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INTRODUCTION
By FRANK C. ARMSTRONG

The shock of the Arab oil embargo in 1973 suddenly
made everyone conscious of the dependency of modern
industrial societies upon assured steady supplies of
energy-source materials. Two responses to this new
awareness were the acceleration of the search for alter-
nate energy sources and the substitution of abundant
materials for scarce materials; in addition, scarce
materials were channeled into more beneficial uses and
were reserved to uses for which no acceptable substitute
was known. Immediately, of course, a high-priority
target for change was the use of petroleum and natural
gas in base-load central electricity-generating stations.
The world had a developed expanding technology that
appeared made-to-order as a heat source for central
generating stations, namely, nuclear reactors. The pro-
mise of nuclear reactors created a strong demand for
uranium, and consequently the price of U,0, rose. In-
creased price for U,;0, opened geologic environments
for exploration that theretofore had not been considered
because they were not economically viable. Almost
simultaneously, the oil-deficient industrial nations of the
world began to look at their uranium resources. Because
of the long lead times involved and because of the large
capital expenditures necessary to construct nuclear
reactors, attention focused on the adequacy of uranium
resources to supply the anticipated new nuclear reactors
for their entire useful lives of thirty to forty years. The
world cumulative need for uranium to supply U,O, for
the lifetime needs of the anticipated nuclear expansion
proved to be very large indeed. Only a few countries
with large uranium reserves and small nuclear-reactor
programs had adequate supplies of known uranium
resources. The rest of the western world would have to
depend on imports or new discoveries. As the cost of
generating electricity is relatively insensitive to the cost
of U,0,, continued high prices for secure supplies of
uranium seemed assured.

Such was the climate of the uranium market in late
1974. Exploration for deposits that previously were con-
sidered low-grade was undertaken, known low-grade
deposits were re-examined, and consideration was given
to resumption of production from low-grade mines
where production had ceased, particularly in South
Africa, where uranium had been produced almost ex-
clusively as a byproduct of gold mining. The rising price
of gold and the prospect of a favorable uranium market
in late 1974 encouraged former South African uranium

producers to reactivate their long dormant extraction
circuits and also encouraged others who had not
previously recovered uranium to install new uranium-
recovery plants. At that time about 35 percent of the
known world uranium resources was contained in
quartz-pebble conglomerates in South Africa and
Canada.

In late 1974 the United States started to take a hard
look at the adequacy of its uranium supplies in the light
of the cumulative need for uranium to meet the forecast
demands for electricity to be generated by nuclear reac-
tors. At this same time a report on South African gold-
and uranium-bearing quartz-pebble conglomerates that
was in preparation by a U.S. Geological Survey scien-
tist, W. Bradley Myers, came to the attention of the
Director of the Geological Survey, Vincent E.
McKelvey. Because no uranium-bearing quartz-pebble
deposits were known in the United States, despite the
occurrence of favorable geologic environments in the
Lake Superior-Upper Michigan area and elsewhere, and
because of the importance of this type of deposit in near-
by Ontario and in South Africa, the Director suggested
to the Chief Geologist that a workshop on uranium-
bearing quartz-pebble conglomerates be sponsored by
the U.8S. Geological Survey to broaden understanding of
the origin and distribution of deposits of this type as a
basis for further exploration. The Chief Geologist asked
me to organize such a workshop and to compile the pro-
ceedings and discussions as a Professional Paper.

The main burden of presentation at the workshop
necessarily fell on scientists from South Africa and
Canada; contributions were also to be made by others in
the United States, Brazil, the United Kingdom, Ger-
many, and Australia. Unfortunately, Australia could not
be represented because the workshop was called on such
short notice that their personnel had other com-
mitments that took priority. Originally it was also
planned to have the panel informally discuss the quartz-
pebble conglomerates in Ghana, Finland, and Russia. As
it turned out, however, except for the remarks made by
Dr. Ruzicka about two Russian deposits, there was not
time to discuss these other deposits.

Selection of the panelists and their subjects for the
workshop would have been a formidable task had it not
been for the help of friends and colleagues and their
knowledge of up-to-date developments. The speakers on
the Rand were selected with the advice of Dr. Desmond
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A. Pretorius, Director, Economic Geology Research
Unit, University of Witwatersrand, and Dr. Johann W.
von Backstrom, Director, Geology, Atomic Energy
Board of South Africa. The Canadian panelists were in-
vited following the suggestions of Dr. Heward W. Little,
who at that time was Head, Uranium Resource Ap-
praisal Section, Economic Geology Subdivision,
Geological Survey of Canada. Dr. John M. A. Forman,
Mineral Resources Director, NUCLEBRAS, assisted in
selecting the Brazilian panelist. Dr. S. H. U. Bowie,
Director, Institute of Geological Sciences, London, sug-
gested that Dr. Peter R. Simpson attend the workshop
in his stead. Numerous colleagues assisted in selecting
the other speakers.

To a student of Precambrian quartz-pebble con-
glomerates it must seem strange that such a workshop
could be held without including Dr. Desmond A.
Pretorius. It was originally intended to hold the
workshop in the late spring of 1975, but it soon became
apparent that many people, including Dr. Pretorius,
could not attend at that time. Accordingly, the date was
changed to October 1975 to coincide with a time when
Dr. Pretorius would be in the United States on other
matters. As it later developed, he had to cancel all plans
of visiting the United States at that time. The workshop
did benefit, however, from his advice in selecting the
panelists.

Originally it was anticipated that the workshop would
be an in-house study to be held in Reston, Va., but in the
early stages of organization it was realized that all
geologists in the Branch of Uranium and Thorium
Resources, based in Denver, Colo., should attend, and
that industry would also be interested in attending a
meeting at which experts from areund the world would
be speaking. As many companies have uranium-
exploration offices in Denver, moving the workshop to
Denver would fulfill two needs: personnel of the Branch
of Uranium and Thorium would be able to attend, and by
opening the workshop to all, the Geological Survey
would be fostering its continuing mutually beneficial
dialogue with industry. Accordingly, the workshop was
held at the excellent conference facilities at the Green
Center, Colorado School of Mines, Golden, Colo., on Oe-
tober 13-15, 1975, and was attended by about 250
specialists from government, academe, and industry;
about 125 companies connected with the uranium in-
dustry were represented. Following presentations by
the speakers, discussion was among the speakers and
the other invited participants. If time permitted, discus-
sion was then extended to the general audience.

The workshop was designed to examine genetic con-
cepts and their possible bearing on exploration.
Whether or not it was successful in that respect is left to
the reader to decide. Most papers presupposed a

familiarity with the subject matter; the reader who
regrets the lack of an extensive review paper for the
Rand is referred to D. A. Pretorius, 1974, The Nature of
the Witwatersrand Gold-Uranium Deposits: University
of Witwatersrand, Johannesburg, Economic Geology
Research Unit, Information Circular No. 86, 50 p.

Before the workshop was held, it was decided that the
papers for the Professional Paper would not be put
through the rigorous editing “mill” of the U.S.
Geological Survey. The Geological Survey did not think
that much of its editorial system, for example, the
Geologic Names Committee, could or should be used for
authors almost all of whom were not Geological Survey
employees and the majority of whom came from foreign
lands and discussed geology in foreign lands. According-
ly, most of the editing has been for clarity and internal
consistency. Subject matter, data, reasoning, and the
like, were not changed from what the author submitted
for publication. The reader will be interested to note the
lack of agreement among the authors on many subjects.
If nothing else, the workshop pointed out additional
areas for investigation.

To preserve the international flavor of the meeting,
slightly different English usage, spelling, and phrases,
such as “on the Rand,” have not been changed; similarly,
to record the spontaneity of the meeting, the discussions
have been transcribed as faithfully as possible. Some of
the discussion was lost because of technical failures in
tape recording, but it is estimated that more than 90
percent of the pertinent discussion was recovered and
appears in the “Discussions.”

All additions and comments by the editor are enclosed
in square brackets ([ ]).

Usage in this report is as follows:

1 short ton=1 ton (abbreviated t)
1 metrie ton=1.1023 short ton

1 short ton=0.9072 metric ton

1 metric ton uranium metal (U)=1.3 t U0,
1t U,05=0.7693 metric ton U

A large part of the success and smooth running of the
workshop must be credited to the U.S. Geological
Survey’s Center for Continuing Education in Denver,
headed by the late Dr. Harley Barnes and ably assisted
by Helen E. Eichler, Cynthia Rathbun, and David L.
Macke. They made all arrangements for the meetings
and housing and recorded the proceedings. Special
credit must go to Carolyn Willis for phonetically
transcribing the discussions. She spent many long hours
trying to understand unfamiliar accents pronouncing
unfamiliar place names and discussing esoteric subject
matter. Thanks are also due Drs. von Backstrom and
Little for presiding over the South African and Cana-
dian parts of the workshop, respectively. We are most
indebted to the panelists for their willingness to take
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part in the workshop and to prepare their papers for
publication, and we are greatly indebted to the com-
panies, governments, and other organizations who made
possible the participation of the panelists.

About one-third of the manuscripts were not received
by the editor until 1978, and the revised draft of the final

one was not submitted until April 1979. Most papers
submitted after the workshop differ somewhat from the
authors’ original presentations; in some instances this
difference may make the discussion difficult to follow.
As can be seen from dates of references cited, many
authors have updated their papers past 1975.
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INVESTIGATION OF WITWATERSRAND
URANIUM-BEARING QUARTZ-PEBBLE CONGLOMERATES
IN 1944-45

By WESTON BOURRET !

ABSTRACT

The paper discusses the results - both short- and long-term - of a
1944 study undertaken by a team from the Manhattan Project (sup-
ported by the governments of Great Britain and Canada) to assess the
potential for uranium occurrence in the Witwatersrand mining region
of South Africa.

Details are given on the methods used by the Manhattan team and
the results of the sampling study and survey that the team conducted
in South Africa. The findings for 23 mines that were surveyed in the
Witwatersrand are documented. These mines were the major produc-
ing mines in the Witwatersrand region.

The prior research that led the Manhattan Project administrators to
concentrate efforts on the Witwatersrand is described. The history of
uranium production in the Rand since the 1944 study is delineated.

Tables show the findings of the sampling study in terms of various
major mines. A graph is included to show the growth of uranium pro-
duction in the Witwatersrand from the initiation of the first operation
in 1952 to 1975.

INVESTIGATION OF WITWATERSRAND
URANIUM-BEARING QUARTZ-PEBBLE
CONGLOMERATES IN 1944-45 *

The presence of uraninite on the Central Rand was
first reported in a heavy-mineral concentrate recovered
from City Deep mines in October 1923 by R. A. Cooper.
It should be mentioned, however, that Fred
Wartenweiler, consulting metallurgist for the Johan-
nesburg Consolidated Investment Group, was indirectly
responsible for this discovery, in that he initiated a
change in Rand milling practice from conventional

1 Consultant, Belvedere, Calif.; formerly Senior Geologist, Manhattan District Project, U.S.
Corps of Engineers

2 This summary records events initiated through the Manhattan Project in 1944 that led to
sampling and preliminary evaluation of more than 20 producing Witwatersrand gold mines.
The work was made possible through the joint effort of the Rand Gold Mining Industry,
Manhattan Project engineers, and the South African Chamber of Mines. The complete results
of the sampling study and survey are presented in the First Uranium Report Witwatersrand,
South Africa, published in 1973, This document is in the libraries of the South African Atomic
Energy Board, the Chamber of Mines of South Africa, and numerous South African univer-
sities, in the U.S. Geological Survey libraries at Reston, Va., and Menlo Park, Calif., and in
the Congressional Library, Washington, D.C.

amalgamation plates through the installation of cor-
duroy riffle tables ahead of the cyanide circuit for the
recovery of coarse gold and heavy minerals. This change
made possible Cooper’s discovery.

Because of the abundance of pyrite and a variety of
other heavies characteristic of placer deposits, the
volume of concentrate caught on the corduroy far ex-
ceeded the capacity of the amalgamation plant to
recover a high percentage of free gold. As a conse-
quence, a number of Wilfley-type tables were installed
to recover a middling product from the corduroy tables
with a specific gravity of about six or less.

Since Wartenweiler’s decision to install corduroy rif-
fles did, in fact, result in improved recovery of free gold,
as well as osmiridium and placer heavies, his flow sheet
was quickly adopted by a major segment of the Rand
gold industry. As a natural consequence of reconcen-
trating the corduroy fraction over tables, curiosity as to
their composition and mineral content led Fred
Wartenweiler to ask his mill superintendent, R. A.
Cooper, to examine and identify the chemical and
mineral content of the heavy fraction. The result of this
research is the now-famous paper of Cooper’s that ap-
peared in the Journal of the Chemical, Metallurgical and
Mining Society, in October 1923, followed by a reply to
discussion in May 1924. In his reply, Cooper reported on
the radioactivity of a concentrate from the City Deep
Mine. This concentrate was recovered over a period of
about three months in the course of dressing the concen-
trates collected from corduroy tables, representing
300,000 tons® of mine-run ore. The total weight of the

3 [Originally all record-keeping on the Rand was in English units and the short ton (2,000 lbs)
was used. When the work was done on which this report is based, the English system was in
use. Accordingly, unless otherwise specified, English units are used in this report. Record-
keeping on the Rand is now in metric units; the change from English to metric units was made
in the mid-1960’s. In Figure 2 all uranium production is shown in metric units.]

Al
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final (reconcentrated) product was only 720 grams; it
assayed as follows:

Assay of radioactive fraction

Uranium Oxide (U;05) 44.0 percent,
Radium 127 mg per ton
Osmiridium - 28.35 grams

Then, Cooper went on to say (p. 266):

The streak on the concentrating table * * * is brownish black, the
uraninite itself being black. * * * As uraninite is distinctly softer than
pyrites it is, of course, possible that a considerable amount may have
been lost by slimming. The quantity recovered certainly is only a
homeopathic trace, but that does not detract from its technical in-
terest.

The uranium exploration unit of the Manhattan
District Project was established in 1942 for the purpose
of discovering and evaluating uranium deposits believed
to hold economic potential for production. The govern-
ments of Great Britain and Canada cooperated in this ef-
fort during and following World War II.

Consistent with this objective, a literature research
unit was established in 1943 in New York and
Washington and at the Massachusetts Institute of
Technology, under the direction of Dr. Joseph Sinclair,
to identify potential uranium occurrences outside the
United States that appeared to justify follow-up ex-
amination by field geologists and mining engineers of
the Manhattan Project staff.

Early in 1944, Margaret Cooper of Dr. Sinclair’s
group directed attention to R. A. Cooper’s paper on the
Witwatersrand “heavies” research. Even though only
720 g of final radioactive product were isolated from
some 300,000 t of ore, the decision was made to send a
field team under the direction of Weston Bourret to
South Africa to expand on and look deeper into the work
initiated by Wartenweiler and Cooper in 1923. Since
Cooper’s work provided results from only one sample
from the City Deep Mine, the main objective of the
Manhattan Project investigation, of course, was to ex-
amine and sample as many of the major operating mines
along the East, Central, and West Rand as time permit-
ted —specifically, those with gravity circuits incor-
porated in the flow scheme capable of recovering some
uraninite.

Upon arrival in Johannesburg in May 1944, Bourret,
assisted by Frank West, established contact with the
Witwatersrand Chamber of Mines and consulting metal-
lurgists of the major mining houses. Despite stringent
wartime secrecy, the cooperation of the mining in-
dustry, South African government, and Chamber of
Mines was essential, of course, to gaining access to the
larger mines and getting the job done. Their superb
cooperation is gratefully acknowledged, for without the
help of so many metallurgists, engineers, and mine
managers, successful negotiations and preparation for

GENESIS OF URANIUM- AND GOLD-BEARING PRECAMBRIAN QUARTZ-PEBBLE CONGLOMERATES

South African uranium production by 1952 could have
been delayed by several years. Although space limita-
tions do not permit identifying every individual, the
complete cooperation of consulting metallurgists and
managers of the major mining houses is gratefully
acknowledged, particularly the efforts of Fred
Wartenweiler, T. K. Prentice, R. A. Cooper, and E. T.
Pinkney.

In the course of the investigation, more than 20 Rand
mining operations (representing more than 50 percent
of total Rand gold production) were examined, and
samples of concentrated products from gravity circuits,
similar to those shown in figure 1, were taken for
analysis and mineralogic study. In 1944 the most
westerly operating mine on the Rand was Blyvooruit-
zicht, a new and high-grade mine that had just come into
production. Unusually encouraging sample results from
the Blyvooruitzicht table concentrates immediately
focused attention on the importance of the Far West
Rand and continuity of major uranium and gold
mineralization to the west and south. It was at
Blyvooruitzicht also that the presence of thucholite was
first identified by Dr. D’Arcy George, chief mineralogist
of the Manhattan Project, from high-carbon ores of the
Carbon Leader Reef. This footwall carbon seam is subse-
quently referred to in the literature as an algal mat.

During the three and one-half month period spent on
the Witwatersrand field investigation, the project team
accomplished the following:

1. Visited more than 20 mining or milling operations
and obtained bulk samples of uraniferous gravity-
circuit mineral concentrates. These samples includ-
ed Wilfley tables, batea, and amalgamation barrel
fractions.

2. Examined and assayed more than 42 product
samples.

3. Examined deep underground stoping operations at
16 Rand mines.

4. Observed methods of recovering uranium-gold con-
centrates and attempted estimates of slime losses
from various-sized fractions.

5. Discussed broad aspects of Rand geology, mineraliza-
tion, and distribution of gold with the consulting
geologists and mine operators.

6. Discussed recovery (and losses) of heavy-mineral con-
centrates by means of corduroy and Wilfley tables
with consulting metallurgists.

7. Separated and prepared mineral fractions utilizing a
Haultain superpanner. Sized fractions were
prepared from sieved samples and mineral deter-
minations were made.

The field team was equipped with a Herbach and
Rademan type 215 gamma counter. This instrument
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TABLE 2. - Description and analysis of osmiridium and miscellaneous samples

[June-October 1944]

Sample Mine Sample description Reef Per((éizgnggos Poglel!('lstglsoa
Osmiridium gravity concentrates
6905 Randfontein Estates ______________ Gold-pyrite-osmiridium concentrate with Mainand Johnston _____________________ 1.01 20.2
) chromite, zircon, rutile, and uraninite.
6914 SimmerandJack ______________________ Wilfley table composite concentrate _______ Main and South 3.28 75.6
6921 Geldenhuis Deep Cc 0. ite pyrite concentrate from Main and South .81 16.2
. . corduroy.
6929 Consolidated MainReef _________________ Composite from corduroy tables, with Leader MiddleSouth ___________________ 1.52 30.4
rite.

6930 Durban Roodeport _____________________ Reco&/ered over corduroy, pyrite, mill iron, Main and Leader ______________________ .24 4.8
and quartz.

6938 Robinson Deep Isolated uraninite streak cut from Wilfley =~ Leader Middle South ___________________ 63.8 1,276.0
table; about 75 percent uraninite, with
osmiridium, gold, mill iron, and pyrite.

Miscellaneous and hand specimens

6928 Consolidated MainReef _________________ Wilfley table tails after dressing corduroy  Leader Middle South ___________________ nilt
concentrates; essentially quartz.

6939 Daggafontein Heavy-mineral accumulation from ballmill ~ Kimberly 14.5 290.0
liners; gift of Dr. E. Mendelssohn; 30-40
percent visible uraninite; also chromite,
rutile, and iron.

