 km — they can be seen on the 
LANDSAT photos. Where you get these lineaments it would appear that shows 
of uranium are found and all the shows of uranium that I know in New Hampshire 
and Vermont are related to these structures, coming out of these centres of alkalic 
rocks, and they remind me very much of the big syenite dykes that I was told 
about in South Africa that came out of Pilanesberg (Ferguson5). In other words, 
I think that this environment is not only a good one to look at inside the granites 
but also in the structures that are outside, and I would go with Mr. von Backstrom 
in saying this is one of the new things that we should really look at. One other 
point might be useful — the youngest rock that I know of in the sequences of 
these alkalic rocks is a lamprophyre, dykes of which have amygdules near their 
walls; these are filled with calcite or carbonite and some of these lamprophyres 
have a carbonatite core, particularly the ore closest to the best uranium occurrence. 
I would suggest that the youngest dyke rocks which have this affinity with 
carbonate — and I'm sure it's primary carbonate — are perhaps a key to finding 
the best areas for prospecting. 

J. CAMERON: I would like to return to the other part of this session in 
which the surficial deposits were mentioned and put in a plea to exploration 
people all over the world that these probably represent a source of uranium which 
has not yet been properly investigated. In other words, the Yeelirree and those 
that Mr. von Backstrom was talking about in Namibia (South-West Africa) are 
not unique. My own experience is with the Mudugh deposits in Somalia. These 
have not been publicized very much, but I thought I might describe them a little 
to encourage people to look for more of this type. The area in Somalia, at Mudugh, 
is about 3 0 0 - 4 0 0 km north of Mogadiscio and is very extensive. The valley in 
which the deposits have been found is about 200 km long and about 15 km wide, 
and it is barely possible to call it a valley as the sides to the centre show differences 
in elevation of about 5 m, but it is a distinct trend and a drainage track. The 
occurrences were picked up by an aerial survey but on the ground there was very 
little uranium in the top soil. There was a soil layer 7 - 9 cm in depth of red-
coloured sand which was radioactive but had very little uranium. 

The uranium which occurs as carnotite is located in cracks, or appears as 
spots or stains on surfaces in the near-surface rocks. Immediately under the soil 

5 FERGUSON, J., Trans. Geol. Soc. S. Afr. 76 3 (1973) 2 4 9 - 7 0 . 
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the marls, clays and limestones are impregnated with gypsum and, although the 
carnotite may also occur sporadically, this layer, averaging about 2.5 m thick, 
is frequently nearly barren of uranium mineralization. The principal mineralization 
zone occurs immediately below this and extends down to the water-table which, 
in the occurrences near Dusa Mareb, is at about 6 m below the surface. For 
example, in the No.5 trench at Wabo the surface soil is radioactive but, chemically, 
contains little uranium and immediately below this there is a 2.5-m thickness 
of pink clay and gypsum, which shows only low radioactivity. Below this, white 
lime-clay with some bands of pink clay continues for a further 3.5 m down to the 
water-table. This material is liberally impregnated with carnotite in cracks. Below 
the water-table the mineralization diminishes and disappears. The carnotite also 
occurs in the marls, sandstones and in the bentonite clays, but there appears to 
be little doubt that the white clay-limestone is the most favourable host. All 
existing evidence tends to indicate that there is no non-oxidized (black) uranium 
mineralization below the water-table. Therefore, it appears that the uranium 
occurrence is due to precipitation and evaporation from waters at the contact of 
a fluctuating groundwater table and that there is probably a chemical preference 
for the lime-type host rock. Analysis of the groundwaters revealed that they 
are alkaline and strongly saline. Very little work has been done to determine any 
uranium content in these waters, but one sample tested contained a low concen-
tration of uranium. 

The possible origin of the uranium is unclear. It may be related to several 
stages of solution and precipitation. A source could he at some considerable 
distance from the present deposits, e.g. igneous rocks in Ethiopia. Such uranium 
may well have been transported and deposited in other favourable horizons and 
gone through several stages of solution, transport and deposition before finding 
its way in near-surface waters to the present location where chemical and evapo-
ration conditions caused re-deposition. There is also a possibility of the uranium 
being of hydrothermal origin more directly related to the tectonic north-south 
fault systems, which cross central Somalia, one of which may underlie the north-
south orientated channel in which the occurrences now exist. In my view the 
Mudugh deposits are expressions of near-surface precipitation and evaporation of 
uranium-bearing waters of unknown origin at a fluctuating water-table surface. 

L.R. PAGE: What is the common set-up as far as radioactivity is concerned 
at the surface of calcrete deposits? I am asking this because in 1950 I sent some-
body to look at all the calcrete deposits in the Permian Basin in the USA and we 
had very poor luck because we were using counters, and it occurs to me that this 
is new uranium and you might not pick it up with a counter. 

J.W. von BACKSTROM: They are certainly out of equilibrium and all 
spectrometer results have to be very carefully evaluated. We also have not had 
much joy from the aerial radiometric surveys. 

L.R. PAGE: And therefore it has to be a geochemical find? 
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W.E. SCHINDLMAYR: Have you been able to delineate any relationship 
between the TDS content of the groundwaters and the degree of mineralization? 

J.W. von BACKSTROM: Preliminary investigations based on a limited 
number of samples indicate that groundwater is a promising prospecting tool 
in areas where you might find uranium in surficial material or the underlying 
country rock. 

M.E. I'ONS: Mr. von Backstrom, would you say that the carnotite 
mineralization also represents an anomalous concentration of vanadium? 

J.W. von BACKSTROM: Both elements are present in the carnotite and 
soddyite is present in the calcrete. 

M.E. I'ONS: How does the concentration of vanadium vary within the ore 
body and within the calcrete? 

J.W. von BACKSTROM: I don' t think such work has been undertaken. 
R. RICE: A third mineral has also been found in similar situations in a 

country not mentioned and that is Tyuyamunite. 
J. KRASON: I have a question to Mr. von Backstrom about the 30 pp X 109 

uranium in the groundwater. Did you sample water from various depths under 
the water-table? 

J.W. von BACKSTROM: No. There was casing in the hole and the sampling 
depth, hours pumped, time out of commission and other factors were not 
controlled. As I said, it is just a very general sample and I don't attach too much 
significance to the results at this moment. It needs much more thorough 
investigation. 

B.W. HAWKINS: I'd just like to clear up a comment that Lincoln Page 
made. I may be wrong but I 'm almost certain that Yeelirrie is 
a very strong radiometric expression and it is not a geochemical find — it is, 
I think, incorrect to presume that the calcrete deposits are not discoverable by 
airborne radiometrics. The Australian ones certainly are. 

L.R. PAGE: The reason I mentioned it is that some of the uranium 
mentioned was 30 000 years old, and that would not have very much of a radio-
metric anomaly, but if it is Tertiary calcrete it should be very easily picked up 
by a counter. 

J. CAMERON: I hope I wasn't being misunderstood in my earlier remarks 
about Mudugh; what I said was that it was picked up by airborne radiometrics, 
but although the surface soil is radioactive it has relatively little uranium in it. 

D.C. GELLATLY: In the Yeelirrie area published radiometric maps show 
that the granite around the Barr Smith Range gives about 150 counts, whereas 
the centre of the main anomaly is shown as about 450 counts; also there is a 
small area near Lake Yarrabubba that runs 400 counts. These calcrete deposits 
are thus old enough to give significant radiometric anomalies. 

C. PREMOLI: Returning to what Mr. Cameron said - what is the equilibrium 
situation in the case you just mentioned? 
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J. CAMERON: Curiously enough, despite the lack of equilibrium in the 
surface sand, the Somali secondary minerals in the sub-surface ore body are very 
nearly in equilibrium. 