5977 Vogelstruisbult Hand specimens of high-grade gold ore; high Black .335 6.70
.pyrite content.

5978 Do Hand specimen of Kimberley Reef ________ Kimberley 018 .36

5979 Randfontein Estates __________ Sample of Main Reef gold ore Main .05 12

1 Radiometric equivalent.

Following Drs. Bain and Davidson’s conferences with
the South African government, Dr. L. T. Nel of the
South African Geological Survey was placed in charge of
a team of geologists and metallurgists organized to ex-
pand the sampling of reefs reported to contain signifi-
cant uranium. These locations included Blyvooruitzicht,
Vogelstruisbult, Western Reefs, and East Daggafon-
tein. Moreover, in 1946 a special uranium research com-
mittee was organized to recommend metallurgical
research on the recovery of uranium by flotation,
leaching, and alternative methods. This team consisted
of T. K. Prentice, Fred Wartenweiler, and O. A. E.
Jackson. About the same time, a research mineralogist,
Dr. W. R. Liebenberg, was appointed to study and
report on the heavy minerals contained in the Witwater-
srand conglomerate ores. With the assistance of a con-
sulting metallurgist Robert R. Porter, the first test pilot
plant was erected at Blyvooruitzicht and Western Reefs
in 1949 to work out a flow sheet based on sulfuric-acid
leaching for the recovery of uranium.

In 1951 a small amount of yellow cake was produced
by the pilot plant at the Blyvooruitzicht mine; commer-
cial production on the Rand started in 1952. Since that
time, South Africa is credited with the production of
more than 82,000 metric tons of uranium oxide (from
more than 20 mines) in the form of yellow cake concen-
trates valued at more than $2 billion. The record of this
production by years is set forth in figure 2.

According to the annual reports of the Chamber of
Mines of South Africa, the average recovery from ap-
proximately 300 million metric tons of ore treated from

1952 through 1975 was 0.271 kg U,;04 per metric ton, or
0.54 1b U305 per short ton. Since discovery of the Rand
in 1886, more than 3.3 billion metric tons of ore have
been treated in cyanide mills, from which more than
32,000 metric tons of gold bullion have been recovered.

The tailings dumps and slime dams resulting from
milling over 3 billion metric tons are intact around the
north rim of the Witwatersrand Basin. Although the
uranium content of these dumps is low, the uranium con-
tained in them reaches an impressive figure, probably
approaching 500 million pounds of UsOg. Possibly the
day is not too far off when it will become economically
feasible to re-treat some of the old tailings, assuming a
price, say, of $40 to $50 per pound U;0s. In any event,
the future of the Rand as one of the world’s major
uranium producers is secure.
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DISCUSSION

von Backstrém: 1 must say that I really enjoyed this
historical review. I just want to mention to the au-
dience what the situation is at the present. We have
fifty gold mines in production at the moment and of
these there are seven that have extraction units for
uranium. There are ten uranium plants. We think that
with the demand building up and some of our extrac-
tion plants which are moth-balled being prepared for
production, we could probably eventually double the
number of mines that would be able to produce
uranium. It is very difficult to say at this stage what
the uranium production capability would be from the
Witwatersrand mines because there are so many fac-
tors influencing production. I was very interested to
hear the figure of 10,000 tons of U305 per year as the
production capability of the Rand. I think that level of
production probably could be reached provided that all
economic factors were favorable. At the moment we
certainly are far away from that situation. I think it is
generally known that labor costs have increased to a
very great extent and will certainly affect production
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capability. Another important item is, of course, the
gold price, which has not been very consistent. This in-
consistency makes the decision-makers uneasy about
installing expensive extraction plants. Another
unknown economic factor, of course, is inflation.

Bourret: Dr. von Backstrom, I apologize for not
specifically including your name among those I men-
tioned. At that time, of course, you were not working
on the Rand. Nevertheless, I should call attention to
the fact that you have done a tremendous amount of
work on the Rand since the days of the early investiga-
tions. Obviously, when I mention a figure of 10,000
tons, I simply cite that as an ultimate productive
capability, assuming that the economic factors were
reasonably favorable,

Also I should mention in passing that there are slime
dams and dumps, as you well know, from which
uranium has not been recovered. In a sense, uranium
has been stock piled in these enormous dumps and
they are available for reprocessing in the event that
the price of uranium and the market were favorable.
Recovery of uranium from these dumps is a project for
the future. As in excess of one hundred million tons of
ore is processed annually, and at least ninety-nine and
a half percent of that material ends up in slime dams,
the dumps contain a large uranium resource.

Myers: You spoke of making tests on some of the central
Rand mines. Could you give a statement as to the
amount of uraninite contained in crude ore?

Bourret: I would say that the ore averaged perhaps 0.3
pound of U;0g per short ton.

Muyers: This would be a reasonable average for the cen-
tral Rand?

Bourret: Yes. Another way of checking this is to go to
the Annual Report of the Chamber of Mines, where
the grade is given in kilograms per metric ton treated.
Now if in some of these mines they had sorting belts, if
they hand sorted out some of the waste rock or shale
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or obviously barren material, then these figures would
be a little on the high side.

[In 1975 the average recovery from ore processed by
the seven uranium-producing mines on the Rand was
0.189 kg U305 per metric ton, that is, 0.378 lbs. U3Os per
short ton.]

[The following is quoted from Mining Survey (no. 74,
April 1974, p. 28), a magazine published quarterly by the
Chamber of Mines of South Africa, Johnannesburg.]

URANIUM REPORT

Publication in the United States of the “First Uranium Report - Wit-
watersrand, South Africa” has thrown fresh light on the events that
led to the establishment of South Africa’s uranium industry.

The report is by Dr. Weston Bourret who was employed by the
United States Government in 1944 to undertake an investigation of
the uranium mineralisation on the Witwatersrand as a part of the ef-
fort mounted by the “Manhattan Project” to develop the atomic bomb.
Dr. Bourret visited South Africa to carry out field work. The results of
his work could not be published previously for security reasons.

The presence of uraninite or other uranium minerals in the gold-
bearing conglomerates of the Witwatersrand had been first reported
in 1928 in a technical paper by R. A. Cooper entitled “Mineral Constit-
uents of Rand Concentrates”. These findings attracted little attention
at the time but were recalled when the Manhattan Project was under
way.

Dr. Bourret concluded that the Witwatersrand was potentially one
of the world’s most important and lowest cost producers of uranium
and he estimated possible output at between 5,000 and 7,000 tons of
uranium oxide a year. Events were to prove him right: production in
the late 1950s ran in excess of 6,000 tons a year.

Dr. Bourret recommended that “a detailed investigation be under-
taken promptly with a view to recovering uranium and determining
the overall uranium potential of this very important field.”

As a result follow-up investigations were initiated by the Manhattan
Project and the British Atomic Energy Commission. Distinguished
contributions to the establishment of South Africa’s great uranium in-
dustry were then made by Professor George Bain, Consulting
Geologist of the United States Atomic Energy Commission and Dr. C.
F. Davidson of the Geology Survey of Great Britain. Production began
in 1952 and South Africa remains today one of the top world pro-
ducers.
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THE PRECAMBRIAN DEVELOPMENT OF AN OXYGENIC ATMOSPHERE

By J. WILLIAM SCHOPF'

ABSTRACT

It has become rather widely accepted in recent years that (1) during
the geologic past, the Earth’s atmosphere evolved from an initial
“anoxic” to a later “oxygenic” state; that (2) this change was a result of
the cumulative effects of “green plant” (i.e., oxygen-producing)
photosynthesis; and that (3) the transition occurred during Precam-
brian, and probably Early Proterozoic, time. Although evidence in sup-
port of these views appears to be both more circumstantial and more
qualitative than has perhaps been generally appreciated, a broad range
of biological (and paleobiological, biochemical, and organic-chemical)
data seems to establish that such a transition did in fact occur during
the Precambrian as a result of blue-green algal photosynthesis, with
geological (and mineralogical) data suggesting a plausible date for the
transition of about 2,000 million years ago. Nevertheless, it has
become increasingly evident that the Earth's early atmosphere was
not totally devoid of free oxygen, as had apparently been assumed by
many workers. Diagenetic oxidation, to yield such sediments as band-
ed iron-formations and red beds, may thus have occurred on the
primitive Earth prior to the advent of oxygen-producing photosyn-
thesizers; if so, the mere presence of such deposits should not be con-
strued as necessarily evidencing the occurrence either of biological ac-
tivity or of an environment sufficiently “oxygenic” to have been
habitable by aerobic forms of life,

INTRODUCTION

During the past quarter century—since the discovery
in the early 1950’s of the now-famous microfossil
assemblage of the mid-Precambrian Gunflint Cherts
(Tyler and Barghoorn, 1954)—and especially within the
past decade, there has been a marked increase of in-
terest throughout the world in the paleobiology of the
Precambrian. Long-standing questions regarding the
nature, antiquity, and even the existence of Precam-
brian life, questions dating from the mid-nineteenth cen-
tury and the writings of Charles Darwin (1859), have at
last begun to be answered. The question now is not
whether evidence of Precambrian life exists, but rather,
what does it say—what can it tell us of the timing and
nature of early evolutionary advances and, especially, of
the interactions between the evolving Precambrian
biota and the developing early environment?

1 Department of Earth and Space Sciences and Institute of Geophysics and Planetary
Physies, University of California, Los Angeles, CA 90024

Probably foremost among all such biotic-
environmental problems is the matter of Precambrian
atmospheric evolution or, more precisely, the timing and
nature of the development of an “oxygen-rich” at-
mosphere, one capable of supporting the type of aerobic
metabolism on which we and most other living systems
are dependent. In the present ecosystem, anaerobic
organisms of course also exist, but collectively they are
only a small fraction of the Earth’s extant biomass.
Although anaerobic metabolic pathways occur in living
aerobic organisms, they tend to be of subsidiary impor-
tance only, operating for rather limited periods as a sort
of “back-up system” to aerobic metabolism in times of
special stress. Among the various tissues of higher
mammals, for example, the probably most complex—the
specialized nerve tissue that forms most of the human
brain—inevitably dies if it is deprived of oxygen for
more than about four minutes. Such dependence on free
oxygen, while differing in degree from species to
species, is exhibited by virtually all other megascopic
organisms as well, plants included (since they, too,
respire aerobically, using pathways that are essentially
identical with those of higher animals). Indeed, among
nonmicrobial forms of life, one is hard-pressed to find
exceptions to this general rule of oxygen dependence;
certain protists and other intestinal parasites no doubt
qualify (although all such forms appear to be evolu-
tionary derivatives of originally free-living, aerobic
respirers), but the list is short (aquatic mammals, which
can remain submerged for extended periods of time, are
not included—special mechanisms have evolved that
enable such mammals to maintain oxygen supplies to the
brain at the expense of other, less oxygen-demanding,
tissues). Free atmospheric oxygen plays a necessary and
integral role in the extant ecosystem of the planet.

From the perspective of the present, therefore, it
seems rather remarkable to realize that dependence on
oxygen is by no means an inherent requirement for the
existence of life on Earth—indeed, during the past
decade it has become increasingly apparent that for an
appreciable segment of geologic time, a segment encom-
passing a large portion of Precambrian Earth history
and as much as half of the total history of life on Earth,
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the planet’s atmosphere was virtually devoid of free ox-
ygen and the Earth’s biota was solely anaerobic; free ox-
ygen was neither used by such life forms nor, probably,
could its presence (in excess of some minimal level) have
been tolerated. The anaerobes of the present ecosystem,
the majority of which appear to be evolutionary
derivatives of this ancient, pre-aerobic biota, hark back
to this early anoxic environment, as do the anaerobic
metabolic pathways that still function (albeit in some
cases only under special circumstances) in extant plants
and animals.

These views, interpretations of the early history of life
that have become widely accepted in recent years, have
important ramifications for an understanding of
geological and biological processes on the Precambrian
Earth. It is thus appropriate to inquire as to just how
convincing the evidence really is regarding such a sup-
posed major change in atmospheric composition—do
available data require that such a change in atmospheric
oxygen content actually occurred during the Precam-
brian? If so, what do they suggest regarding the timing
of this event, the source of the atmospheric oxygen, the
“morphology” of the transition (was it part of a long-
term continuum, or did it occur as an abrupt step func-
tion?), and the impact of this rise in oxygen content on
the Earth’s biota and its environment? As will be evident
from the following discussion, evidence bearing on these
questions tends to be circumstantial rather than direct,
and the answers generated, qualitative rather than
quantitative. Still, while the various lines of relevant
evidence (coming from rather disparate branches of the
natural sciences) may individually seem less than fully
compelling, they each are at least consistent with—and
they commonly seem to point to—the occurrence of just
such a transition, with several types of data suggesting
that this event probably occurred during the mid-
Precambrian, some 2,000 m.y. (million years) ago.
Although additional and more telling data are no doubt
needed, this most crucial problem in atmospheric evolu-
tion appears to be rapidly nearing solution.

BIOCHEMICAL CONSIDERATIONS

Of the several lines of evidence that seem to bear on
the question at hand, studies of the biochemical
characteristics of modern organisms, coupled with an
understanding of phylogenetic relationships and of the
temporal distribution of appropriate types of fossils, are
among the most powerful. While necessarily in-
direct—this line of evidence being based on the
reasonable but unproved premise that the metabolic
characteristics of fossil organisms can be accurately in-
ferred from their morphology (by analogy with related
modern organisms) or from their particular level of
cellular or organismal complexity— this approach seems
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generally quite sound. Just as morphological comparison
with modern analogues can be used to infer that
trilobites were mobile rather than sessile and that saber-
tooth cats were carnivores rather than herbivores,
biochemical comparison with modern taxa can be used
to infer that both of these types of now-extinct
heterotrophs were obligate aerobes, dependent upon the
availability of free oxygen for various biosynthetic
pathways and for aerobic metabolism. Indeed, such
“argument by analogy,” reinforced by an understanding
of relevant evolutionary lineages, forms the basis of a
vast majority of all paleoecologic and phylogenetic in-
ference. One “knows” for rather similar reasons and
with similar degrees of certainty that Paleozoic
trilobites were both mobile and oxygen dependent.

Let us now apply this biochemical approach to the
question of atmospheric evolution. Oxygen-requiring
biosynthetic pathways (e.g., of tyrosine, hydroxyproline,
collagen, steroids) and oxygen-dependent metabolism
(namely, aerobic respiration) are characteristic of in-
vertebrate metazoans; it thus seems evident that free at-
mospheric oxygen must have been readily available at
least as long as such metazoans have been extant, by
current estimates beginning some 700 m.y. ago (near
the beginning of the “Ediacaran” or “Terminal Riphean”
phase of the late Precambrian). Although it is perhaps
not widely appreciated, this line of reasoning is not
limited to the occurrence of fossil megascopic
eukaryotes such as metazoans; indeed, it seems ap-
plicable, and with equal force, to the occurrence of
microscopic eukaryotes as well, for even the most
primitive of such organisms, unicellular microscopic
algae (whether rhodophytes or, as according to some
phylogenies, chlorophytes), require molecular oxygen
for intracellular synthesis of such compounds as sterols
and polyunsaturated fatty acids, for use in aerobic
respiration, and possibly also for that most
characteristic of eukaryotic traits, eukaryotic (i.e.,
mitotic) cell division (Amoore, 1961a, 1961b). As is true
at the multicellular level of eukaryotic organization,
unicellular eukaryotes are aerobic, oxygen-dependent
“biological machines”; the occurrence of such cells in the
fossil record would thus seem indicative of the presence
of biologically usable concentrations of free atmospheric
oxygen. Although there is some uncertainty regarding
the time of origin of eukaryotes, the most recent,
thorough compilation of data bearing on the subject sug-
gests that the lineage had probably become established
by about 1,400 m.y. ago (Schopf and Oehler, 1976); on
this basis it can be inferred that appreciable quantities of
atmospheric oxygen were present at least as early as the
mid-Proterozoic.

Regardless of the time of origin of the eukaryotic cell,
however—whether somewhat earlier or substantially
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later than the date noted above (and both possibilities
have been suggested in the recent literature)—it is ap-
parent that eukaryotes were preceded by an entirely
prokaryotic biota, an ecosystem composed solely of
forms that, were they alive today, would be classed
among the bacteria or the “cyanobacterial” blue-green
algae. These prokaryotes provide additional evidence
regarding the development of an oxygenic environment.
Like their modern counterparts, fossil prokaryotes ap-
pear certain to have encompassed a broad range of
physiological types, a spectrum including strict
anaerobes, facultative anaerobes, microaerophiles, and
obligate aerobes. Indeed, this striking versatility in ox-
ygen relations is one (among many) of the factors that
separate the prokaryotic and eukaryotic lineages and is
one of the principal characteristics (again among many)
that have led many workers to conclude that pro-
karyotes diversified during a time of changing oxygen
content in the primitive environment. The data support-
ing this conclusion are many and varied, but perhaps the
most instruetive are those derived from biochemical
studies of modern blue-green algae, prokaryotes of the
kind that were apparently responsible for deposition of
most types of Precambrian stromatolites (laminated,
organo-sedimentary structures that are abundant and
widespread in Precambrian carbonate facies younger
than about 2,300 m.y. in age).

Although blue-green algae are oxygen-producing
photoautotrophs and although they can cope with the in-
tracellular oxygen thus produced (i.e., they possess
oxygen-mediating enzyme systems) and can apparently
use such oxygen both metabolically (namely, in aerobic
respiration) and in what may be oxygen-requiring
biosyntheses (i.e., in pathways leading to formation of
phycobiliproteins and chlorophyll-a), they exhibit a
number of biochemical characteristics that suggest that
they probably evolved under changing conditions of am-
bient pO,. For example, many (but possibly not all) blue-
green algae can use molecular oxygen to produce
polyunsaturated fatty acids (via “oxidative
desaturation”); the precursors of these fatty acids,
however, are produced via a totally anaerobic pathway
(similar to that which occurs in obligately anaerobic
bacteria), and it has thus been inferred that the oxygen-
requiring portion of this pathway was “added on” to a
previously established anaerobic pathway during an ear-
ly stage in blue-green-algae evolution (and certainly
prior to the origin of eukaryotes, since they share this
same oxygen-requiring biosynthetic system). Similarly,
some (but not all) blue-green algae are capable of
oxygen-requiring sterol synthesis, again involving a
biosynthetic step (the cyclization of squalene) that was
apparently “added on” to an earlier established
anaerobic pathway that produces the necessary precur-
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sor. Moreover, as is noted above, blue-green algae also
use oxygen in aerobic respiration; and, as in apparently
all aerobic (e.g., eukaryotic) organisms, the steps involv-
ed in this energy-yielding process (the so-called “citric
acid” or “Krebs” cycle) have been superimposed
upon--"added on” to—a shorter and completely anaero-
bic pathway, one that is less efficient and that yields far
less cellular energy per molecule of substrate metaboliz-
ed than its aerobic derivative. As a rule, although such
oxygen-related “add-ons” are exhibited by eukaryotes,
they may be present or absent in prokaryotes, such as
blue-green algae; this rather striking difference in ox-
ygen relations presumably reflects the fact that pro-
karyotes had become established prior to, and became
diversified during, a major change in the oxygen content
of the Earth’s environment.

In this regard, it is of significance to note that
although blue-green algae are “good aerobes” (i.e., they
flourish in many fully oxygenic settings on the present
Earth), the group tends to be “less aerobic” than is
typical of modern eukaryotes. Of those blue-greens for
which relevant data are available, virtually all “tend to
prefer” (i.e., grow most rapidly within, whether in the
laboratory or the field) microaerophilic rather than fully
aerobic environments—optimum growth rates are com-
monly observed in the presence of about 10 percent free
oxygen, in contrast with the 20 percent of the present
atmosphere. Moreover, although it has long been rec-
ognized that some blue-green algae are capable of living
within and reproducing under totally anoxic conditions
(both in the laboratory and in the field), it has recently
been discovered that several species, among them the
filamentous cyanophyte Oscillatoria limnetica (Oren
and others, 1977), are capable of “switching on” or “turn-
ing off” their aerobic cellular machinery as a function of
the environment in which they occur. Under anoxic con-
ditions, these species can photosynthesize anaerobically
(using H,S as a hydrogen source, like photobacteria, and
thus not producing oxygen as a byproduct of photosyn-
thesis), but if placed under oxygenic conditions, they can
“switch on” their more normal aerobic apparatus (one
using H;0 as the hydrogen source, which thus results in
the photosynthetic production of free oxygen).