J.W. von BACKSTROM: The Rossing ore is almost in equilibrium and the 
same holds for the Karoo deposits. 

R.J. WRIGHT: Mr. Cameron, when you said there is no uranium in that 
sand, did you mean that chemically there is none? 

J. CAMERON: The radioactivity in the surface sand appeared to be coming 
from daughter products. For example, a radiometric assay of equivalent uranium 
of 0.038% U 3 0 8 gave a chemical assay of 0.006% U 3 0 8 . 

G.W. BAIN: This is not a unique case, the crypto-volcanic structures in 
Illinois and Kentucky give very high radioactivity with no chemical assay because 
uranium activity is due to daughter products from thorium. 

J.W. von BACKSTROM: I would like to introduce the next subject under 
this category of Other Uranium Deposits — uranium on the sea floor. Near 
Walvis Bay and Swakopmund, off the coast of Namibia (South-West Africa) low^ 
grade uranium occurs on the sea floor not very far from the coast and adjacent 
to the Namib uranium province. Uranium was introduced into the sea from 
the land and deposited in small shallow basins which were traced offshore. 
Several papers have been published on the subject. The highest values obtained 
in drill cores average around 40—50 ppm uranium with a range from 5 to 100 ppm. 
The molybdenum content averaged 62 ppm, vanadium 112 ppm with a range from 
60 to 180 ppm. 

R.J. WRIGHT: What sort of core depth, sediment depths? 
J.W. von BACKSTROM: I think it would be about 185 m. 
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RELATION OF METALLOGENIC, TECTONIC AND 
ZONING FACTORS TO THE ORIGIN OF 
URANIUM DEPOSITS 

INTRODUCTORY REMARKS BY THE CHAIRMAN OF WORKING GROUP VI 

V. ZIEGLER: Quite naturally, as for any other element, prospectors of uranium 
begin by optimizing reconnaissance techniques by the use of criteria based on 
lithological and structural considerations. Numerous attempts have been made to 
select favourable areas for uranium exploration on a regional scale. Nevertheless, 
the rational and systematic approach to this subject was mainly provided in the 
papers presented by Dr. S.H.U. Bowie and Dr. J. Gabelman [1, 2] during the IAEA 
meeting on the uranium exploration geology in 1970. During the second IAEA 
symposium in 1974,1 proposed an outline of the uranium cycle and its distribution 
with respect to the earth's major structural elements [3]. For his part 
Dr. D.S. Robertson [4] pointed out the association of uranium with Precambrian 
conglomerates, restricted within Precambrian units older than 2.2 X 109 years. 
An interesting attempt at interpreting the Great Slave Lake uranium deposits in 
the light of plate tectonics was presented by Dr. R.D. Morton [5]. 

The paper submitted by Dr. Nitu [6] gave an interpretation of Romanian 
uranium deposits resulting from remobilization of pre-existing preconcentrations, 
in sedimentary formations, under the influence of thermal flux generated either in 
conditions of magmatic assimilation and differentiation, or limited to hydrothermal 
activity without a necessary connection with magmatism; tension fractures may 
also be involved. This concept is very similar to that at present in favour with some 
French uranium geologists. Nevertheless, at that time the problem of the location 
of uranium provinces with respect to major structural elements of the earth 
did not draw much attention from the majority of the participants. At an 
IAEA technical meeting in 1975 on the Recognition and Evaluation of Uraniferous 
Areas, various interpretations were given of the uranium geological cycle, 
which resulted in economic concentrations. There is a tendency to correlate 
uranium provinces or districts with pre-existing geochemical uranium concentrations 
in the sialic crust. I refer to papers like that of Darnley et al. [7], A very clear 
correlation between high uranium background areas and economic concentrations 
of uranium appears to hold for the investigated areas of the Canadian Shield. The 
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idea has been developed by Dr. F.J. Dahlkamp [8] in connection with such correlations, 
based on examples from the western United States, Western Australia and France, 
all showing a similar trend. In this paper he proposed a genetical classification of 
uranium deposits related to a geological classification which looks very interesting. 