During the past decade, it has become increasingly
well established that the “heteroeyst,” a particular cell
type that occurs in several orders of filamentous blue-
green algae, probably evolved in response to an increase
in environmental oxygen content (Schopf, 1974, p. 29).
These specialized, thick-walled cells have been shown to
enclose the oxygen-sensitive nitrogenase enzyme
system, a system that “fixes” atmospheric nitrogen by
combining it with hydrogen and thus reduces it to the
proper oxidation level for its incorporation into amino
acids (and a system that is entirely lacking among
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modern eukaryotes—in legumes, for example; nitrogen-
fixation is carried out by prokaryotic symbionts rather
than the eukaryotic host). In addition, such cells are
known to lack “Photosystem II” (that portion of the
photosynthetic apparatus involved in production of free
oxygen) and to be capable of high levels of aerobic
respiration. Under present-day oxygenic conditions,
heterocysts apparently serve to protect the nitrogenase
enzyme system from oxidation by ambient oxygen. They
are thick-walled, so diffusion of oxygen into them is
relatively slow; they lack Photosystem II, so oxygen is
not generated within them; and they carry out active
aerobic respiration, so the cell is scrubbed of any uncom-
bined oxygen that may be present. Under anoxic condi-
tions, however, many species of extant blue-green algae
(including some that lack heterocysts) have been shown
to be capable of fixing atmospheric N,. Thus, it seems
likely that the enzymes required for N, fixation probably
first appeared at a time during which the environment
was essentially anoxic and that as oxygen concentra-
tions increased (owing principally to the photosynthetic
activities of the blue-green algae themselves!), specia-
lized, thick-walled heterocysts developed as a means of
providing (on a localized, microscopic scale) the
anaerobic environment needed to protect the oxygen-
labile nitrogenases and, thus, to ensure that N, fixation
could take place. Interestingly, in vivo and in vitro
studies of nitrogenases from various sources (Stewart
and Lex, 1970; Stewart and Pearson, 1970; Haystead
and others, 1970) indicate that the enzyme-complex is
partially deactivated (60 to 80 percent inhibition) by con-
centrations of ambient oxygen of about one percent and
is completely deactived at a pO, of about 5 percent; read
literally, this would seem to suggest that heterocysts
may have first appeared with the attainment of this level
of ambient oxygen content, and since heterocyst-like
cells are first known from the fossil record in blue-green
algalike filaments about 2,200 m.y. in age (Nagy, 1978),
their presence may indicate that a pO, of perhaps 1to 5
percent may have been attained by mid-Precambrian
time.

Finally, a word should be said regarding the evolu-
tionary precursors of blue-green algae, the photosyn-
thetic bacteria. Although several groups of such
photobacteria occur in the extant biota, differentiated
one from the another principally by the nature of their
pigmentation (and thus their capability to absorb light
energy in various portions of the spectrum), the impor-
tant point is that, without exception, the process of
photosynthesis in such microbes is obligately anaerobic.
Such organisms are incapable of using water as a
hydrogen source in their version of the photosynthetic
reaction (rather, they commonly use H,S, hydrogen gas,
or hydrogen atoms derived from organic compounds);
thus, oxygen is never produced as a byproduct of
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bacterial photosynthesis and, indeed, the process cannot
take place under aerobic or apparently even under
microaerophilic conditions. On the face of it, this seems
a paradox—photosynthesis is a light-requiring process
and the photobacteria are benthonic, commonly mat-
building, microorganisms; but although they require
anaerobic conditions in which to carry out bacterial
photosynthesis, the sediment-water interface, for which
they are otherwise well adapted (and at which they are
required to live if they are to absorb the maximum
available solar energy), is an oxygenic environment. It
would appear that to photosynthesize optimally,
photobacteria must inhabit an environment that pro-
hibits their photosynthesis from occurring! Whether
stochastic or not, it seems literally incredible that evolu-
tion could be this capricious. In fact, the seeming
paradox can be rather easily explained: If one assumes
that a transition in atmospheric-oxygen content actually
occurred during the Precambrian, then it would seem
reasonable to suggest that primitive photobacteria
(precursors of the present several strains) evolved prior
to the appearance of oxygenic conditions, at a time when
the sediment-water interface was still essentially anoxic
(rather than being oxygenic, as it is at present). With the
development of aerobic photoautotrophs (precursors of
present-day blue-green algae), conditions at the inter-
face began to change and, by the ecological Principle of
Competitive Exclusion, oxygen-producers came to sup-
plant photobacteria in the upper reaches of bacterial
mat communities (since they produced a toxin, free ox-
ygen, that during daylight hours served to inhibit
bacterial photosynthesis); the photobacteria thus
became adapted to lower, relatively anoxic reaches of
the mat community, an environment that many such
microorganisms inhabit to the present day.

In summary, diverse types of biochemical data seem to
indicate the following:

1. Appreciable quantities of atmospheric oxygen were
available prior to the development both of in-
vertebrate metazoans (about 700 m.y. ago) and of
unicellular eukaryotes (about 1,400 m.y. ago).

2. Prokaryotes, such as blue-green algae, evolved in
response to (and, as is discussed below, were the
oxygen-producers responsible for) a transition from
essentially anoxic to oxygenic conditions during the
Precambrian.

3. Earlier evolving, more primitive prokaryotes, such as
the photobacteria, were adapted to an anoxic,
rather than an oxygenic world.

If these evidences have been read correctly, the conclu-
sion seems inescapable that a transition in atmospheric
oxygen content must have occurred and have had a pro-
found effect on the Earth’s biota, relatively early in
geologic time.
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RELEVANCE OF MODEL STUDIES OF THE
ORIGIN OF LIFE

Since the early 1950’s and the initial studies of Gar-
rison and others (1951) and Miller (1953), literally hun-
dreds of ‘“early Earth experiments”—studies
demonstrating the non-biologic formation of organic
compounds under conditions simulating those believed
to be present on the primitive Earth—have been carried
out in scores of laboratories throughout the world. The
vast majority of these have been gas-phase syntheses,
experiments carried out both under highly reducing con-
ditions (using a starting mixture of H,, CH,, NH; and
H;0 vapor; for example, Miller, 1953) and under less
reducing conditions (using a starting mixture of CO or
CO; plus Np, H; and H,0 vapor; for example, Abeison
and Hoering, 1967) and by using a rather wide assort-
ment of plausible energy sources (such as spark
discharge, ultraviolet light, and ionizing radiation).
Compounds so synthesized include amino acids,
hydrocarbons, fatty acids, nitrogen-containing
heterocyclics, sugars, and many other types of small
molecules. The important point about these experiments
is that in all such studies for which relevant data are
available, such gas-phase syntheses have been reported
to be inhibited by “small concentrations” or by even
“traces” of free oxygen (see, for example, Abelson and
Hoering, 1967).

Recently it has been demonstrated that a second type
of abiotic synthesis, one involving the photocatalytic
production of organic compounds on mineral surfaces
(from CO or CH, and traces of H, vapor), is relatively
unaffected by the presence of uncombined O, (Hubbard
and others, 1973). However, the yields of these ap-
parently oxygen-insensitive, surface-dependent syn-
theses are quite low and, because of their inhibition by
even small amounts of liquid water—the syntheses hav-
ing been carried out under conditions designed to
simulate those of the arid Martian regolith—they appear
to be of “questionable importance on the primitive
Earth” (Hubbard and others, 1975).

Thus, as currently understood, the nonbiologic syn-
thesis of small organic compounds on the primitive
Earth, the first step in the long chain of events that led
ultimately to the formation of the earliest forms of life,
seems to have required the near-absence of free oxygen.
Of those synthetic reactions for which the mechanisms
have been studied in detail, several require the presence
of two specific, highly reactive intermediates: for-
maldehyde (e.g., an intermediate in the synthesis of
sugars and of amino acids) and hydrogen cyanide (in-
volved in the production of amino acids and of such
nitrogen-containing heterocyclics as purines and
pyrimidines). This latter compound is of special interest
since, like carbon monoxide and hydrogen sulfide (star-
ting materials commonly used in such syntheses),
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hydrogen cyanide is lethal, even if present in only
minute amounts, to many extant forms of life. From the
perspective of the present, it thus seems puzzling (and,
indeed, at first glance seems inexplicable) that living
systems could have originated in a milieu that was in
fact poisonous to the process of living. Such, of course,
was not the case—both HCN and CO are lethal only to
aerobic forms of life (since they react with, and deac-
tivate, cytochromes involved in aerobic respiration), and
H,S is a compound both used as a reactant by (e.g.,
photobacteria) and produced as a metabolic product of
(e.g., sulfate-reducing bacteria) numerous extant
anaerobic microbes. Thus, the inferred involvement of
these compounds in the origin of life—like the results of
virtually all other experimental work that has been done
in this field—is consistent with, and seems supportive of,
the concept that the origin of life on Earth could have
occurred only under essentially anoxic conditions.

The application of results of these “early Earth ex-
periments” to an understanding of the primitive at-
mosphere is, of course, highly model dependent.
Knowledge of the origin of living systems is far from
complete, and even if the Oparin-Haldane model is ac-
cepted without reservation, virtually no data are
available to indicate, quantitatively, the degree to which
abiotic syntheses are inhibited (but perhaps not com-
pletely terminated) by various low concentrations of am-
bient oxygen. Still the overall model seems too sensible
to be seriously questioned with the data on hand—the
“early Earth experiments” seem to require essentially
anoxic conditions; the abiotic organic matter of in-
terstellar dust clouds and that occurring in car-
bonaceous meteorites seem certain to have been syn-
thesized in the absence of free oxygen; and the mor-
phologically and biochemically least complex, and thus
presumably most primitive, of known living organisms—
simple, heterotrophic or CO,-using bacteria (namely, the
clostridia and the methanogens; Broda, 1975)—are all
obligate anaerobes. The conclusion seems difficult to
escape: early in the Precambrian, at the time when life
arose on Earth, the Earth’s environment must have
been virtually devoid of free atmospheric oxygen.

GEOLOGIC AND PALEOBIOLOGIC
CONSIDERATIONS

The foregoing discussion has dealt almost exclusively
with biochemical and organic chemical evidence relating
to the development of an oxygenic environment. These
matters have been here treated in some detail, principal-
ly because they have been largely overlooked in much of
the other geologic literature on the subject and because,
taken together, they appear to me to constitute perhaps
the single most telling line of evidence establishing that
a transition in atmospheric oxygen content actually oc-
curred in the geologic past.
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The timing of this transition, however, is another
question altogether, one that is best addressed by refer-
ral to the geologic-paleobiologic record. As is noted
above, available paleobiologic data seem to indicate that
the transition occurred earlier than about 1,400 m.y.
ago—the suggested time of origin of the eukaryotic cell
type—but how much earlier remains in question (and it
should not be overlooked that some workers have sug-
gested a much later time for the origin of eukaryotes
than the date here preferred). To resolve this question,
one must turn to the Precambrian rock record and a con-
sideration of the temporal distribution and possible
significance of various types of sedimentary, oxygen-
sensitive mineral assemblages. Over the years, much
has been written on this subject. Traditionally regarded
as intertwined with the classic question of the origin of
banded iron-formations, it has been a topic of debate and
speculation for several decades, a discussion most
recently revived in a flurry of stimulating papers by
Preston Cloud (1976) and by Eric Dimroth and his
associates (Dimroth and Kimberley, 1976). Indeed, the
geologic literature is replete with discussions of this
general problem area, and other than to expand and up-
date ideas I have previously expressed (Schopf, 1975,
221-222), I have little new to contribute. Nevertheless,
as requested by the Convener of this symposium, I will
here dutifully summarize my current thoughts on the
matter (but I do so only briefly, and rather reluctantly,
for it seems to me that what is really needed are more
data, not more verbiage).

Numerous workers have read the geologic record as
indicating that a transition in atmospheric oxygen oc-
curred roughly 2,000 m.y. ago. The principal lines of
evidence usually cited are as follows:

1. “Easily oxidized” detrital pyrite and uraninite are
known to occur together in placer deposits older,
but not in those younger, than about 2,000 m.y. in
age;

2. Red beds, interpreted as being indicative of subaerial
oxidation and thus of an “oxygenic” atmosphere,
are known to occur in sediments younger, but not in
those significantly older, than this age;

3. The bulk of banded iron-formations of the world—
deposits containing individual reserves of tens of
billions of tons of oxidized iron—occur in strata ap-
proximately 2,000 m.y. in age but are extremely
rare in appreciably younger terranes; the concept
here is that these deposits might evidence the
anoxic-oxygenic transition since their deposition is
thought to require both a predominantly anoxic
water column (necessary for dispersal of dissolved
ferrous iron over basin-sized areas) and an at least
marginally oxygenic atmosphere (with the oxygen
diffusing into the upper reaches of the water col-
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umn and there reacting with dissolved iron to cause
precipitation of ferric and ferro-ferric oxides).

The first of these three types of evidence, that relating
to detrital uraninites, is discussed in detail by David
Grandstaff elsewhere in this volume (chap. C). He gives
an excellent summary of his studies of the kinetics of ox-
idation and of deposition of the mineral species in ques-
tion and of their apparent relevance to the problem at
hand.

Although the second line of evidence, that relating to
the distribution of red beds, is commonly cited in much
of the recent literature on this problem, its significance
now seems open to question since

1. the temporal distribution of these deposits is relative-
ly poorly known (compared, for example, with the
distribution of banded iron-formations; Goldich,
1973);

2. terrigenous deposits, of which continental red beds
are one of many types, are generally very suscepti-
ble to geological recycling and are thus preserved
only exceptionally in very ancient terranes (conse-
quently, the present absence of red beds older than
2,000 m.y., even if firmly established, would not
necessarily indicate that such deposits were
originally lacking);

3. the Viking explorations of Mars have shown that red
beds need not necessarily reflect the occurrence of
an “oxygenic” atmosphere, at least as the term is
normally used—the Martian atmosphere contains
only trace amounts of free oxygen (about 0.13 per-
cent, a value less than that required by terrestrial
organisms for aerobic metabolism), all of which is
apparently of inorganic, photolytic origin, an at-
mosphere that has nevertheless produced a vast
“red bed” on the planet’s surface; and

4, an increasing body of geologic data (e.g., Dimroth,
1975; Dimroth and Kimberley, 1976) seems to in-
dicate that free oxygen (perhaps at a low pO,, with
the oxygen having been produced by photolysis of
atmospheric water vapor) was available for suba-
queous oxidation during the Archean—if so,
subaerial oxidation to produce red beds might also
have occurred.

Thus, it would appear that red beds need not be in-
dicative of a fully oxygenic atmosphere, that the oxygen
required for their formation need not be of biological
origin, and that red beds might reasonably be expected
to have been formed (and to have been subsequently
recycled) prior to 2,000 m.y. ago.

Finally, as a corollary to the foregoing remarks re-
garding red beds, it seems likely that the presence of
banded iron-formations need not reflect a transitional
stage in atmospheric evolution. If red beds can be form-
ed by reaction of iron with photolytically-produced ox-
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ygen (as appears to have occurred on Mars), and if UV-
induced photolysis of water vapor occurred in the Ar-
chean atmosphere (an occurrence dependent only on the
presence of water, of solar energy, and of an exosphere
temperature sufficient to insure loss of hydrogen from
the gravitational field of the Earth—conditions that all
seem certain to have been satisfied since very early in
Earth history), then such oxygen migh be expected to
have reacted to produce banded iron-formation even at a
low, nearly “anoxic” level of atmospheric pO,. In con-
trast to continental red beds, the resulting subaqueously
deposited iron-formation might be rather readily
preserved in the rock record. It is conceivable,
therefore, that although deposition of Archean banded
iron-formations and of other oxidized facies of similar
age (e.g., Dimroth and Kimberley, 1976) may have in-
volved reaction with free oxygen, ambient oxygen con-
centrations could have been quite low. The mere
presence of such units provides little indication of the ac-
tual pO, and no evidence as to whether the pO, had
become stabilized (for example, at a low, photolytically-
regulated level) or whether it might have been increas-
ing over time (as would be required for such units to
reflect a transitional stage in atmospheric evolution).
However, the very large volume of banded iron-
formation that occurs throughout the World in strata
aged about 2,000 m.y. (Goldich, 1973), and thus the con-
sumption and burial of the huge amounts of oxygen that
their deposition seems to reflect, requires the existence
of an oxygen source far more efficient than that sug-
gested above for the scattered oxidized facies known
from Archean-age sediments. The key here is that meas-
ured or calculated rates of O, production by inorganic
photolysis (e.g., Brinkmann, 1969) are simply too low,
by more than an order of magnitude, to account for the
enormous amounts of oxygen that were entombed dur-
ing this phase of mid-Precambrian iron-ore deposition
(see Holland, 1973). Indeed, only one plausible
mechanism capable of accounting for the required rate
of oxygen production is known: aerobic (e.g., blue-green
algal) photosynthesis, followed by burial (to prevent
aerobic recycling) of the organic matter produced. That
aerobic photosynthesizers were extant by this time
seems evidenced (albeit indirectly) by the “evolutionary
trees” generated from studies of biochemical evolution
(for example, Schwartz and Dayhoff, 1978) and is firmly
supported by the now well-known occurrence of blue-
green-algalike microfossils in mid-Precambrian
stromatolites (Schopf, 1974, 1975; Nagy, 1978).
Moreover, the fact that such stromatolites are first
known to have become abundant and widespread about
2,300 m.y. ago (Schopf, 1975), just prior to the onset of
the major phase of banded iron-formation deposition,
raises the intriguing possibility that this phase of diver-
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sification and rapid spread of such structures may
reflect the origin and early diversification of
O,-producing photosynthesizers. Thus, the mid-
Precambrian banded iron-formations may simply be the
geologic result of a major event in biologic history, the
origin and early evolution of oxygen-producing and
oxygen-utilizing microorganisms. And, as several
workers have previously suggested (for example, Gar-
rels and others, 1973; Cloud, 1974), the cessation of this
major phase of iron-formation deposition, about 1,800
m.y. ago, may be a result of the essentially total con-
sumption of accessible, easily oxidized ferrous
substrates—the oceans had become “swept free” of
unoxidized iron and this, together with the saturation of
other oxygen sinks (e.g., the conversion of H,S to
sulfate), led to the establishment of a stable oxygenic en-
vironment.

SUMMARY

Current concepts regarding the origin of life on Earth,
concepts supported by numerous laboratory studies of
the nonbiologic synthesis of organic compounds under
simulated “early Earth conditions,” require that living
systems originated at a time when the Earth’s at-
mosphere was virtually devoid of free oxygen. The pres-
ent atmosphere, however, is highly oxygenic, and the
present ecosystem is based largely on oxygen-requiring
metabolism. At some point in the geologic past,
therefore, the Earth’s atmosphere must have undergone
a transition from an early, essentially anoxic stage to its
present oxygenic state. Comparison of oxygen-related
biosynthetic pathways, metabolic capabilities, and other
relevant biochemical characteristics of invertebrate
metazoans, primitive unicellular eukaryotes, and pro-
karyotic blue-green algae and bacteria demonstrates
that there is a strong correlation between degree of
organizational complexity and biochemical dependence
on free oxygen. This correlation seems most logically in-
terpreted as reflecting the evolution of these groups in
response to a rise in atmospheric oxygen content during
Precambrian time:

1. The most primitive forms of life, prokaryotes com-
parable in many respects to extant clostridial and
methanogenic bacteria, were obligate anaerobes
that developed during an early, essentially anoxic
stage in atmospheric evolution.

2. The earliest photoautotrophs (cf. extant photo-
bacteria), which similarly evolved prior to the
development of oxygenic conditions, carried out
anaerobic photosynthesis at the anoxic sediment-
water interface; these microorganisms probably
formed laminated, matlike communities, stratified
as a function of the light-absorbing capabilities of
various components of the biocoenose (and they
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thus may have produced calcareous, bacteriogenic
stromatolites).