Regarding the idea submitted by Dr. S.H.U. Bowie [9], this remains in line 
with his previous interpretation. The theory connects the distribution of uranium 
provinces with the known tendency of volatile lithophile elements U, Th and K 
to rise towards the superficial zones of the sialic crust. According to this model the 
mantle may nevertheless still continue to supply the earth's crust with these 
elements. In contrast with these theories on the uranium geological cycle, 
Dr. J.W. Gabelman [10] has proposed a model whereby uranium provinces and 
districts are systematically related to taphrogenic structures, that is to deep-
seated fracture systems affecting the mantle. He draws the conclusion that economic 
uranium concentrations are derived directly from the mantle by differentiation 
of the volatile elements, the subsequent migrations of uranium in the crust being 
non-selective. Such concepts of uranium metallogeny might result in regional-scale 
ore control being continually connected with structural features and perhaps 
independent of any relation to magmatic and metamorphic processes, variations 
in uranium geochemical rock background, or age. 

This way of thinking might give rise to a lively controversy. As a matter of 
fact, uranium deposits which frequently present a close connection with upper 
mantle activity, show quite specific characteristics, that is, if it is generally agreed 
that alkaline rocks are upper-mantle derived. Uranium deposits such as the 
Ilfmaussaq alkaline complex (Ferguson [11]; Bohse [12]) or some U-bearing 
carbonatite complexes offer evidence of upper-mantle derivation occurring in 
rift situations. Some geochemical characteristics of magma, generated in the 
oceanic regions differ from those related to intercratonic rifts. For example, the 
contents of U, Th and K are significantly higher in trap basalts, being approximately 
1 ppm U while, in the oceanic setting, this value is approximately 0.1 ppm. The 
question one must ask is, do these variations result from asthenosphere hetero-
geneity or from contamination of upper-mantle material by the lithosphere? 
It is worth noting that magmatic uranium deposits are characterized by high Th/U 
ratios compared with other types of uranium concentration. 

I have attempted here to outline the different possibilities for uranium to 
be expelled from the upper mantle to a position in the earth's crust, leading to 
possible concentrations in economic amounts. In Fig. 1, the first path (see (1)) 
leads directly from the mantle to possible economic deposits, and ought to illustrate 
Dr. Gabelman's own theory. The connection between mantle and eventual 
uranium deposit is secured by the taphrogenic structures. Secondly, the second 
path (2) leads to a first-stage, corresponding to the differentiation of the sialic 
materia] by one process or another. If the differentiation process is extended 
until the individualization of a volatile phase, a uranium deposit of the 
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alkaline type (e.g. Ih'maussaq) may form. However, the temperature and pressure 
conditions differ in both cases. Such a deposit is also related to the formation of 
taphrogenic structures. 

The third track is much more complicated. The same differentiation may be 
a cratonic alkaline nucleus generated from the upper mantle or from a plutonic 
primitive sialic crust with an additional sialic differentiation incorporated in a 
pre-existent sialic crust. Submitted to meteoric processes this sialic mass may 
follow one or other of the following paths leading directly (following path 3 a) 
to the formation of the uranium-bearing conglomerates, provided that the process 
occurs within the appropriate time interval. Alternatively, this may also result in 
the low-grade uranium disseminations found in sedimentary basins associated with 
black shales, phosphatic sediments or in arkosic beds following path 3 b. This 
sedimentary basin may undergo a later orogenic phase and be submitted to high-
pressure and high-temperature conditions. Different situations may arise: 
pressure-temperature conditions are not sufficient to determine anatexis but thermal 
domes may occur in the sedimentary basin, remobilizing the uranium from pre-
enriched uranium strata following path 3ba. If appropriate traps can concentrate 
the uranium from dispersed solutions, vein, or related types of uranium deposit may 
result without showing any connection with granitoids. An alternative to this 
process may occur if these thermal domes are produced by granitoids originating 
at deep levels, in the proxinity of the upper mantle, as intrusive monzo-granites. 
If pressure-temperature conditions are sufficiently high anatexis may occur. In 
certain conditions muscovite granites, also called leuco-granites, may occur 
(path 3bb); these granites usually have an abnormally high uranium content. 
Additional conditions are, however, necessary for the generation of associated 
uranium deposits. According to what is known from the French example, only 
leuco-granites, having undergone a diapiric migration, can generate U-deposits, 
and among these only those having presented favourable conditions for the 
development of the deuteric and hydrothermal processes (mainly tensional tectonics 
before total crystallization). If such uranium-rich granitoids are subsequently 
submitted to meteoric processes (path 3 be), the cycle can start again. 

The fourth itinerary assumes a return to pressure-temperature conditions 
resulting in a partial' or total anatexis of previously cratonized mass without 
any previous exposure to surface conditions. If the differentiation process extends 
for long enough (path 4a), uranium/thorium-bearing pegmatites may be expected. 
If differentiation is more limited, a re-working of the cratonic mass may result in the 
individualization of potasssium granites, representing possible preconcentrations 
of uranium (path 4b). From this stage different developments may occur, such 
as new orogenic phases in anatexic conditions. If this process is sufficiently 
developed the differentiation of the volatile phase may occur with formation of 
uranium-thorium pegmatites. Alternatively, the cratonic mass may be exposed 
to meteoric conditions, in which case it may generate preconcentration of uranium 
in sediments as in path 3 b and result in the formation of sandstone-type deposits. 
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If the cratonic mass is now exposed to meteoric conditions (path 4be), it 
may give rise to either sandstone-type or to uranium conglomerate-type deposits 
if the age is adequate. It also may go on path 3 bb to provide uranium pre-
concentrations in sediments as in path 3 b. A return to anatectic conditions may 
nevertheless lead to somewhat different developments than that of path 3 b. 
Here the old basement rock may have been strongly dehydrated during earlier 
ore-forming processes. This remobilization may induce the differentiation of a 
more fluid phase, depleted in (OH)~ and therefore poor in hydroxyl minerals, 
forming rocks like alaskite. In a forthcoming paper [13] Moreau compares this 
process to that of leuco-granite generation with the difference that the latter is 
formed at the expense of more hydrated material. 

I insist on the very preliminary character of Fig. 1. Its purpose is simply to 
show that uranium deposits are mainly formed as a result of a more or less 
complicated succession of tectonic phases and paleo-superficial processes. The 
connection between uranium provinces and tectonics is genetic in character; 
nevertheless, the intensity of these correlations is different for the different types 
of deposit. It might be much stronger for deposits formed in high-pressure high-
temperature conditions. It may be less direct for sedimentary controlled deposits, 
and it may be rather poor for low-grade sedimentary preconcentrations. Therefore, 
as far as global tectonics allow, a more accurate analysis of geological and tectonic 
structures appears to be a very valuable tool for uranium explorations. 
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DISCUSSION 

S.H.U. BOWIE: This is a most fascinating synthesis of information of recent 
origin that Mr. Ziegler has put together. I, unfortunately, do not have the ability 
to understand in detail all of what you have told us, and I therefore look forward 
with great satisfaction to studying your paper in detail. This is perhaps the best 
example yet of the outcome of the Working Group's set-up under IAEA sponsorship 
and to see this coming out of it gives me great pleasure. 

L.R. PAGE: Mr. Ziegler, would you care to say what your preference is for 
the source? I see different sources and I wonder which you prefer. 

V. ZIEGLER: I must confess that I have no preference because for me the 
result is the same. I think you and Mr. Bowie are intent on the original sialic 
crust with the volatile elements. Anyhow, such a crust will be re-worked during 
further developments. Alternatively, if you can admit such origins then the 
separation of the lithophile elements has been the result of repeated tectonic 
processes, the distribution of which is closely associated with that of the sialic 
nucleii generated at the same time. 