3. The derivation from such photobacteria of oxygen-
producing, aerobic photoautotrophs (cf. extant
blue-green algae) resulted in evasion of free oxygen
into the Precambrian environment and the begin-
ning of a major change in the Earth’s ecosystem.
Although many contemporary anaerobes, especial-
ly those that were planktonic or those that were
benthonic and nonmobile, would have been hard
pressed to cope with the newly abundant, highly
reactive, free oxygen (and the beginnings of ox-
ygenic conditions may thus have resulted in an ear-
ly, major episode of biotic extinction?), the totally
prokaryotic biota diversified to give rise to
facultative aerobes, microaerophiles, and obligate
aerobes; biologically mediated, anaerobic-aerobic
geochemical cycles of various elements (such as
carbon, nitrogen, sulfur, and iron) became
established; and photoautotroph-dominated, ben-
thonic biological communities became stratified in-
to an uppermost oxygenic zone (inhabited by
aerobic photoautotrophs and other oxygen-tolerant
prokaryotes) and an underlying anoxic zone (in-
habited by facultative or obligate anaerobes, and
including photobacteria in its upper portions).
Thus, with the advent of aerobic photoautotrophs,
photobacteria were supplanted at the sediment-
water interface. Because of the absence of effective
competition for photosynthetic space at this inter-
face, the oxygen-producing, stromatolite-forming
photoautotrophs spread rapidly to occupy virtually
all usable, accessible niches; they thereby became
the dominating element of the Earth’s ecosystem
and, through their photosynthetic activity (and the
subsequent burial of the photosynthetically-
produced organic matter) caused an irreversible
rise in atmospheric oxygen content.

4. By the time of origin of unicellular eukaryotes, the
Precambrian atmosphere had become oxygenic,
stabilized at a pO, similar to (but perhaps somewhat
lower than) that of the present, and members of this
newly evolving lineage were “wholly dependent”
(for their metabolism, for important biosynthetic

2 Recently, based on sequence data from six protein superfamilies (feredoxin, 53 ribosomal
RNA, c-type cytochromes, azurin-plastocyanin, flavodoxin, and rubredoxin) that occur in
modern prokaryotes and eukaryotes, Schwartz and Dayhoff (1978) have constructed a com-
posite “evolutionary tree,” which they interpret as indicating that aerobic respiration evolved
in prokaryotes prior to the advent of oxygen-producing photosynthesis. If their concept is cor-
rect, the oxygen utilized by these earliest aerobes would have to have been a product of
ultraviolet-induced photolysis of water vapor; the oxygen content of the environment in-
habited by these aerobes would apparently have to have been on the order of 0.2 percent or
greater (the so-called “Pasteur Point,” the approximate concentration of oxygen required by
extant microbes for aerobic respiration); such organisms (which must have possessed oxygen-
mediating enzyme systems), even if planktonic or if benthonic and nonmobile, would have been
little affected in the episode of biotic extinction that may have accompanied the advent of
aerobic photoautotrophy.
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capabilities and, possibly, for mitotic reproduction)
on the availability of free O,.

5. Like their unicellular progenitors, multicellular
eukaryotes (e.g., invertebrate metazoans) are fun-
damentally aerobic, a characteristic reflecting their
derivation from oxygen-dependent precursors and
indicating that the Earth’s atmosphere has been ful-
ly oxygenic since their origin during late Precam-
brian time.

This evolutionary sequence, apparently indicating
that the transition in atmospheric oxygen content occur-
red earlier than about 1,400 m.y. ago (the suggested
time of origin of the eukaryotic cell type), during the
mid-Precambrian, is consistent with, and seems sup-
ported by, available mineralogic and geologic data. The
occurrence of placer deposits containing easily oxidized
pyrite and uraninite (the well-known uraniferous gold
deposits of South Africa, Brazil, and southern Canada),
in strata older, but not younger, than about 2,000 m.y.,
suggests that the Earth’s atmosphere may have been
essentially anoxic prior to this time (Grandstaff, this
workshop, Chapter C). This is not to imply, however,
that the atmosphere was absolutely devoid of uncom-
bined oxygen prior to 2,000 m.y. ago. Even today, free
oxygen is produced readily (albeit slowly) in upper
reaches of the atmosphere by ultraviolet-induced
photolysis of water vapor and the accompanying loss of
hydrogen from the Earth’s gravitational field. This
mechanism would have been operable since the forma-
tion of the planet and the beginnings of its atmosphere,
and it thus seems reasonable to suggest that this may
have been the source of the free oxygen apparently re-
quired for diagenetic oxidation, and the production of
such sediments as banded iron-formations, during the
Archean. Studies of this inorganic process indicate,
however, that it would have been insufficient to have
produced the large amounts of oxygen sequestered in
oxide-rich rocks formed during the major episode of
banded iron-formation deposition about 2,000 m.y. ago;
indeed, the amounts of oxygen required appear to be far
too great to have been produced in the time involved by
any known mechanism other than aerobic (e.g., blue-
green algal) photosynthesis. It is thus perhaps signifi-
cant that calcareous stromatolites apparently produced
by blue-green algae are first known to become abundant
and widespread in the geologic record in strata about
2,300 m.y. in age. Although this temporal relationship
may be merely fortuitous, perhaps a result of rare
preservation of older stromatolotic facies, this seeming-
ly abrupt appearance of widespread stromatolites could
reflect the origin and early diversification of aerobic
photosynthesizers. If so, the few older stromatolites
now known would appear to be most plausibly inter-
preted as being of photobacterial origin (produced by
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anaerobic photoautotrophs), and the apparent timelag
between the origin of oxygen-producing photoauto-
trophs and the cessation of the major phase of banded
iron-formation deposition (about 1,800 m.y ago) could be
interpreted as encompassing the time required for ox-
idation of previously unoxidized inorganic substrates
and the buildup of a stable, oxygenic atmosphere.

It is important to note that several aspects of this
transition are as yet poorly defined. For example,
although available data seem to suggest that the transi-
tion occurred at “approximately” 2,000 m.y. ago (i.e., ap-
parently between 2,200 and 1,800 m.y. ago), the data do
not indicate whether the transition occurred slowly as a
more-or-less unbroken continuum, during this period;
whether it occurred in a single episode, as a relatively
abrupt step-function of short duration; or whether the
transition was sporadie, with atmospheric oxygen con-
tent fluctuating widely as a result of variable and essen-
tially uncoupled rates of oxygen production (via
photosynthesis and photolysis) and oxygen consumption
(via oxidation of inorganic substrates and, assuming the
presence of aerobic respiring microorganisms, via
biological recycling of photosynthetically produced
organic matter). Moreover, the ranges of atmospheric
pO, prior to and after the event are as yet ill defined
(although biochemical data seem to suggest that pO,
levels on the order of 1 to 5 percent may have been at-
tained during the mid-Precambrian), and direct
evidence of several possible ramifications of the transi-
tion, such as a suggested episode of extinction of
oxygen-intolerant anaerobes and the presumed inhibi-
tion of abiotic synthesis as a result of increased pO,, has
yet to be detected in the rock record. Thus, although it
seems evident that such a transition in atmospherie ox-
ygen content actually did occur during the Precambrian,
and although available data suggest a “best guess” for
its time of occurrence of about 2,000 m.y. ago, additional
and more telling data will be needed before the timing,
nature, and ecologic impact of this event can be fully
elucidated.
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DISCUSSION

Irving Breger, U.S.G.S., Reston, Va.: If you are assum-
ing that photosynthetic organisms existed before 1.4
billion years ago, what protective mechanism do you
assume against the lethal ultraviolet radiation?

Schopf: In the first place, there are very good data in-
dicating the presence of planktonic organisms
earlier than 1.4 billion years ago. There are good
data for planktonic organisms back to about 2.2 or
2.3 billion. These organisms are flushed up into the
top of the water column; if there were a high
ultraviolet flux they would get “fried.” They
presumably weren’t getting “fried,” and one answer
is that like modern organisms, these organisms
must have had an effective DNA repair mechanisms
for UV damage. Secondly, as I think we will hear
later, there is evidence for some free oxygen as ear-
ly as 3.76 billion years ago, that is the presence of
oxidized iron minerals in the Isua (Greenland) iron-
formation. Geologists maintain the ircn minerals are
primary sedimentary syngenetic. If that is the case,
there was oxygen, and it is my hunch that there was
always some small amount of oxygen in the Earth’s
atmosphere as a product of photodissociation of
water vapor. This being the case, it seems to me pro-
bable that there was always some degree of an ozone
shield. One other thing I might mention is a paper by
Preston Cloud and Gerry Licari, dedicated to John
Gruner, in the American Journal of Science about
three years ago, on filamentous microorganisms
presumed to be blue-green algae in the Pokegama
Quartzite, in which Cloud and Lieari show that the
organisms occur in re-entrants in an erosion sur-
face. These organisms are sitting there on an ero-
sion surface not underneath the water, only a couple
of centimeters down. The Pokegama underlies the
Biwabik and the Gunflint and is probably around 2.2
billion years old. So again, it seems to me probable
that UV flux was not a major problem at that point
in Earth’s history.

Hallbauer: You have talked about only very simple
microorganisms so far, but you didn’t mention the
carbonaceous material in the Witwatersrand, where
there are branched filaments and septate filaments
and forms which could be called megascopic fossils.
And I might mention here that E. S. Barghoorn of
Harvard recognized these forms as megascopic
fossils. Where could they fit in? Apparently there
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are different mechanisms in the evolution of life
which should fit the model.

Schopf: Unlike Professor Barghoorn, I have not seen the
material studied by Dr. Hallbauer—my comments
can be based only on what I have read of Dr.
Hallbauer’s work and on the photographs and
photomicrographs he has published. As you know,
he has interpreted these structures to be fossil
lichens, and as such, he has interpreted them to con-
tain a fungal, and thus eukaryotie, component, If his
interpretation is correct, it would then follow that
there must have been appreciable quantities of free
oxygen available during the time of deposition of the
Witwatersrand, since it would be difficult to envi-
sion fungi either originating or surviving under
essentially anoxic conditions, and this would set the
transition to an oxygenic environment appreciably
earlier than the 2,000 m.y. ago that I have suggested
as being most plausible. However, the
photomicrographs published by Dr. Hallbauer lead
me to suspect that the structures he has discovered
have probably been misinterpreted—specifically,
they have a branch pattern that appears to me to be
quite unlike that known to occur in any modern
fungi, and, in fact, in any modern thallophytes of
which I am aware. I thus suspect that these struc-
tures are most likely to be nonbiologic and, thus,
that they have no obvious bearing on the time of
origin of oxygenic conditions. I hate to disagree, but
it seems to me that it just doesn’t fit in with
everything else that is known in the Pre-Cambrian.
On the other hand, that doesn’t mean that it is
wrong; it just means that it doesn’t fit in and maybe
you're looking at a different facies. If what you are
saying is correct, that these are lichens, 2.5 billion
years in age, and if as lichens they have a fungal
component, and if those fungi had the same
metabolic features as modern ones, then there must
have been appreciable quantities of atmospheric ox-
ygen, above 1% percent of present atmospheric
levels. This seems to me not to fit in with a lot of
other data, but on the other hand, if they are fungi,
it’s of very considerable interest obviously.

Kalliokoskr, Michigan Technical University: There are a
series of things that are being called fossils—these
are little clusters of pyrite grains. They are very
common in the recent record, and they can be
chased back into the Precambrian. The question is,
do you consider these to be fossils?

Schopf: If 1 may, without meaning to be facetious, yes
and no. Sedimentary pyrite in general is evidence of
biologic activity in the sense that the hydrogen
sulfide produced by sulfate-reducing bacteria can
combine with iron and you can get pyrite
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precipitated. On the other hand, Bob Sweeney has
shown one can get similar structures without the in-
tervention of biologic activity. It is well established
that pyrite can infill cells, and not only of
microscopic algae but of forams and a variety of
other organisms; even the epidermal cells of leaves
are sometimes infilled by pyrite. Here, apparently,
the organic matter is used by bacteria for local pro-
duction of H,S, the hydrogen giving the reducing
power which reduces sulfate in a marine environ-
ment and thus pyrite is precipitated within cells. In
that case they are fossils, but I would be very hesi-
tant to say that all framboidal pyrite could be pro-
perly interpreted as Precambrian fossils or fossils
generally.

Skinner: 1 don’t think this is going to be answered by
anybody else, Bill, so I hope you'll have a shot at it. If
you do in fact have large amounts of abiologic car-
bon back in the early Precambrian, should you not
see some progressive change in the carbon isotopic
fractionation in this material?

Schopf: That's a good question to ask Manfred
Schidlowski.

Schidlowski: Actually we had a look at the carbon
isotope composition of sedimentary carbonates from
the very start. Now we must say from almost the
very start because we did not include the Greenland
material. The delta C!3 values of the carbonates
were practically constant, always near zero per mil.

Schopf: 1 would say one other thing. Since Bill Ruby’s
paper in the early fifties, people have been doing
mass balances on carbon and oxygen in the geologic
record and using the relation between them as in-
dicating that it is a plausible and consistent model to
argue that all of the organic carbon that is se-
questered in the Earth’s crust could come from
photosynthesis and therefore that all of the oxygen
in the Earth’s crust and in the Earth’s atmosphere
and oceans could also come from photosynthesis.

Mass balance calculations seem to be within an
order of magnitude and seem to make good sense. It
turns out also that if you look at those numbers, and
I've just redone that whole business again, the new
data give you a better hunch as to what the true
numbers might be. These data also allow you to have
half of the organic matter sequestered in the Earth’s
crust from other than photosynthetic processes. 1
think what the data say is that there is a big slop in
the data. If you want to argue that it is all from
green-plant photosynthesis, you can argue that way.
On the other hand, if you want to point out that
there is a big slop in the data, that they are not all
that reliable, you're allowed at least up to half the
organic matter in the Earth’s crust from other than
photosynthesis. And if there was a large amount of
abiotic synthesis going on or there was a fixation by
organisms that were photosynthetic but non-oxygen
producing, the mass balance equations allow you to
do that. They certainly do not rule it out, and it is as
logically consistent with the data as the other
hypothesis that says it all comes from oxygen-
producing photosynthesis.

James Trow, Michigan State University: Two short

questions. First, do you know the age when a lot of
these carbon beds show up, and how far down in the
stratigraphic section do those carbon-bearing beds
occur? Second, do you have evidence of any native
sulfur beds in these rocks?

Schopf: With regard to the first question, there certainly

are graphitic schists that go way back into the Ar-
chean, the oldest ones of which I am aware, highly
carbonaceous material, come from the Swaziland se-
gquence. I don’t know of comparably highly car-
bonaceous material from the Isua iron-formation
region, although there is graphite and there is
organic matter in those rocks which are reliably
dated at older than 3.76 b.y. With regard to sulfates
and sulfur deposits, I do not know the distribution of
those in the Precambrian.
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URANINITE OXIDATION AND THE PRECAMBRIAN ATMOSPHERE

By D. E. GRANDSTAFF!

ABSTRACT

Although uraninite is thermodynamically unstable at oxygen
pressures greater than approximately 10-2' atmospheres, calculations
based on the dissolution kinetics suggest that uraninite from the Wit-
watersrand Sequence may have survived as a detrital mineral at ox-
ygen pressures as high as 107 to 10°¢ of the present atmospheric level
(PAL). Therefore, the mid-Precambrian atmosphere may have contain-
ed small amounts of free oxygen, produced by aerobic photosynthesis
and photodissocation of water vapor.

INTRODUCTION

Detrital uraninite is extremely rare in modern
sediments because it is rapidly destroyed by oxidation. A
search of black sands for uraninite during World War II
failed to reveal any uraninite in recent placers. In con-
trast, several Precambrian sequences contain uraninite
that many geologists believe is detrital (Davidson, 1965).
Of these, the Witwatersrand Triad of South Africa and
the Elliot Lake Group-Huronian Supergroup of Canada
are the best known and documented occurrences.
Although C. F. Davidson (1960, 1965) and others have
supported a hydrothermal origin for the Witwatersrand
and Elliot Lake ores, a detrital-placer origin now seems
well supported by the available evidence.

The occurrence of detrital uraninite has been cited as
evidence that oxygen probably was much less abundant
in or absent from the Precambrian atmosphere (Ram-
dohr, 1958). Holland (1962) calculated that uraninite
would be thermodynamically stable only at oxygen
pressures less than 102' atmosphere. However,
photosynthesis by blue-green algae and the photo-
dissociation of water vapor may have contributed
significant amounts of oxygen to the Precambrian at-
mosphere (Berkner and Marshall, 1965; Brinkmann,
1969). Although oxygen may have been rapidly consum-
ed by oxidation of reduced volcanic gases and iron and
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other reduced species in sediments, it seems likely that
some free oxygen was present in the mid-Precambrian
atmosphere.

It is well known that minerals may exist for appre-
ciable periods out of equilibrium with their environ-
ments. Magnetite, for example, should be oxidized to
hematite or some other ferric compound under Earth
surface conditions. Magnetite survives as a common
detrital mineral because its oxidation rate is quite slow
under oxidizing surface conditions. Although the oxida-
tion of uraninite is much faster, modern occurrences of
detrital uraninite have been reported at Nation River,
British Columbia (Steacy, 1953), Cornwall, England
(Davidson and Cosgrove, 1955), Hogatza placer, Alaska
(Staatz, this volume, chap. Y) and the Indus River,
Pakistan (Zeschke, 1959, 1961). These reports indicate
that some disequilibrium may prevail. Estimates of the
amount of disequilibrium have not been made, however,
because of lack of knowledge of the kinetics and rate of
uraninite dissolution and the rate of geological pro-
cesses (Rutten, 1971).

The purpose of this paper is to use experimental data
on the kinetics of uraninite dissolution in order to make
a more quantitative estimate of the upper limits of ox-
ygen in the Precambrian atmosphere that would allow
the survival of uraninite as a detrital mineral during
periods of weathering, erosion, transportation, deposi-
tion, and burial and the formation of the uraniferous
conglomerate of the Witwatersrand, Elliot Lake and
other similar deposits.

EXPERIMENTAL DATA

The oxidation of uraninite (represented by UQ,) in
water containing carbonate species at intermediate pH
probably takes place according to the ideal formula

UO;z+ %20, +2HCO 3 + H,0=U05(CO3),(H:0).2 (1)
C1
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Experimental data and discussion of the kinetics of
uraninite dissolution have been reported in detail
elsewhere (Grandstaff, 1973), and only a brief summary
is given here. The dissolution of uraninite is represented
by the following kinetic equation

R=— d ((;ran) = 102025 (SS) (RF)—l(lo-s.as-xo.a NOC) (2)
(3500,)(D.0.)(ay, ) exp (- 7045/T)(day™)
in which

R =rate of the dissolution reaction, the diminution of
uraninite as a function of time (- d(uran)/dt)
SS = geometric specific surface area (cm?g™)
NOC =nonuranium cation mole fraction
D.O.=dissolved oxygen concentration (ppm)
£CO, =total dissolved carbonate concentration (Molar)
£CO0,=[H2CO3]+[HCO5]+[COs™]
T =absolute temperature (°K)
RF =organic retardation factor. Retardation factors
of 5 and 35 have been found in a New Jersey
river water and in coastal sea water.

FACTORS IN THE SURVIVAL OF PRECAMBRIAN
URANINITE

It can be seen from the experimental data that the sur-
vival of uraninite as a detrital mineral is influenced by
environmental and physiographic factors, such as pH,
temperature, presence of organic species, rates and
time required for erosion, transport, deposition, and
burial; mineralogical factors, such as chemical composi-
tion and grain surface area; and atmospheric factors,
such as oxygen and carbon dioxide partial pressures.

A schematic representation of the rate of dissolution
of uraninite during the sedimentary cycle is shown in
figure 1. Uraninite grains deep in the rock probably are
not subject to significant attack by oxidation. Oxidation
of organic matter, sulfides, and iron-bearing silicates, as
well as of uraninite, depletes the ground water of ox-

ygen. However, as erosion proceeds, the uraninite is |

brought closer to the surface, and the content of oxygen
in the water and the rate of dissolution increase. At the
surface the rate of dissolution is defined by atmospheric
and environmental conditions. Dissolution of uraninite
is quite rapid during periods of residence in acidic soil
profiles. During transportation the rate of dissolution is
somewhat slower due to the higher alkalinity and higher
pH generally encountered in alluvial sediments and
river waters. Finally, after deposition, the rate of
dissolution decreases as the grain is buried and the con-
centration of oxygen in the ground water decreases.
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- Erosion T Transport "“ Burial —
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TIME

F1GURE 1.—Schematic representation of the relative rate of dissolution
of uraninite during the sedimentary cycle.

The experimentally derived reaction equation (2) may
be represented as

R=—2U00 _p4sS NOG,RF.... 0] (3
in which the instantaneous reaction rate, the diminution
of uraninite with time by chemical corrosion
(—d(uran)/dt) is equal to a rate function R[f], given by
equation (2), and itself a function of time.

Rearranging the equation

—d (uran) = R[f]dt 4)

and integrating
DF = {R[f]dt (5)
in which DF' is the fraction of the original grain
destroyed by oxidation. To simplify calculations, and in
the absence of data on exact variations in environmental
conditions during the Precambrian sedimentary cycle,
the complex dissolution rate funetion shown in figure 1
was approximated by a summation. The elements of the
summation represented the rate of dissolution during
periods of weathering, transportation, and burial.
The rate equation may be written as a summation
DF=xR!t, (6)

in which R, is the average rate of dissolution in, and ¢, is
the duration of, the ith period. If the rate term is written
as an explicit function of atmospheric oxygen, for exam-
ple, the summation terms will have the form

P OzgR." t:

If the oxygen concentration is constant during some
geological process, it, and other such constant terms,
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may be separated from the summation or integral to

produce
DF=Py,ER/, )

This equation may be rearranged to evaluate for P,,,
for example

DF
P =
0, E Rz‘, ti

Calculation of the maximum concentration of oxygen
in the Precambrian atmosphere that would have permit-
ted the survival of detrital uraninite and the deposition
of the uraniferous conglomerates requires that as many
of the environmental, mineralogical, and atmospheric
variables as possible should be fixed and limits placed on
the others.

®)

COMPOSITION

The composition of the uraninite is quite an important
variable in its oxidation kinetics. Unfortunately, the
composition and the rate of oxidation measured on the
uraninite as it exists today are probably not represen-
tative of the composition and the rate of oxidation of the
uraninite at the time of weathering, transport, and
deposition, more than 2 b.y. (billion years) ago. Some
estimate of the composition of the uraninite at the time
of sedimentation must be made. Several analyses of
uraninite from the Witwatersrand and Elliot Lake
deposits are given in table 1.

TABLE 1.—Chemical compositions and NOC (nonuranium cation)
values of some wraninite samples from the Witwatersrand and Elliot
Lake

Blyvooruitzicht Sub Nigel Dominion Reef Nordic
1 n 2 @)
e —_— 17.10 22.7
J— —_ 46.19 42.6
74.10 66.65 —_— .
2.70 1.63 6.52 6.1
16.70 19.44 14.85 22.6
1.00 2.13 3.43 4.0
1.40 1.04 .50 .0
1.78 2.07 1.43 0
.16 .30 11 .0
.81 1.54 1.30 i
.84 1.81 1.12 2
1.33 99 .08 0
— — 1.26 9
—— —_ 2.50 ——
e —e 1.43 —
Other _________ S o .62 R
Total ______ 100.82 97.60 98.44 99.8
NOC:
Minimum ____ 13 17 21 15
Maximum ____ .19 .23 .24 17

References: (1) Liebenberg (1957), (2) Hiemstra (1968), (8) Grandstaff (1973).

Unfortunately, the uraninite analyses from
Liebenberg (1957) and Hiemstra (1968) were made on
uraninite concentrates by wet-chemical methods.
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Cassiterite, monazite, leucoxene, hydrated iron oxides,
quartz, and sericite were probably present as impurities
(Liebenberg, 1957; Hiemstra, 1968). Therefore, the
analytical results for SiO,, Al,0;, Fe;0s, SnO,, H0%, S,
Zr0,, and TiO, reported in these analyses were excluded
as present primarily in impurities. The remaining
elements were recalculated to 100 percent. Much of the
lead was present as galena inclusions in the uraninite
rather than in the uraninite lattice. However, it was in-
cluded in the elements retained because the lead un-
doubtedly had its origin in the radioactive decay of
uranium and thorium.

A first approximation of the composition of the
uraninite can be made if the lead present in the chemical
analyses is reconverted to uranium and thorium. The
analysis calculated will approximate the composition of
the uraninite at the time of crystallization if primary
lead were negligible. Then, knowing or assuming an age
for the uraninite at the time of erosion, the amount of
lead created by radiogenic decay during that period may
be calculated. This composition will approximate the
composition of the uraninite at the time of erosion and
deposition if there have been no major postdepositional
changes in the composition of the uraninite other than
that of radioactive decay of uranium and thorium.

The age of crystallization of uraninite from the Domi-
nion Reef is approximately 3,100+100 m.y. (million
years) (Nicolaysen and others, 1962). An extrusive in the
Dominion Reef has been dated at 2,800+60 m.y.
(Niekerk and Burger, 1969). Therefore, the age of the
uraninite at the time of deposition of the Dominion Reef
must have been approximately 300+ 120 m.y. The Wit-
watersrand System overlying the Dominion Reef
System must be somewhat younger. In the absence of
dates on the time of sedimentation of the Witwaters-
rand System, the age of this system can only be specified
as between 2,800 m.y., the age of the underlying Domi-
nion Reef System, and 2,300 m.y., the age of the overly-
ing Ventersdorp System (Niekerk and Burger, 1966).
Assuming the uraninite from the Witwatersrand
System had an age of crystallization of 3,100 m.y., the
uraninite probably had an age of 550 +£250 m.y. at the
time of deposition of the Witwatersrand System.

If the age of crystallization of the Elliot Lake
uraninite is approximately 2,500 m.y. and the age of the
Matinenda Formation is greater than 2,288+ 87 m.y.
(Roscoe, 1969), the age of the Elliot Lake uraninite at
the time of deposition was approximately 150 + 150 m.y.

The results of the calculations are shown in table 1.
Values of NOC for the samples lie between 0.13 and
0.24. Variation of NOC in each sample is a result of the
uncertainty in the age of the uraninite at the time of ero-
sion. Because of the number of operations and assump-
tions involved in the calculations of NOC at the time of
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sedimentation and the possibility that the samples from
which these analyses were made are heterogeneous
(Grandstaff, 1975), these figures are only approximate.

The uraninite most sensitive to the Precambrian at-
mosphere, that is, the fastest reacting uraninite, the
uraninite having the lowest NOC content, is that from
Blyvooruitzicht. This uraninite has a probable range of
NOC from 0.13 to 0.19. An average value of 0.16 has
been used in calculations. Use of other permissible NOC
values in the range 0.13 to 0.19 would affect the dissolu-
tion rate and the oxygen pressures calculated by about a
factor of three at the extremes.

SIZE, SHAPE, AND ROUNDING

The source areas of the Elliot Lake and the Wit
watersrand uraninite have not been located. In the
absence of unweathered uraninite from the source areas
for comparison, it is not possible to assess directly possi-
ble mineralogical changes in grain size, shape, and com-
position that might have occurred as a result of chemical
corrosion or abrasion.

Liebenberg (1957) measured the size of uraninite
grains from the Witwatersrand in polished sections. He
found a very small range of size and determined that the
average diameter of the uraninite grains in the Wit
watersrand Sequence is about 75 y and that in the Domi-
nion Reef and Ventersdorp Contact Reef it is about 100
p. Roscoe (1969) found that uraninite grains in Elliot
Lake are about 100 p in diameter. Since the
measurements were made on polished sections, the ac-
tual dimensions of the uraninite grains must be
somewhat larger. Although uraninite grains from
pegmatites may be quite large, the small size variations
of uraninite grains in the Precambrian deposits and,
particularly, the absence of any larger grains in the Wit-
watersrand and Elliot Lake deposits suggest that the
uraninite grains were never much larger than they are
now. Furthermore, some of the grains are euhedral or
subhedral; they retain what appear to be original crystal
faces. Since physical attrition and chemical corrosion
would tend to destroy the planar crystal faces, these
euhedral or subhedral crystals must be close to their
original size. This suggests that only relatively small
variations in the mineralogical parameters occurred.
Therefore, as a first approximation, these factors are
assumed constant and are evaluated by examination of
existing uraninite samples from the Witwatersrand and
Elliot Lake.

Seventy-five micometers have been chosen as a low-
average particle dimension. The exact specific surface
area cannot be calculated since this requires a precise
knowledge of the particle shape of each grain. The par-
ticles as seen in polished section are intermediate in
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shape between circles and squares, implying that the
particle shape is between spheres and cubes, and a
specific surface area of 90 cm2g~! has been estimated on
this basis.

An additional constraint is imposed by the degree of
rounding and the survival of the uraninite grains. The
degree of rounding of the grains varies markedly, even
within single samples. Some grains are angular or
subangular. The shape of these grains appears to have
undergone very little modification by mechanical abra-
sion or chemical corrosion. Other grains are subrounded
to rounded- often referred to as “muffin shaped”
(Schidlowski, 1966)- and their shape appears to have
undergone extensive modification.

The literature on interpretation of the rounding of the
uraninite is quite extensive (Hiemstra, 1968).
Liebenberg (1957) believed that the grains had a water-
worn appearance. Hiemstra (1968) found that uraninite
from the Dominion Reef System had a mean roundness
value in accordance with those of monazite and zircon
grains in the same samples. However, Koen (1961) and
Davidson (1958) believed that the uraninite had too high
a degree of rounding to be consistent with a granitic or
pegmatitic origin.

The descriptions of Hiemstra (1968) and Liebenberg
(1957) suggest that angular and subangular grains are
more common in the Dominion Reef than in the main
Witwatersrand System. Hiemstra (personal commun.,
1973) believed that uraninite from the Dominion Reef
System had a higher degree of angularity than uraninite
from the Witwatersrand or Ventersdorp Systems.

This apparent variation in rounding may be due to
physical characteristics of the grains, normal distribu-
tion of mechanical processes, reworking, and variation
of the period of exposure of the uraninite to oxidizing
conditions. It seems possible, however, that some roun-
ding is influenced by compositional variations.

Rounding of grains during weathering and erosion
may occur by two processes, (1) mechanical abrasion and
(2) chemical corrosion and dissolution. Both processes
will be active, but one process may dominate. If the
amount of material removed by dissolution is much less
than that removed by mechanical abrasion, the shape of
the grain will be consistent with mechanical abrasion. If,
however, the amount of material removed by dissolution
is of the same order as or greater than that removed by
mechanical abrasion, the grain will be more highly
rounded than is indicated by a purely mechanical model.

At the time of erosion the uraninite from the different
ore reefs probably had quite different chemical composi-
tions. This probably would have affected the rate of
chemical corrosion. For example, if extreme values of
NOC (table 1) are used, the average Blyvooruitzicht
uraninite may have dissolved about fifteen times faster
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than the average Dominion Reef uraninite. If the two
uraninite samples were exposed to oxidizing conditions
for approximately the same length of time, about fifteen
times more material would be dissolved from the
Blyvooruitzicht uraninite. If oxygen pressures were fair-
ly high and the absolute velocity of the dissolution reac-
tion were fast, this could have resulted in appreciable
chemical corrosion and rounding of the Blyvooruitzicht
uraninite. The Dominion Reef uraninite, however, hav-
ing a slower reaction rate resulting in less chemical cor-
rosion would have higher angularity.

Therefore, highly resistant grains, having high NOC
content, may exhibit degrees of attrition and rounding
consistent with purely mechanical processes. This ap-
pears to be the case in the Dominion Reef and perhaps
the Elliot Lake uraninite grains. Less refractory grains
or grains exposed to oxygenated environments for long
periods of time would exhibit roundness values greater
than those expected from purely mechanical attrition.
This does not necessarily indicate that they were
deposited colloidally, but that they have undergone a
high degree of chemical corrosion in addition to physical
attrition.

To estimate the composition of the Precambrian at-
mosphere, some estimate of the degree of chemical
rounding should be made. Unfortunately, accurate
estimates of the amount of material removed from the
uraninite grains by chemical corrosion cannot be made
because the initial size and shape of the grains and the
proportion of physical attrition to chemical corrosion are
not known. If, however, the particles are near their
original dimensions, an estimate of the maximum
degree of chemical corrosion may be made. The small
grain-size variation and the presence of euhedral
uraninite grains suggest that, in general, the grains
were not reduced appreciably in size by corrosion or at-
trition. If a sphere is created from an originally cubic
particle with the same dimension or diameter, nearly 50
percent of the original particle must be removed. This
factor of 50-percent destruction of the original grain by
chemical corrosion has been used in calculations. This
amount of corrosion is probably a maximum, since few
of the uraninite grains are spherical and since both
physical and chemical attrition are involved.

PRECAMBRIAN ORGANISMS AND ORGANIC MATTER

Procaryotic bacteria and blue-green algae were prob-
ably the only organisms present during the early and
middle Precambrian (see, however, Hallbauer, this
volume, chap. M). These organisms were undoubtedly
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present in the oceans, and the remains of some of them
may be preserved in marine and deltaic sediments of the
Witwatersrand and Elliot Lake. It is not known,
however, if the organisms were present on land.

Berkner and Marshall (1965) suggested that at low at-
mospheric oxygen partial pressures the flux of solar
ultraviolet radiation may have been sufficiently intense
to kill any organisms exposed on land. However, the
“lethal level” of ultraviolet radiation proposed by
Berkner and Marshall may be too low (Godward, 1962).
If Precambrian organisms had higher tolerance to ultra-
violet radiation than has been proposed, or if oxygen
pressures were higher than proposed, it is possible that
microorganisms such as algae or bacteria did form a
ground cover during the Precambrian. Even if ultra-
violet radiation was at lethal levels, some organisms
may have lived in niches in rock or deep in soil zones
(Fischer, 1965).

The presence of organic matter in water decreases the
rate of uraninite dissolution (Grandstaff, 1973). The
organic matter may bond to the surface of the uraninite,
blocking oxidation sites. Chave (1965), Chave and
Schamlz (1966), and Suess (1970) found that polar
organic matter formed surface complexes on calcium
carbonate grains and that these complexes decreased
rates of nucleation, growth, and dissolution. Suess
(1970) found that the surfaces on calcite and dolomite
grains became saturated with absorbed organic matter
even at very low concentrations of dissolved organic
matter. Suess (1970) estimated that ocean water con-
tains approximately 1,000 times as much organic matter
as necessary to saturate the calcite surfaces. The
distribution of organic matter between the surface of
uraninite and water is not known. It seems likely,
however, that Precambrian river and ocean water con-
tained dissolved organic matter and that some organic
matter was absorbed on uraninite surfaces. This would
result in a decrease or retardation of the dissolution
rate.

The type and concentration of organic matter in water
probably influence the degree of retardation of the
dissolution rate (Grandstaff, 1973), but the type and con-
centration of organic matter in Precambrian river and
ocean water and the extent of possible retardation are
unknown. It has been found (Grandstaff, 1973) that
dissolution rates were decreased by a factor of 35 times
in New Jersey coastal sea water, while the rate in water
of the Molluca River in New Jersey was decreased by
about 5 times. In the absence of knowledge of Precam-
brian retardation factors, the retardation factors of 5
and 85 times found in modern rivers and the ocean have
been used as a first approximation.
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ATMOSPHERIC CARBON DIOXIDE PRESSURE

It does not appear possible to specify the pressure of
carbon dioxide in the Precambrian atmosphere with any
certainty. The carbon dioxide pressure in the at
mosphere appears to be controlled by equilibrium be-
tween magnesium carbonate and magnesium silicate
systems, by rates of input of CO; into the atmosphere by
volcanic exhalation and biological respiration, and by
removal from the atmosphere by photosynthesis,
weathering, and precipitation (Holland, 1968).

Calculations suggest that the Precambrian carbon
dioxide pressure may have been as much as 10 to 100
times PAL (present atmospheric level) (Holland, 1968),
but Cawley, Burruss, and Holland (1969) have suggested
that the carbon dioxide pressure in the pre-Silurian at-
mosphere may have been as low as 5 PAL. Therefore,
limits of 5 and 100 PAL have been used in the present
calculations.

TEMPERATURE

Temperature has been regarded as a factor in the sur-
vival of detrital uraninite. Since reactions are generally
slower at lower temperatures, glacial or periglacial con-
ditions have been cited as environments in which the
survival of uraninite would be more probable. However,
decrease in the temperature from 25°C to 0°C only
decreases the reaction rate by a factor of three.
Although this aids the survival of uraninite, it is prob-
ably not the major factor, since much greater reduction
of the oxidation rate is probably required to permit the
survival of uraninite to the extent observed in Precam-
brian sediments.

However, weathering in glacial or cold environments
is almost entirely mechanical, resulting in minimal
chemical attack on mineral grains. The liberation of
uraninite from the parent rock by glaciers is probably
responsible for the survival of the present Alaskan,
Canadian, and Pakistani occurrences of detrital
uraninite.

Tilloids have been described in association with the
Witwatersrand (Wiebols, 1955) and Elliot Lake deposits
(Casshyup, 1969). The relative chemical and
mineralogical maturity of the Witwatersrand and Elliot
Lake rocks suggests, however, that most of the
sediments were probably not of glacial origin.
Therefore, glacial action seems unable to account for the
survival of the Precambrian uraninite.

If, however, a glacial origin for part of the Witwaters-
rand and Elliot Lake Sequences is accepted, then at
least some of the radioactive quartz-pebble conglom-
erate may have been deposited in a moderate or cold
climate, under periglacial or interglacial conditions. A
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temperature of 15°C has been used in the calculations.
Variation in the chosen temperature by 10° in either
direction would produce a change in the dissolution rate
by less than a factor of two.

WEATHERING AND DENUDATION

Actively eroded uplands, even in the tropics, yield
fresh mineral grains of relatively unstable silicates and
oxides mixed with products of chemical weathering (Van
Houten, 1972). Such grains apparently are derived from
scouring of bedrock by rivers, and the grains are me-
chanically released from the rock without undergoing
significant chemical weathering.

Brock and Pretorius (1964) suggested that the source
areas surrounding the Witwatersrand were undergoing
uplift along basin margin faults. Frarey and Roscoe
(1970) and Pienaar (1963) have suggested that the
deposition of the conglomerates containing the
uraninite in Elliot Lake occurred after uplift of the
source area. Under such conditions rivers in the source
area would be rejuvenated, moving old, mature detritus
from the source area and downcutting into fresh rock.
Under these conditions uraninite could be scoured from
bedrock by rivers without significant chemical attack.

Glaciers may also deliver virtually unweathered grains
to rivers, where they may be mixed with chemically
weathered minerals. Although glacial derivation of the
uraninite in Witwatersrand and Elliot Lake remains
possible, it appears unlikely.

If uraninite was not scoured from bedrock by rivers or
glaciers it must have been derived by way of soil pro-
files.

Estimates of denudation rates range from 0.5
¢m/1,000 years near Hudson Bay (Holmes, 1965) to as
much as 10 m/1,000 years in tectonically active areas
(Gilluly, 1949). Ahnert (1970) found that the rate of
denudation in large midlatitude basins is related to the
mean elevation, and he calculated rates of summit
denudation as high as 60 ¢cm/1,000 years in the Alps.
Rates of denudation as high as 100 cm/1,000 years have
been calculated for the Himalayas (Leopold and others,
1964).