S.H.U. BOWIE: One thing that concerns me a little is the new generation that 
is growing up around me. I think that they have got some odd ideas — even in 
the case of alaskitic pegmatites — of deriving the uranium from the country rock. 
In fact, all we are doing here is to put the whole derivation of this type of material 
one stage further back into primordial time - not really solving anything. Where 
did the uranium in the sediments come from in the first instance? 

V. ZIEGLER: I suppose that weathering processes in the Precambrian lead to 
a process of preconcentration. 

S.H.U. BOWIE: That might be, but as you rightly said it might also be due to 
introduction during a subsequent orogenic event — it doesn't have to come from 
sediments, it could have been introduced into the sediments. 

V. ZIEGLER: Anyhow, you agree that uranium which is introduced into 
sedimentary basins can be reworked. 

S.H.U. BOWIE: Of course. 
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R.A. WATTERS: It might have been an S-type granite (Chappell and 
White, 19741)? 

S.H.U. BOWIE: Yes, it could have been associated with S-type granites. 
G.R. BAGLIN: I think that if you are going back to discuss or to try to 

discover if it is attributed to the crust or the mantle, we get back to the origins of 
the earth and that's a cosmological problem rather than a strictly geological one. 

V. ZIEGLER: Well, I think it is in a way still a geological problem. The 
distribution of many uranium provinces is more or less connected with the 
distribution of very old crust. 

G.R. BAGLIN: The uranium is there no matter how far back it goes, at least 
it is being introduced into the crust and we have to find out where it was originally, 
in the crust or the mantle. 

J.W. von BACKSTROM: You mention the mantle as source of the uranium. 
Does anybody know how much uranium the mantle contains? In South Africa 
there are many kimberlites that contain upper-mantle inclusions, and one of the 
characteristics of ultramafic or mafic rocks are their very low uranium abundances 
as compared with other rocks in the crust. The fact that you mention the mantle as a 
source of uranium is most interesting. 

V. ZIEGLER: I mentioned the mantle as a primitive source of uranium. I 
don' t know if, for instance, the alkaline complexes can be considered as a 
differentiation of the upper mantle or not. Anyhow, there is a close bonding with 
the upper mantle. According to John Gabelman most U-deposits come directly 
from.the differentiation of the mantle. I feel there is no obvious evidence of this 
process — the U-deposits connected with deep-seated fractures are those of the 
alkaline suite. 

CLOSING REMARKS BY THE GENERAL CHAIRMAN 

R.D. NININGER: In concluding these Uranium Geology Working Group 
Meetings, I would like to thank the Working Group Chairmen and to ask them to 
fill out their Working Groups, which should ideally consist of seven or eight 
persons, willing to contribute. Between our meetings, the Working Groups should 
correspond and, if possible, meet and prepare reports which at subsequent meetings — 
probably a year or two from now — can be tabled for discussion. The format on this 
occasion was somewhat different f rom what we had anticipated. We had envisaged 
a very small group discussing various topics and ideas; instead we have had this 
tremendous participation so that it has turned out a little different. Next time 

1 CHAPPELL, B.W., WHITE, A.J.R., Two contrasting granite types, Pac. Geol. 8 
(.1974) 173-74. 
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we should combine both those assets into an even better session. Anyone who 
feels so inclined should submit contributions and suggestions to the appropriate 
Working Group chairman at any time. 

The purpose of all.this, of course, is to find more uranium. I might mention 
just a couple of figures. The uranium requirements for the next 30—35 years 
will be at least three times the present known reserves, even up to a production cost 
of US$ 30/lb — not price but cost. The average gross additions to uranium 
reserves for production over the past 25 years have been about 50 000 t U/a. The 
required additions to consider for the next 25 years must be at least twice that as 
an average, but as it does not appear likely that we will exceed the 50 000 t for 
a few years, it means that by the end of the century the discovery rate will have 
to be very high. 