Soil profiles and leached zones vary widely in depth.
Under tropical climates in tectonically inactive areas
leached zones may reach 50 or 100 m in depth (Leopold
and others, 1964). On slopes and in cold climates the soil
zone may be only a thin film.

Figure 2 indicates probable residence times of grains
in a soil profile under various conditions of denudation
rate and soil-profile depth, assuming a steady-state soil
profile. In mountainous areas after tectonic rejuvena-
tion, rates of denudation would have been fairly high,
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several tens of centimeters per thousand years. On
mountainous slopes and in the absence of vascular
plants to hold soil formed, soil and leached zones could
have been fairly thin. Under these conditions, the
diagram indicates that particles would probably reside
in soil zones for periods on the order of 500 to 10,000
years.

TRANSPORT

The source areas of the uraninite in Elliot Lake and
the Witwatersrand have never been discovered.
Although extensive nonmarine deposits may occasional-
ly be found hundreds of kilometers from their source
areas (Stanley and Wayne, 1972), if a molasse model is
used (Reinike, 1930), the source area of the sediments
was probably within 100 km. Conglomerates in the Alps,
Siwaliks, and the Andes are probably deposited within
100 km of their source areas. Brock and Pretorius (1964)

have suggested that the source areas for the Witwaters- |

rand lie immediately to the north, presently buried
under the Bushveld, to the west or northwest of
Klerksdorp, and to the south of the basin buried under
the Karroo.

LOG SOIL ZONE DEPTH, IN CENTIMETERS

LOG DENUDATION RATE, IN CENTIMETERS
PER 10% YEARS

FIGURE 2.—Residence time of particles in a soil profile, assuming a
steady-state soil profile. The range of most geological conditions is
shown by the shaded area; residence times are given by diagonal
lines.
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Sediment grains in rivers may be carried at various
velocities, depending on the grain size, the velocity of
the flow, the bed configuration, and other factors
(Leopold and others, 1964). Uraninite grains of the Wit-
watersrand and Elliot Lake have diameters on the order
of 0.1 mm. These grains are hydraulically equivalent to
quartz grains of 0.3 to 0.4 mm diameter (McIntyre,
1959). Therefore, they probably formed part of the
bedload.

During transport down rivers, sediment grains may
undergo deposition and re-entrainment by the river
many times. In entrenched rivers, transport of grains
may be fairly continuous, but in rivers having broad
flood plains, a sediment grain may be abandoned in
alluvium for considerable periods of time by shifts of the
river channel. This increases the residence time of the
particle in the river system.

For periods of transport, assuming steady state, an
approximate velocity of bedload transport may be
calculated by the equation

dM/dt
V= WD 9
in which V is the velocity of transport, dM/dt is the
discharge of bedload sediments, p is the density of the
sediments, approximately 2.6 g cm™ (Judson and Ritter,
1964), W is the width of the channel or portion of the
channel, and D is the depth of sediment being
transported.

It appears quite difficult to estimate accurately the
depth of sediment being transported by the river. In
some cases this depth may be estimated by using the
height of sand waves or sand bars developed by grain
movement. '

A sand wave (also called a sand dune or bar) is a ridge
that is formed on the bed of a river by movement of bed
material and that is usually approximately normal to the
direction of flow (Lane, 1947). Movement of the bedload
takes place when grains are removed from the dune in
regions of high flow and redeposited in regions of lower
flow. The size of the dunes depends on the flow velocity
and the sediment size (Morisawa, 1968). The full scale of
variation in size within the range of conditions in rivers
is not known. Dunes approximately 2 m high and 100 m
wide have been found in the Columbia River (Jordan,
1962), and dunes as much as 10 m high and 150 m wide,
in the Mississippi River (Carey and Keller, 1957). If the
sand waves are approximated as triangular solids, the
equivalent depth of sediment moved in the sand waves is
one half of the wave height. Therefore, the depth of sedi-
ment moved by the Mississippi River in sand waves is as
much as 5 m.
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The suspended-sediment discharge of the Mississippi
River is approximately 3x 104 g yr-! (Judson and Ritter,
1964). Fisk (1944) estimated that the bedload of the
Mississippi River is approximately 7-10 percent of the
suspended load. Therefore, the bedload discharge is
about 3x1013 g yrl, If the channel width of the
Mississippi River is approximately 1 km (Carey and
Keller, 1957) and the amount of sediment being moved is
equivalent to 5 m depth, assuming steady state, the rate
of transport calculated from equation (9) is approximate-
ly 2.3 km yrt.

Assuming that the bedload is equal to 10 percent of
the suspended load, data for the Columbia River (Judson
and Ritter, 1964; Jordan, 1962) suggest that sediment
bedload material is transported at a rate of approx-
imately 1 km yr-1.

These figures are only approximate since probably not
all of the width of the channel is active in transport of
material at any one time and the depth of sediment
transported may also be variable.

By examination of the sediment type in Elliot Lake
and the Witwatersrand it may be possible to estimate
the rate of bedload transport in these Precambrian
rivers.

The diameter of pebbles in the central Witwatersrand
generally ranges from 25 to 75 mm and may be as great
as 150 mm (Pretorius, 1964). The size of pebbles in the
Elliot Lake ranges from 25 to 100 mm (Pienaar, 1963).
This indicates that, at least during floods, the rivers
were competent to move cobbles of this size. The ability
of a river to carry material of this size indicates that the
river had a flow velocity of approximtely 1-8 m s!
(Sundborg, 1956). From this flow rate and the empirical
relationship derived by Colby (1961), such a river would
have a bedload discharge of 0.8 mm sand-sized particles
on the order of 2 to 10x 101° g m™! of channel width per
year. If a depth of 5 m of sediment in transport is assum-
ed, a transport rate of 1.5-7.5 km yr™! may be calculated
from equation (9). This calculation should only be taken
as indicating an order of magnitude, particularly since
the calculation of the flow rate is influenced by flood
conditions and the depth of sediment transported is
assumed. However, the calculation indicates rates of
transport of bedload material similar to those of present
rivers.

These calculations indicate that during periods when

the bedload is continuously entrained it may be !

transported at rates on the order of 1 km yr-!. Under
these conditions, residence time of the grains in river

systems 100 km in length would have been on the order |

of 100 years.

In alluvial rivers, however, with broad flood plains,
sediment grains may be abandoned in alluvium for con-
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siderable periods of time by shifts in the river channel.
This increases the residence time of the particle in the
river system. In order to estimate the average transport
rate of particles in such cases, the entire width and
depth of sediments in the alluvium must be considered.

The Mississippi River is used as an example. The
alluvial valley of the Mississippi River is approximately
1,000 km long. The valley varies in width from a max-
imum of approximately 200 km at Helena, Ark., to a
minimum of 40 km at Natchez, Miss. The depth of
sediments in the valley is approximately 30-40 m
(Thornbury, 1966). Using an average value of 120 km
width, an average sediment depth of 35 m, a transport
rate of approximately 30 m yr— may be calculated from
equation (9). Thus, the residence time of sediments in
the Mississippi River valley is approximately 35,000
years.

Data from Everitt (1968) indicate a transport rate of
approximately 16 m yr for sediments in the valley of
the Little Missouri. The transport rate and residence
time of particles will undoubtedly vary from one river
system to another and within individual river systems.

It is not possible to make any calculations of the mean
residence time of uraninite grains in the Precambrian
rivers of the Witwatersrand and Elliot Lake since vir-
tually no trace of the rivers remains. If the results for
the Mississippi River or the Little Missouri River are
taken as order of magnitude estimates, residence times
of tens of thousands of years are suggested.

However, the degree of oxidation and dissolution may
not be proportional to the total time spent in the
i alluvium. From figure 3 it can be seen that the pore
water in sediments somewhat removed from Bugaboo
Creek was highly undersaturated with respect to at-
mospheric oxygen. The degree of undersaturation, if
any occurs, is dependent on the relationship of the
sediments to the river and to the water table, the
permeability, the content of organic matter, and the
mineralogy. In impermeable sediment containing ox-
idizable organic matter or minerals, the pore water may
become highly undersaturated with oxygen with respect
to the atmosphere. If the oxygen pressure in the
Precambrian atmosphere and waters was less than at
present, completely anoxic conditions might have been
more easily achieved at that time. In this case, the rate
and the amount of oxidation may be negligible.
However, if the grain is deposited above the water table,
. or in a zone of fluctuating water table, or in a relatively
: permeable sediment, the degree of undersaturation may
! be minor. In the first case, the period the particle is ex-
posed to oxidation may be approximately equal to the
time during which the particle is actually in sediments
being moved by the river. In the second case, the parti-
cle is exposed to oxidation for the entire period it is in

|
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transit in the river system. The actual case must lie
somewhere between these two extremes.

Therefore, it seems virtually impossible to establish
with any degree of certainty the period of time uraninite
grains might have spent in oxidizing zones during
transport. In the extreme cases in which a sediment par-
ticle was continuously entrained by the river or in a river
surrounded by anoxic sediments, periods in oxidizing en-
vironments might have been as short as 100 years. At
the other extreme, in which the particle remained in ox-
idizing zones during transit, periods of tens of thousands
of years might have been reached.

DEPOSITION AND BURIAL

The exact mode, or modes, of deposition of the placers
is still uncertain (Brock and Pretorius, 1964; Frarey and
Roscoe, 1970). The two major models for deposition of
the placers are those of terrestrial fluvial deposition and
marine littoral deposition. The fluvial model appears to
be well supported for the major uraniferous conglom-
erates in Elliot Lake (Pienaar, 1963; Frarey and Roscoe,
1970). However, no single model appears able to explain
the deposits of the Witwatersrand. Brock and Pretorius
(1964) have suggested that several mechanisms may
have been responsible for deposition.

Pienaar (1963) suggested that the gravels constituting
the main Elliot Lake uraniferous conglomerates were
probably laid down during periodic increases in the cur-
rent velocity of the streams. Under such conditions
oligomictic gravels would be deposited on the bottoms of
wide stream channels as gravel bars or lag gravels. He
attributed the interlacing of lenses of varying grain size
to periodic fluctuations in the current velocity, as well as
to differences in the current velocity in different parts of
the channel.

NUMBER OF
SAMPLES

Hﬂlﬂﬂlﬂ nir]
T I |
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FRACTION OF SATURATION
EXPLANATION

D Water

Sand bars
Other alluvium

Ficure 3.—Concentration of dissolved oxygen (as a fraction of satura-
tion) in water and alluvial sediments of Bugaboo Creek, British Col-
umbia, Canada.
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The intimate intercalation of the uraninite-bearing
conglomerates with generally uneconomic conglom-
erates may indicate that placers were produced by very
local current and depositional variations, without
significant diminution of the sedimentation rate.

This should have applied to the fluvial deposits of the
Witwatersrand as well. However, conditions in marine
littoral or submarine deposits might have been quite dif-
ferent. Tracer studies of movement of beach sand have
been undertaken (Ingle, 1966), but periods of milling and
concentration in beach deposits are largely unknown. It
appears, however, that concentrations of heavy miner-
als may be formed within a few years.

Even if the uraninite were delivered to the basin of
deposition virtually unweathered, it might still be
destroyed if oxidizing conditions prevailed in the sedi-
ment (Walker, 1967). There has been long discussion of
the origin of pyrite in both the Witwatersrand and the
Elliot Lake deposits (Ramdohr, 1958; Liebenberg, 1957,
Davidson, 1960, 1965; Schidlowski and Trurnit, 1966;
Roscoe, 1969; and others). Part of the pyrite appears to
be detrital. However, observations of pyrite over-
growths and framboidal pyrite indicate that some of the
pyrite is of postdepositional, epigenetic origin. Ramdohr
(1958) suggested that pyritization occurred shortly after
deposition. He suggested that some of the concretionary
pyrite, which is probably secondary in origin, may have
undergone some transportation. This would indicate
either erosion from an older formation or, more prob-
ably, erosion from alluvial sediments caused by shifts in
the position of the stream channel. This suggests that
pyritization occurred close to the surface and that
ground waters in some sediments surrounding the river
or beach contained so little free oxygen that pyrite could
be precipitated. Therefore, it may be postulated that the
sedimentary environment became reducing near the
surface. The fluvial or marine facies of the placers would
probably have been aerated in the top few centimeters
owing to the aeration of the river or ocean, but lagoonal
facies of the placers might have been anoxic, even very
near the surface (Saager, 1970).

Rates of deposition in molasse settings are fairly
rapid. Rates are estimated at between 15 ¢m/1,000 years
and 5 m/1,000 years (Fischer, 1969). Rates of deposition
in the Siwalik Formation, one used by Reinike (1930) as
a model for Witwatersrand sedimentation, may have
been as high as 50-100 cm/1,000 years (Gansser, 1964).
Therefore, grains may have been removed from strongly
oxidizing environments within a few thousand years.

NUMERICAL CALCULATIONS

The experimentally derived reaction-rate equations (2
and 8) were solved for the maximum oxygen pressure
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that would allow survival of uraninite as a detrital
mineral.

For purposes of the calculations the following values
or ranges of values were used:

Specific surface area (SS) _________ 90 cm2 g1
Organic Retardation Factor (RF) ____5-35
Nonuranium cation content (NOC) ___0.16 (mole fraction)

Carbon dioxide pressure ___________ 5-100 PAL (0.0016-0.032 atm)

Temperature (T) 15°C

Alkalinity of river waters (4) .——____ 1x10-% Molar

Residence time in soil profiles (7%) .__500-10,000 years

Residence time in oxidizing en- 1,000-100,000 years
vironments during transit and
burial (T).

Fraction of original grain destroyed by 0.5 chemical corrosion (DF).

The hydrogen ion concentration in solution was
calculated assuming that all activity coefficients were
unity, that carbonic acid was the only major source of
hydrogen ion, and that the solution was open to the at-
mosphere. This may lead to an underestimation of the
acidity of ground and river waters if oxidation of sul-
fides contributed significant amounts of sulfuric acid or
the decay and metabolism of organisms contributed
organic acids or excess carbon dioxide to the water.
Since pyrite apparently survived as a detrital mineral,
the rate of oxidation of sulfides must have been quite
slow. This suggests that addition of sulfuric acid to
ground and river water may have been minor.

The hydrogen ion concentration in erosional zones
was calculated assuming negligible alkalinity by the
equation

[H']=(KiBPco,)'"* (10)

in which B is the Henry’s law coefficient and K, is the
first dissociation constant of carbonic acid (BK;=
1.6x108 M atm™ at 15°C).

The hydrogen ion concentration in river and alluvial
waters was calculated from the equation

(H']= BK, P,
(4)
in which (4) is the bicarbonate alkalinity
A)=HCO5)=(Na*)+(K*)+2(Ca*?)
+2(Mg*2)—(Cl")-2(S0,472) .(12)
(Broecker and Oversby, 1971).

The alkalinity of present average river water is
approximately 1x10-3 M (Livingstone, 1966). The rate
of chemical weathering appears to have been relatively
constant over geologic time (Garrels and Mackenzie,
1971). If the runoff from continents during the mid-
Precambrian was similar to the present amount, the
alkalinity of Precambrian rivers may have been similar
to that of present rivers. If this is correct, the average

(11)
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pH of Precambrian rivers would not have been lower
than about 6.3, even at carbon dioxide pressures as
great as 100 times the present level.

Holland (1972) has shown that the pH of ocean water
is unlikely to have been less than 7 since the early
Precambrian, even under very high atmospheric carbon
dioxide pressures.

Assuming carbonate equilibria largely control solution
pH, it can be shown that at pH greater than 6.3 the
dissolution rate of uraninite in systems open to the
atmosphere is independent of alkalinity or hydrogen-ion
concentrations (Grandstaff, 1973). Therefore, small
variations in Precambrian river- or ocean-water chemis-
try may not be significant in influencing the rate of
uraninite dissolution. (Other details of the calculations
are given in Grandstaff, 1973.) Results of the rate
calculations are shown in figures 4 and 5.

Figure 4 is constructed under the assumption that oxi-
dation during weathering is minor and that chemical
corrosion occurs only during transportation and burial.
This would occur if the uraninite were derived by scour-
ing from bedrock or glacial weathering. Although glacial
erosion seems unlikely in the case of the Witwatersrand
and Elliot Lake deposits, the figure suggests that
uraninite of the Blyvooruitzicht type could survive for
some time as a detrital mineral if it were derived from
glacial weathering, even under present atmospheric
conditions. This is supported by observations in
Pakistan, Canada, and Alaska of detrital uraninite that
is apparently derived from glacial sources. The chemical
composition and resistance to chemical corrosion of the
uraninite in these recent placers is not known. The per-
sistence of uraninite in the modern environment may be
due not only to cold temperatures and glacial weather-
ing but also to high resistance to chemical corrosion.

Figure 5 shows the maximum atmospheric oxygen
pressure allowing the survival of uraninite as a detrital
mineral under various periods of exposure to oxidizing
conditions during weathering, transportation, and
burial. T is the residence time in soil profiles. T’ is the

! residence time in oxidizing zones during transport and
. burial. Because the rate of dissolution during weather-

ing is more rapid than that during transport or burial,
the maximum pressures allowed are largely influenced
by residence periods in soil profiles except under condi-
tions in which the time required for transport and burial
is much longer than the weathering period (Tr> T%).
The oxygen pressures allowing uraninite survival
decrease with increasing periods of exposure. For the
most likely conditions, oxygen pressures of 102-107¢
PAL are indicated.

These calculated pressures are maximum pressures. It
is likely that the actual atmospheric oxygen pressure
was somewhat lower. Also, these calculations do not
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LOG TRANSPORT TIME, IN YEARS

LOG Po, (PAL)

FIGURE 4.—Maximum oxygen pressures allowing survival of uraninite"

as a detrital mineral, assuming that significant dissolution occurs
only during transport and burial. The most reasonable conditions are
shown by the shaded area. RF, organic retardation factor; PAL,
present atmospheric level; P, partial pressure of carbon dioxide in
atmosphere.

take into account other possible mechanisms by which
uraninite might be attacked and dissolved, such as by
uranium-oxidizing bacteria or by formation of oxygen or
other oxidative species by hydrolysis of water by radia-
tion, If uranium-oxidizing bacteria or other oxidizing
agents were present in the ancient environment, oxygen
pressures required for survival of uraninite may have
been much lower.

IMPLICATIONS FOR THE PRECAMBRIAN
ATMOSPHERE

Present data suggest that the earliest terrestrial at-
mosphere was composed of reduced species, hydrogen
and methane with nitrogen and water vapor (Holland,
1962). Then, at some time before 3,500 m.y. ago, this at-
mosphere was converted into one containing nitrogen,
argon, and carbon dioxide, possibly by the disap-
pearance of free iron from the upper mantle and conse-
quent volcanic exhalation of less-reduced species. Final-
ly, at some more recent time, the photodissociation of
water vapor with hydrogen escape and the aerobic
photosynthesis of plants with burial of carbonaceous
matter converted the atmosphere into one containing
oxygen as a major component.

Cl11

 J v v v ¥

-1 |»

. 7£=500 years, RF=35, CO,=5 PAL

Te=108, RF=35, CO,=5 PAL

P 7:=103, RF=5, CO,=5 PAL

Te=103, RF=5, CO,=10 PAL
Te=108, RF=35, CO,=100 PAL

/

-4

r Te=103, RF=5, CO,=100 PAL

/

-6 Fr Te=104, RF=5, CO,=100 PAL

_7 -
A i . A A
-2 -1 0 1 2 3
Log 17—
Te

FIGURE 5.-Maximum oxygen pressures allowing the survival of
uraninite as a detrital mineral during the sedimentary cycle. T,
residence time in soil profiles; T7, residence time in oxidizing zones
during transport and burial; RF', organic retardation factor; PAL,
present atmospheric level.

Four general models of oxygen increase have been
proposed (see Fischer, 1972). They are shown
schematically in figure 6 and are described as follows:

1. The oxygen content of the atmosphere has been
progressively increasing from aerobic photosyn-
thesis since the appearance and evolution of blue-
green algae.

2. The atmospheric oxygen remained low (less than
0.001 atm) until the late Precambrian and early
Phanerozoic time. Berkner and Marshall (1965,
1966) proposed that this concentration of oxygen
was reached as a result of photodissociation of
water vapor. They ascribed the appearance of
metazoa at the beginning of the Cambrian to the
rise of oxygen pressure to the Pasteur point
(approximately 0.01 PAL). They believed that the
appearance of fossil land biota at the beginning of
the Devonian could be correlated with a rise in at-
mospheric oxygen pressure to approximately 0.1



C12

PAL, a level providing an ozone layer capable of
shielding the Earth’s surface from deadly
ultraviolet radiation.

3. The oxygen level remained low until about 2,000
m.y. ago and then rose toward its present concen-
tration (Cloud, 1968). Cloud ascribed the disap-
pearance of banded iron-formations and the ap-
pearance of red beds about 2,000 m.y. ago to a rise
in atmospheric oxygen at that time.

4. The atmospheric oxygen increased rapidly near
the beginning of the Precambrian to a level near
that of the present time. This rapid rise was due
either to photodissociation of water vapor (Brink-
mann, 1969) or to the evolution of photosynthetic
algae.

The present study indicates that the pressure of oxy-
gen in the Precambrian atmosphere between 2 and 3
b.y. ago was probably less than approximately 1072 to
10-% PAL. This appears to rule out the progressive ac-
cumulation model (model 1) and the model of early high
oxygen levels (model 4).

Because of the possible presence of photosynthetic
organisms as early as 3 b.y. ago, this low level of oxygen
implies that either the rate of photosynthetic oxygen
production was quite low, possibly as a result of low
nitrate nutrient concentrations (Holland, 1973), or the
oxygen produced by photosynthesis or photodissociation
was rapidly consumed by oxidation of reduced volcanic
gases or reduced elements in sediments.

Brinkmann (1969) calculated that the content of oxy-
gen in the Earth’s atmosphere produced by photodis-
sociation could have been as high as approximately 0.27
PAL, depending on the extent of oxidation of reduced
species. However, it appears possible that the quantum

v v v L] v

0 | Model 4

AGE, IN AEONS

FIGURE 6.—Models for the evolution of oxygen in the Earth’s atmos-
phere through geologic time. (See text for further description of
models.) Shaded area shows most probable ranges of oxygen
pressure and time for formation of quartz-pebble uranium deposits.
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yield and the escape efficiencies used in the calculations
may be too high (Venugopalan and Jones, 1968; Walker,
1974). Thus the oxygen pressure from photodissociation
calculated by Brinkman (1969) appears too high.

Probable eucaryotic organisms are present in strata
as old as 1.3 b.y. (Schopf, 1970). Eucaryotic organisms
are fundamentally aerobic. This suggests that the con-
centration of oxygen in the atmosphere at that time was
above the Pasteur point, approximately 0.01 PAL, un-
less the eucaryotic organisms were restricted to special
oxygen oases (Fischer, 1965; Weyl, 1968). Certainly, by
the time of origin of metazoa, before the beginning of
the Cambrian, the level of atmospheric oxygen had
reached 0.01 PAL. By the beginning of the Cambrian,
the presence of carbonate skeletons and cartillagenous
connective tissue indicates that the oxygen content of
the atmosphere must have been more than 0.1 PAL
(Towe, 1969).

This evidence suggests that model 3 is schematically
correct. Low levels of oxygen, less than 1072 to 1076
PAL, were present in the early and middle Precambrian
atmosphere. Higher oxygen pressures, greater than
0.01 PAL, were reached by 1.3 b.y. At the beginning of
the Cambrian, the requirements of collagen (Towe,
1969) indicate that the oxygen pressure was greater
than approximately 0.1 PAL.
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DISCUSSION

[Hallbauer?): Is there anything known about why some
of the recent rivers carry uraninite, for instance, the
Indus River in India?

Grandstaff: There are several possibilities here. First of
all, that the uraninite could be quite highly thorian or
have a high content of rare earths, which would tend
to stabilize it against oxidation. So these would oxidize
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very, very slowly, much more slowly than the Blind
River or Witwatersrand uraninite. Secondly, the
uraninite appears to be derived glacially without any
oxidation during the erosion process and in the case of
the Indus is flushed rather rapidly down to the Hazara
district, where it is currently being buried. I think this
is about the same for other occurrences. Of course, in
England the uraninite, pitchblende really, was derived
from mine tailings, so didn’t undergo any particular
oxidation during its “erosion.” I went up to Bugaboo
Creek, British Columbia. As I indicated, that’s one
area in Canada which is supposed to have uraninite. I
didn’t find any uraninite, unfortunately; it may still be
there, but if so, it is very rare.

Stmpson: My question follows on from the previous
speaker. The Indus River gravels today contain
thorian uraninite with a thorium-to-uranium ratio of
1:4, very similar to the ratio in the Dominion Reef of
1:4 to 1:5. The question I want to ask is this. What
comparative conclusions, if any, do you draw about
the atmospheres for these two occurrences?

Grandstaff: As was pointed out, thorium is not the whole
story; you need a complete analysis of the uraninite.
Stacy, in some conversations I have had with him, sug-
gested that the uraninite of the Bugaboos might be
very cerian rich. His X-ray data suggested it has a
very small unit cell, much smaller than UQO,. So I think
you need a complete chemical analysis. Other than
that, I'd suggest again that the very cold temperatures
in the glacial environment tend to allow the uraninite
to persist, at least for a time.

Simpson: Would you agree, then, that your data doesn’t
say much about the atmosphere in Dominion Reef
times?

Grandstaff- Well, the Dominion Reef’s uraninite is more
resistant to corrosion, and I have suggested about 15
to 20 times, which would have allowed oxygen pres-
sures of, say, a tenth to one hundred-thousandth of the
present. Obviously, since it’s not the most sensitive
uraninite, it doesn’t really play any part in saying what
oxygen pressures in the Precambrian might have
been.

Cannon: Have you considered what effect either ozone
or monatomic oxygen might have on these rates? Both
of these might be important species in a primitive at-
mosphere and should react more rapidly than O, does.

Grandstaff: Yes, that's correct. However, if the oxygen
pressure is less than 0.01 PAL or so, the ozone pres-
sure would have been only a very, very small fraction
of that. I didn't consider that it would be important
because of its relatively low probable concentration,
even though it is somewhat more reactive.

Roscoe: 1 wonder if the molasse model you have of ero-
sion and deposition of the Huronian sands and gravels
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would give perhaps a falsely short time of residence
over what the actual situation may be, because I don’t
think the comparison to molasse is really valid here.
You've got extremely coarse, fairly mature sediments
throughout the geological column of up to 20,000 feet,
interrupted only perhaps by glacial episodes where we
have immature sediments. In other words, over an im-
mense period of time, this time must have been long if
you consider also that the clastics are very coarse, we
have very coarse sediments, so what we are seeing is
only the coarsest fraction of the granitic rocks that
have been eroded and only the quartz out of that, only
a few percent of the rocks piled up in this immense col-
umn. The sediments, therefore, must have had a very
volumetrically large source area through a very appre-
ciable length of time to have developed this whole
sedimentary system. Moreover, the source area must
have been soil mantled virtually continuously, and not
cut by canyons, steep slopes or so on; the slopes would
have to have been fairly moderate and I think the
molasse type of deposition would be an exaggeration
of what must have prevailed at that time.
Grondstaff: 1 agree there has been a large pass-through
of finer grained sediments. The sediments are not,
perhaps, as mature as one might think since there is a
lot of evidence for feldspars and other easily weath-
ered minerals. They are submature rather than com-
pletely mature sediments, so I would say that the
molasse model is not too bad.

[Schopf?:] I notice that your data are inconsistent with
the Brinkmann calculation. It would be instructive to
me if you could discuss what's wrong with the Brink-
mann calculation and why it doesn’t fit your ex-
perimental data.

Grandstaff: Brinkmann looks at the reaction water
vapor plus a photon yielding hydrogen plus oxygen,
and he calculated that oxygen pressure could have
been brought up, at a maximum, to about one quarter
of our present oxygen pressure. Brinkmann makes
two assumptions which may not be entirely correct.
The first assumption is that the quantum yield of the
above reaction is unity; that is, every photon causes
the splitting of water and the creation of odd oxygen.
The quantum yield in this reaction is not very well
known. It appears to be very highly dependent on
pressures, on other species, and varies between about
one and one millionth. So, depending on quantum
yield, oxygen pressures which could be created might
vary between a quarter and a quarter of a millionth of
the present. The second thing that Brinkmann sug-
gests is that all this hydrogen escapes; that is, that the
escape factor is very high. In our present atmosphere,
at present exospheric temperatures of around 1,000 to
1,500 degrees Kelvin, the escape efficiency is only

about one thousandth to one hundredth; that is, only
about one in a thousand to one in a hundred of the
hydrogen ions actually leaves the atmosphere. In my
opinion his escape efficiency is unreasonably high, and
I think if you consider what the atmosphere might
have been like during the mid-Precambrian, par-
ticularly with a lower solar constant, that is, lower
luminosity, you will agree that the escape efficiency
would have been quite low. Take Venus as an example.
Exospheric temperatures are only on the order of 600
to 800 degrees Kelvin; that would give an efficiency of
perhaps a hundred-thousandth. So I'd say that, rather
than the quarter that he suggests, 103 to 1076 is more
reasonable for the maximum amount of oxygen which
could be produced by photodissociation.

[Minter?]: You have taken samples from different en-

vironments and placed them in the Dominion Reef,
which is a very old deposit. I do think that the evolu-
tion in the model that you are purporting to describe is
not as general as you imply and that probably the
oldest deposits were certainly deposited on very long
low-gradient paleoslopes. Secondly, your samples
from Blyvooruitzicht are samples from a reef which
has certainly been recycled many times; that reef lies
on an angular unconformity and is certainly not a
primary reef.

Grandstaff: Again, it seems to me that there is very lit-

tle necessary relation between the slope on which the
material is resting and the source area; that is, if you
do have uplift in the source area, you probably do in-
deed have virtual peneplanation at the beginning of
this episode. I would say that peneplanation was
followed by uplifting in the source area, downcutting
by rivers, relatively rapid erosion, and flushing of this
material into the reef. Obviously I have tried to in-
dicate some range in permissible exposure times to
allow for this very basic uncertainty in the rates. With
regard to recycling the sediments, this too would tend
to increase exposure periods. It is not really very clear
to me how long and how necessary this recycling is
that is commonly alluded to. How much recycling
lengthens the exposure period I just don’t know;
recycling can happen very rapidly, particularly in
oceanic milling and formation of black sands on
beaches. Also, the uraninite and the host sediment do
not necessarily have to come from the same area or
have been exposed to the environment for the same
period of time.

Mpyers: Could you explain your statement about organic

matter slowing the rate of uraninite oxidation?

Grandstaff: 1 believe that the polar organic matter lat-

ches onto the positively and negatively charged sur-
faces and in this case essentially blocks the oxygen
from approaching the oxidation site, so that essential-
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ly the organic matter completely covers the surface carbon dioxide content, presumably we were dealing
and doesn’t allow the oxygen to get in, slowing down with much higher average surface temperatures than
the reaction rate. The same thing has been noted in we see today.
calcite. You can acidify a solution containing calcite, Grandstaff: No, not necessarily.
and the reaction should go quite quickly, but it doesn’t
because of the organic coating on the grains.

Myers: Do I understand that you actually observed this
slowing of the rate?

Grandstaff: Yes.

Myers: And you are attributing it to the organic matter?

Grandstaff: Yes.

Skinner: 1 would like first to ask you, if you only have

Skinner: At least five to ten degrees more. No?

Grandstaff: Okay. The thermal balance of the Earth is
still very much up in the air, so to speak. Calculations
assuming a lower solar constant suggest the atmos-
pheric temperature was actually lower than at pres-
ent. Rasool and Schneider find that the effect of CO,
pressure on temperature is more logarithmic than

carbon dioxide at one hundred times the present level,
where was the rest of the carbon? It doesn’t seem to be
in carbonates or in sediments if you make mass bal-
ance for that period, despite Bill's [Schopf] 50 percent
slop.

Grandstaff: 1 have to disagree with you there. All we are
saying is that you have carbonates and you have a re-
action between the carbonate, calcite and the magnes-
ium silicate, some sort of chlorite and dolomite, and
silicic acid giving you CO, in solution, or in the atmos-
phere. Because of the absence of silicifying organisms
during the Precambrian, we believe that the CO,
pressures must have been somewhat higher. This
doesn’t have really anything to do with the mass
balance between carbonate and organic carbon.
Skinner: It requires you to keep adding CO, from the
mantle or somewhere for that kind of model, or else
you have to have almost as much carbonate in the sec-
tion as you now have.

Grandstaff: You certainly have carbonates, primary
looking carbonates, all the way back to Onverwacht
time.

Skinner: Do you have the same amount?

Grandstaff: Well, this is certainly a big question. There
is a problem here, of course, in that the carbonates
tend to be preferentially dissolved by later weather-
ing. Garrels and Mackenzie have shown that the turn-
over time is only a few hundred million years for car-
bonates as compared to the billion years or so for
silicates, so that it’s not very clear how much our pres-
ent exposures really reflect the true Precambrian car-
bonate record.

Skinner: Could I pursue not the abundance of car-
bonates but the question surrounding carbon dioxide a
little further? Since yours and anybody else’s model
for the early Precambrian atmosphere has a higher

linear, and that doubling CO, pressure causes an in-
crease of roughly 1°C, the CO, pressure must be in-
creased ten times to get the next degree C, and so
forth. This is one mechanism by which the Precam-
brian temperature could have been made higher.
Opposing this is the fact that the solar constant at that
time was lower, perhaps only about 75 percent of the
present, and would cause temperatures to be lower.
Also, the rate of orogeny and rate of voleanism at that
time, as suggested by Richard Armstrong, may have
been higher because of the higher radioactive decay.
Intense volcanism would have erupted much material
into the atmosphere, aerosols, which would have tend-
ed to depress the temperature. The effect of aerosols
on atmospheric temperature seems to be much more
pronounced than the effect of carbon dioxide. I think
rather than fearing that the surface temperature
would get too high, T think we have to fear that the
surface temperature would get too low. This sort of
thing has not been treated in a quantitative fashion.

Skinner: If the surface temperature gets too low, then
you depress the dissolution rate of the phosphides and
of course you know they are all gone. The surface tem-
perature cannot remain too low for very long without
destroying the only weathering processes you've got
to get rid of phosphides.

Grandstaff: Well obviously, if you freeze the whole sur-
face of the planet there is no life. But within the sort of
permissible range of 1° up to 30°, using an activation
energy for the hydrolysis of feldspar of 8.7 kilocalories
per mole, as suggested by Helgeson, you get a varia-
tion in rate of weathering of only a factor of two. It is
about the same for uraninite. It’s hard to tell what we
are seeing in the Precambrian in regard to the maturi-
ty of Precambrian sediments and the effectiveness of
Precambrian weathering.
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URANIFEROUS QUARTZ-PEBBLE CONGLOMERATES IN SOUTH AFRICA

By J. W. VON BACKSTROM!1

ABSTRACT

The purpose of this paper is to give a short background statement
summarising data on the Dominion Reef Group, the Witwatersrand
Supergroup, and the Ventersdorp Contact Reef, with particular
reference to the close relationship of gold and uranium with sedimen-
tary features as well as the mineralisation, conditions of deposition,
and the nature of the quartz-pebble conglomerates.

URANIFEROUS QUARTZ-PEBBLE
CONGLOMERATES IN SOUTH AFRICA

Important concentrations of uranium minerals occur
in auriferous conglomerates present in four successive
Precambrian stratigraphic units, namely, Dominion
Reef, Witwatersrand, Ventersdorp, and Transvaal, of
which the two first named are important because of
their relatively large uranium content. These four units
do not conform to one another; they cover some tens of
thousands of square kilometres in the Provinces of the
Transvaal and the Orange Free State.

An outcrop map of the above-mentioned formations is
shown in figure 1, whilst figure 2 illustrates the subout-
crop when all the younger formations are removed.

The Dominion Reef Group comprises a basal group of
conglomeratic, arkosic, and quartz{itic rocks up to 100 m
thick, covered by about 900 m of lava of andesitic or
acidic composition. The group of sedimentary rocks
forming the base is, from an economic point of view, the
most important part of the Dominion Reef Group. It is
composed largely of the disintegration products of the
Basement Granite. The sediments consist of medium-
grained to coarse-grained feldspathic, and somewhat
micaceous, sandstone or quartzite, in which there are
lenticular bodies of grit and conglomerate.

Two conglomerate bands along or close to the base of
the arenaceous sediments have been worked or pros-
pected for gold and uranium; these are known as the Up-
per and Lower Reefs. They are separated by barren con-
glomerate or by a layer of quartzite. The Lower Reef,
which occurs at the base of the conglomerate zone, oc-
cupies depressions in the erosion surface of the Base-
ment Granite. It is lenticular and has been the main gold

! Director, Geology, Atomic Energy Board, Republic of South Africa. Retired, March 1978.

carrier in the area. The Upper Reef occurs some 18 m or
more higher up in the succession of conglomeratic,
arkosic, and quartzitic rock. The reef is a small pebble
conglomerate passing laterally into a thin layer of grit
containing scattered pebbles. It contains a relatively
high concentration of detrital monazite and cassiterite.
The reef, varying in thickness from 5 to 120 cm, is
remarkably consistent and was nowhere absent over
some 900 m of underground development on strike.
Where it is thin, the concentration of uraninite may be
very high, with sections 2-5 cm thick assaying as high as
one percent uranium. This reef is the main carrier of
uranium and, apart from the minerals already men-
tioned, carries minor amounts of detrital chromite,
garnet, zircon, ilmenite, and columbite-tantalite.

In the Witwatersrand Supergroup, economically im-
portant uranium and gold-bearing conglomerate bands
occur on flat planes of intraformational diastems,
disconformities, and unconformities, where they are
known as reefs or bankets. Each of these conglomerate
bands represents a deposit formed after a hiatus in the
process of sedimentation. They obviously consist largely
of reworked and resorted detritus derived from the ero-
sion of underlying pebble and quartzite beds. Channels
and hollows, filled with eroded detritus derived from the
erosion of previously laid sediments and known as
Hybrid or Footwall Reefs, are of common occurrence
immediately below the surface of contemporaneous ero-
sion, upon which the principal conglomerate ore bodies
were laid down. Fluvial structures are often clearly
revealed by the channel deposits, some of which are
more than 100 m deep. Pay streaks in the Footwall
Reefs are aligned parallel to the course of the winding
channel, and the higher values of gold and uranium,
where present, tend to be confined to the basal portion
of the reefs.

The remarkably close relationship of the concentra-
tions of the gold and uraninite with sedimentary
features strongly suggests that the gold and uraninite
were deposited at the same time as the pebbles and
other detrital components of the conglomerate. The peb-
bles show variations in their packing index. They are
usually not close packed, and sometimes only isolated
pebbles are present in the matrix. In some areas pebbles

D1



D2 GENESIS OF URANIUM- AND GOLD-BEARING PRECAMBRIAN QUARTZ-PEBBLE CONGLOMERATES

,, *
Q0000

0000 0p *
1000 0 0Og .
QOOOOfe o oo
Llooon e o 0 o

——
28°

.

Q
. g
o
//W(
10 .