Finally, uranium is unique in that the demand will be over a short period of 
40—50 years after which, with breeder reactors — and possibly fusion reactors — 
the uranium demand will almost cease, with the peak demand being reached 
probably about the year 2010, which means that any major discovery which is 
going to contribute to the uranium supply, and to meeting this very high demand 
by about the turn of the century, must be discovered by the 1990s. With the lead 
time on major exploration programmes, it is clear when we must start. You should 
already have started if we expect to expand. One other figure, in view of 
Australia's current discussion about what to do with its major resources, which is 
of great concern in this country — it is interesting to consider that those resources, 
large as they are, will represent only two years' requirements in the year 2000, so 
a great deal more has to be done, not only in Australia, but everywhere in the world. 

I think that concludes what I have to say. I would like to thank the Working 
Group Chairmen again for the excellent job they did; and to thank all of you for 
participating so well in the discussions; and of course, our thanks are due to the 
authorities of the International Geological Congress for the facilities for our meeting. 

Finally, I would like, on behalf of all of us, to thank the International Atomic 
Energy Agency for having conceived the idea of these Uranium Geology Working 
Groups, for organizing the earlier meetings, and in particular for organizing this 
very successful meeting in Australia. 
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The following conversion table is provided for the convenience of readers and to encourage the use of SI units. 
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mil (= 10~3 in) 1 mil 2.54 X 10""2 mm 
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(statute mile)2 1 mile2 
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yard2 1 yd2 
= 8.361 X 10"' m2 
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inch2 1 in2 
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Volume 
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horsepower (metric) (= ps) 1 ps = 7.355 X 102 W 
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* Factors are given exactly or to a maximum of 4 significant figures 
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Density 

pound mass/inch3 1 lbm/in3 = 2.768 X 10" 
pound mass/foot3 1 lbm/ft3 = 1.602 X 10 l 
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British thermal unit 1 Btu = 1.054 X 103 

calorie 1 cal = 4.184 X 10° 
electron-volt 1 eV =* 1.602 X 10~" 
erg 1 erg = 1.00 X 10"7 

foot-pound force 1 ft-lbf = 1.356 X 10° 
kilowatt-hour 1 kW-h = 3.60 X 106 

kg/m3 

kg/m3 

Pressure 

newtons/metre2 1 N/m2 1.00 Pa 
atmospheres 1 atm 1.013 X 105 Pa 
bar 1 bar 1.00 X 105 Pa 
centimetres of mercury t0°C) 1 cmHg 1.333 X 103 Pa 
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Velocity, acceleration 
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, ., (4.470 X 10"' m/s mile/hour (= mph) 1 m,le/h = { , 6 0 g x ,Qo k m / h 

knot 1 knot = 1.852 X 10° km/h 
free fall, standard (= g) = 9.807 X 10° m/s2 

foot/second2 1 ft/s2 = 3.048 X 10"' m/s2 

Temperature, thermal conductivity, energy/area- time 

Fahrenheit, degrees-32 ° F - 3 2 \ 5 J ° C 
Rankine ° R J 9 { K 
1 B t u i n / f t 2 s - ° F = 5.189 X 102 W/m-K 
1 Btu/ft-s- ° F = 6.226 X 10 1 W/m K 
1 c a l / c m s ° C = 4.184 X 102 W/m K 
1 Btu/ft 2 s = 1 . 1 3 5 X 1 0 " W/m2 

1 cal/cm2 min = 6.973 X 102 W/m2 

Miscellaneous 

foot3 /second 1 ft3/s = 2.832 X 10"2 m3/s 
foot3/minute 1 ft3 /min = 4.719 X 10"* m3/s 
rad rad = 1.00 X 10"2 J/kg 
roentgen R = 2.580 X 1 0 " C/kg 
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aatm abs: atmospheres absolute; 
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'Mbf/in2 (g) (= psig): gauge pressure; 
lbf/in2 abs (= psia): absolute pressure. 
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