A
000000000000 f ++
000000000000\ + +
{00000@Q000000Q + +
looooopoooood+

coooolPooooof +£

O O00C0O0DO0O0OOA +

0000000004+ +00
000000000+ +0QPCO
Q00000 Q0f +4A 000
OO0000O0&O\++H0O0OO0O0O0O00O

0000000 240000000040
OOOOO POOOOOCOOFRPP O
i

000000 booooog t‘* b O
\o,- o’ 75 OV(G
> O -‘»‘@ %00 {
AR

0000 o0&y
5000 0¥

OCOO0O000O00C
OO0CO0OO00OQO0O0

o
o
o

L]

000000
0000000

X

:— Sandstone and shale with coal seams Ecca Karoa

XX
%% |Arenaceous sediments, shales Waterberg

(Quartzite, shales, lava flows Pretoria
o o
® o* ofDolomite and chert Dolomite

7| Ouartzite, congomerate, shale Black Reet

Transvaal 1
Lava with intercalations of quartzite,
O O [conglomerate, boulder beds, tuffs Ventersdorp

I
H’l
P
\
HII’!I

.
NN
Pl

WI‘H

.

- - . Quartzite, conglomerate, shale (minor ) Upper
o T T T - Witwatersrand
- — — p— Shale, quartzite, grit, conglomerate Lower
h*i‘*: - T T T o _ - MM Lava, basat quartzite, and conglomerate Reﬂlnlon
- T
. = = = = — Granite and schrst Basement
—_—— - — — - — 3 —~C  General dp and strike |

|
|

!

NN
I

%“}H

F1h

7 Faults
7/

|

[

I
1
|
|

—
S

10’0 KILOMETERS

Ficure 1.—The Witwatersrand basin, surface geology (from R. Borchers, 1964, Exploration of the Witwatersrand System and its extension, in
Haughton, S. H., ed., The geology of some ore deposits in southern Africa: Geological Society of South Africa, v. 1, diagram I).

are well sorted, with the larger ones at or near the base, | lesser quantities of chlorite, chloritoid, and tourmaline.
and are oriented with the longest axis parallel to the | Pyrite, in the form of rounded grains, crystals, and ir-
direction of strike of the beds in which they occur. regular patches, is a ubiquitous and often abundant con-
The pebbles in the ore-bearing conglomerates are | situent. Other sulphides that may be present are pyr-
composed mainly of vein quartz, with occasional pebbles | rhotite, arsenopyrite, galena, chalcopyrite, sphalerite,
of chert, quartzite, red jasper, quartz porphyry, and, | marcasite, cobaltite, and linnaeite. Hydrocarbon is com-
more rarely, tourmalinized rocks, greenish slate, and | monly found as granules and less often as thin layers or
schistose-type pebbles. The most abundant constituent | bands. Hydrocarbon containing minute particules of
of the matrix is quartz, which occurs together with | uraninite is also known as thucholite.
phyllosilicates such as sericite and pyrophyllite and with The conglomerates form only a minor part of the
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FiGURE 2.—The Witwatersrand basin, distribution of the Witwatersrand System (from R. Borchers, 1964, Exploration of the Witwatersrand
System and its extensions in Haughton, S. H., ed., The geology of some ore deposits in southern Africa: Geological Society of South Africa, v.

1, diagram II).

whole Witwatersrand Supergroup (fig. 3) and vary in
abundance in the different regions. In the Central Wit-
watersrand, conglomerates form 600 m of the 7,500 m
of sediments (fig. 3) and are most abundant in the Upper
Division of the Witwatersrand Supergroup (figs. 3, 4).
Most of them contain both gold and uraninite, but not
more than a dozen are rich and persistent enough to
repay the cost of mining and extraction. These few are
the conglomerates that have produced by far the largest
output of gold and uranium in South Africa. They are

generally remarkably regular in their mode of occur-
rence, and individual conglomerate bands persist over
wide areas. Beds of auriferous conglomerate also occur
in the Lower Division of the Witwatersrand
Supergroup, particularly in the Government Reef
Member, but, with the exception of those west of
Klerksdrop, they have not proved to be of economic im-
portance.

From the bottom upwards, the principal uranium-
bearing conglomerates in the Upper Division of the Wit-
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srand, showing cover of Ventersdorp and Karoo Supergroups
(Orange Free State), and of the Lower Witwatersrand (Central
Rand).

AND GOLD-BEARING PRECAMBRIAN QUARTZ-PEBBLE CONGLOMERATES

watersrand Supergroup are the following: the Carbon
Leader, belonging to the Main Reef Group of con-
glomerates; the White, Monarch, and one or two other
conglomerate reefs of the Bird Reef Group in the West
Rand, and their equivalents the Vaal Reef in the
Klerksdorp Goldfield and the Basal and Leader Reefs in
the Orange Free State Goldfield; and the May Reef, and
its equivalents in the Kimberly Reef Group of con-
glomerates in the Far East Rand. Besides these, there
are other gold-bearing reefs from which uranium is be-
ing, or may be, profitably extracted as a byproduct of
gold production, for example, the Commonage Reef on
the horizon of the Main Reef Group, some of the
Western or Elsburg Reefs in the Klerksdorp Goldfield,
and the A, B, and Rainbow Reefs in the Kimberley-
Elsburg Groups in the Orange Free State Goldfield. The
only uranium produced so far from the Lower Wit-
watersrand Division comes from the Afrikaner and In-
ner Basin Reefs in the Government Reef Group west of
Klerksdorp (see fig. 4).

The uraninite and gold are more or less uniformly

| distributed over wide, flat areas occupied by the con-

glomerate sheets. As in the case of gold, uraninite can
therefore be spoken of as evenly distributed in a general
way, when the whole extent of the goldfields is con-
sidered, especially when comparison is made with the
much greater variations in the distribution of values
shown by nearly all lode or hydrothermal deposits. The
richer gold and uraninite concentrations in an individual
banket sheet tend to collect in pay streaks, which are
usually characterised by the presence of pebbles larger
than those in the rest of the banket and by a greater con-
centration of other ore particles, some of which are
clearly detrital. The economically important uranium-
and gold-bearing conglomerates, which form relatively
thin, unbroken sheets of great length and breadth, even-
tually, with increasing distance from the original
shoreline or source rocks, either break up into isolated
patches or lenses of conglomerate containing notable
amounts of very finely divided gold separated by lean or
barren quartzite or shale, or they thin out into a single,
rich line of heavy ore minerals and granules of hydrocar-
bon, along which isolated clusters of pebbles or scat-
tered pebbles may occur. It is not unusual to find visible
gold associated with these pebbles. Still farther away
from the source rocks, the conglomerate lenses become
smaller and smaller, and spaced farther and farther
apart until, ultimately, the conglomerate has passed
laterally into quartzite. Concomitantly, gold and
uranium values decline until only traces or no values are
left where quartzite occupies the horizons on which the
conglomerate ore bodies occur near the source rocks.

Mineralisation is confined to the ore-bearing con-
glomerate and seldom crosses the stratification into the
arenaceous wall rock, except where it has obviously
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been derived from the conglomerate ore body itself.
There is a close relation between the distribution of
values and purely sedimentary features. Richer concen-
trations are commonest near the base of the con-
glomerate along well-defined shaly or schistose footwall
partings and in conglomerate less than 30 em thick.
They also tend to be disposed in pay streaks that have
many of the characteristics of those found in present-
day placers.

The uraninite is finely disseminated as minute,
discrete particles in the quartzose matrix that fills the
interstices between the pebbles. Along with the fine par-
ticles of gold and grains of other heavy minerals, those
of uraninite are very often more highly concentrated
along the bottom of the conglomerate; in some cases,
however, the higher concentrations of these heavy
minerals are distributed parallel to the bedding and
towards the middle or top portions of the conglomerate.

The Ventersdorp Contact Reef and the Black Reef oc-
cur at the base of the Precambrian Ventersdorp and
Transvaal Groups, respectively. The Ventersdorp
Group, predominantly a volcanic formation, overlies a
surface of Witwatersrand beds that has been eroded
down to varying depths. Gently inclined or flat-lying
basal beds of the Transvaal Supergroup in turn rest with
a pronounced unconformity on the tiltec. and eroded
Witwatersrand and Ventersdorp rocks. Both the
Ventersdorp Contact Reef and the Black Reef oceur as
lenticular bodies of conglomerate in depressions and
channels in the Witwatersrand beds and are largely
composed of the erosion produects, including the heavy
concentrates, of the immediately underlying Witwaters-
rand rocks. Many of the quartz, chert, and quartzite peb-
bles of these reefs came from the Witwatersrand con-
glomerates and already had their round shape when
they were released as a result of the disintegration of
these conglomerates.

The Ventersdorp Contact Reef appears to consist of
partly eluvial and partly alluvial material; a small admix-
ture of voleanic tuff accounts for its dark colour. The
presence of uraninite and gold in the Ventersdorp Con-
tact Reef and in the Black Reef is related to the distribu-
tion of the mineralisation in the bedrock from which
most of their components have been derived. Both these
reefs are pyritic, and they carry uraninite and gold in
those localities where they rest upon or occur in the
vicinity of suboutcrops of the uranium- and gold-bearing
ore beds in the Upper Witwatersrand. Away from these
ore beds, uraninite and gold have hitherto not been
found in significant amounts in the Ventersdorp Contact
and Black Reefs. The composition of these con-
glomerates resembles that of the Witwatersrand banket
in many respects and also shows mineralogical changes
as a result of low-grade regional metamorphism.

GENESIS OF URANIUM- AND GOLD-BEARING PRECAMBRIAN QUARTZ-PEBBLE CONGLOMERATES

DISCUSSION

B. Nagy: Just a very minor point of semanites. I wonder
if you would object to using the words “organic
matter” instead of “hydrocarbons,” because in the Wit-
watersrand Vaal Reef, which we are studying, the car-
bonaceous matter is not hydrocarbons. Also, I
wonder, again from a point of semantics because this
is going to develop tomorrow, whether the term
“thucholite” should really be used for this car-
bonaceous matter which actually may be determined
to be a polymerlike organic material. Now I want to
emphasize that by polymer I do not mean polymeriza-
tion of methane, but I mean a polymer like a protein,
macromolecules. Would it not perhaps be better not to
use thucholite, because really nobody knows what
thucholite is?

von Backstrom: Dr. Nagy, I take both your points. I
speak as a regional geologist.

Wilfried Meyer, Falconbridge Nickel Mines, Ltd.,
Canada: Dr. von Backstrom, where in the
stratigraphic succession would you place any change
in the atmosphere from anoxygenic to oxygenic?

von Backstrom: I'm afraid I wouldn’t think myself
capable of answering that question. I would have to
refer it to colleagues who presented the previous
papers.

Meyer: Is there an answer from anybody else?

Grandstaff: I think we have pointed out already that the
appearance of eukaryotic organisms, the disap-
pearance of banded iron-formations, the appearance
of red beds, all at around 1.5 to 2 billion years appears
to indicate that the oxygen pressure did increase in
that time interval.

Meyer: The point I'm trying to make is this: In Canada
we've got this very rapid change from pyrite-bearing
beds to hematite-bearing beds in the Huronian, and
this change has often been used as evidence for
change in the oxygen content of the atmosphere. If
you take absolute early age dating from the Wit-
watersrand, the corresponding change must, in my
opinion, come somewhere in the Transvaal Group, or
even earlier than that, yet you have detrital uraninite
in the basal conglomerate there and in some other.
There seems to be an inconsistency.

Schopf: I'm aware of that work and I think it’s very in-
teresting. It has bothered me, however, that many
geologists seem to be looking at this in a rather
simplistic way. It seems to me that it is probably incor-
rect to think of the evolution of atmospheric oxygen as
being a nice smooth curve. It is often drawn that way.
But I would suppose that there must have been fluc-
tuations in the period between 2.3 and 1.9 b.y., ups
and downs, that will be reflected in what will be inter-
preted perhaps as conflicting evidence: oxygenic con-
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ditions and then maybe reducing conditions, then ox-
ygenic conditions, and so forth. It would seem to me,
however, that looking at the dynamic processes in-
volved, that’s exactly what should be expected rather
than a simple non-all situation. I suspect that it’s really
more complicated and that there was a period of time
in which both obtained.

Grandstaff- Also, when you're speaking about oxidation
of hematite, hematite is stable above oxygen
pressures around 10 to the minus 70, so what is ox-
ydizing for hematite still may not be very oxidizing for
uraninite. There’s quite a range in which the two can
quite happily co-exist.

Meyer: Yes, but all this still does not explain this time
change from pyrite to hematite, fluctuations or not,
because somehow you don’t repeat that change. At
least the pyrite in detrital form is not repeated. Why
not?

Bourret: May I suggest that in a very broad sense we are
overlooking one important factor here and that is the
tremendous changes in the weather cycle. Torrential
rainfall in high ancestral mountains flushed large
quantities of coarse debris into the basin followed by
periods of quiescense during which fine sediments
were deposited and even erosional gaps developed.
With repeated tectonic and weather changes, the cy-
cle was repeated over and over again. So, in a sense,
we're prone to oversimplify the cycle of change that
caused the working and reworking and deposition of
coarse material.

Paul Weis, U.S.G.S., Reston, Va.: You mentioned that
the Witwatersrand conglomerates are deposited on
surfaces unconformably and that the unconformities
represent considerable periods of erosion or at least
nondeposition. Do you feel that the deposition of the
conglomerates on these unconformities represents
very long periods of time or relatively short periods of
time of actual deposition?

von Backstrom: Well, I think both because there are
some very major breaks. Although we considered the
Witwatersrand Supergroup as one formation, it is ac-
tually a large number of formations with some very
distinct angular unconformities. Also, when you take
these various formations, again you find minor uncon-
formities, in this case down to very short periods
where you have channel fillings and this sort of thing.
Irving Breger, U.S.G.S., Reston, Va.: Dr. von
Backstrom and the previous speaker and other
members of the panel, can you tell me, since I don’t
know, is the uraninite always associated with organic
matter or can you find it without organic matter?
von Backstrom: Is it always associated with organic mat-
ter? I don’t think so.

Schidlowsks: Definitely not; I'll come back to that in my
talk tomorrow.

Samuel Adams, Anaconda Co., Uraniwm Division, Salt
Lake City, Utah: This goes back to the paper on the
rates of oxidation of pitchblende or uraninite. You
mentioned, or some of the other speakers did, the in-
fluence of thorium on the rates of that dissolution, but
it seems to me that perhaps we did not pay enough at-
tention to the state of oxidation of the uraninite itself
at the initiation of those reactions. For example, if I
understand your data correctly, the degree of oxida-
tion of the samples you used ranged from about 12
percent UO; up to about 60 percent. The sample which
showed the highest rate of dissolution was the sample
with the smallest amount of UQs, it was the least ox-
idized.

Grandstaff: That’s not correct.

Adams: That isn’t?

Grandstaff: No.

Adams: That was the 22.7 figure?

Grandstaff: If you look at the Witwatersrand and the
Blind River uraninites, both being about 60 percent
UO;, they both oxidized very, very slowly. In fact, we
looked at this, and there did not seem to be any very
simple relation between U,-UQ; ratios and rates of
oxidation; they both oxidized very, very slowly.

Adams: Right. The figures that I have for the percent
oxidation of the uranium in the Dominion Reef and the
Nordic sample are 46 and 42 percent, respectively. So
those really still are not as oxidized as many of the
uraninite samples. And what I wonder is whether or
not such studies shouldn’t look at two phenomena:
first, the dissolution of uranium from those pit-
chblendes and, secondly, the oxidation of uranium
followed by the dissolution. So my question would be,
have you looked at the dissolution of these samples in,
say, oxygen-poor solutions to see what the solubility
is, strictly as a function of, say, the carbonate content,
which ought to be fairly predictable? The other thing
that I wonder about is the distribution of the UO, and
the UOQj; in the uraninite. In other words, it may not be
uniformly distributed so that even these ratios may
not tell us very much about the behavior of your
samples until we know how the oxidation states are
distributed within the grains; in other words, it may
already be armored with UO;.

Grandstaff: The samples I took were chemically
homogeneous, at least to the microprobe. Obviously
you cannot get at oxidation states with a probe; you
have to do this by titration with ferric sulfate, or fer-
rous sulfate, but in X-ray, using diffraction, there was
no line broadening or any suggestion that the
uraninite might have been heterogeneous with respect
to UO,-UOs. Further, we took big uraninite crystals,
took off the outside layer and any gangue minerals
and anything that didn’t look like uraninite. Then we
crushed them so that the surfaces were all reasonably
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fresh, fresh as one can make them, at any rate
geologically. We looked at the dissolution reaction in
water in those experiments. In a solution without car-
bonate a scale of schoepite or some hydrated from of
UQ; forms on the surface of the fragment. Oxidation
probably forms UQ;3-2H,0, then carbonate attacks
this armored surface and pulls off the hexavalent
uranium exposing another fresh surface, so the two
actually go on in steady state with respect to one
another.

Adams: I would still submit that the heterogeneity of the
samples wouldn’t be demonstrated even by breaking

|
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off the outsides, and it might not be surprising that the
rates of dissolution would be very difficult to correlate
with chemical parameters. Another comment I'd like
to make just in passing is that commonly when we
speak of uraninite and try to understand it either in
the conglomerates or the veins, we are rather casual
about precisely what we are talking about, in par-
ticular what is the oxidation state of the uranium? And
if anyone would like to pursue that subject, I think it
would add a great deal to at least nailing down the
chemical parameters of the systems we are trying to
understand.
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GENESIS OF URANIUM- AND GOLD-BEARING PRECAMBRIAN QUARTZ-PEBBLE CONGLOMERATES

THE DOMINION REEF GROUP, WESTERN TRANSVAAL,
SOUTH AFRICA

By J. W. VON BACKSTROM!

ABSTRACT

The Dominion Reef Group, disconformably overlain by the Witwaters-
rand Supergroup, outcrops in four separate areas in the Western
Transvaal, Republic of South Africa. It consists essentially of a basal
sedimentary formation as much as 90 m thick, which contains two impor-
tant uranium-bearing quartz-pebble conglomerates known as the Upper
Reef and the Lower Reef; an intermediate formation of altered andesitic
lava flows as much as 650 m thick with some intercalated beds of tuff;
and an upper formation of altered cherty rhyolites and dacites with a
thickness of at least 1,500 m. The basal sedimentary formation of the
Dominion Reef Group represents the earliest sedimentation in the region

(>2,800 million years) predating that of the Lower Witwatersrand-

Group (>2,700 million years).

This paper is devoted mainly to a description of the auriferous “reefs,”
their depositional environment, pay streaks that are a feature of these
“reefs,” their mineralogy, and the highly mineralised, pebbly, silicified
sandstone known as the Pay Band present near the top of the Upper
Reef.

The relation of ore deposits to structures, and the possible source of
the uranium, are discussed. Reasons are given why a hydrothermal
origin for the presence of uranium in the “reefs” is thought to be
untenable,

PREAMBLE

The Dominion Reef Group finds its major development
south of the village of Hartebeestfontein and around the
village of Ottosdal in the Western Transvaal (fig. 1).

The Dominion Reef mine, situated 16 km south of
Hartebeestfontein, started its life as a gold producer in
1888 but, owing to low gold grades, was subsequently
closed down. It was reopened in 1936 as a gold producer,
the bulk of production coming from the lower Reef, which
initially yielded 5 g per metric ton; this yield stood at less
than 2 g per metric ton when the mine closed down in
1953. A vigorous search for uranium was initiated in
1958, when sampling of the slimes indicated average
values of more than 0.46 kg per metric ton, and the mine
acquired a new lease of life in 1959, when uranium pro-
duction commenced and the Upper Reef was mined ex-

! Director: Geology, Atomic Energy Board, Republic of South Africa.

tensively for uranium. When, because of overproduction,
the mine was closed down in 1961, more than 1,500 short
tons of U30g and 13 million rands (R) worth of gold had
been produced.

A recent press release (Rapport, 10 June 1975) gave the
average uranium and gold values of different sections of
the Dominion Reef deposit south of Hartebeestfontein as
shown in table 1.

TABLE 1. - Average uranium and gold values for different sections of the

Dominion Reef deposit

Values per metric ton

Area Uranium Gold

(kg) (2)

Afrikander Lease 0.25 2.5

Rietkuil Section (part of Afrikander Lease) _ 1.25 Wi

Rhenosterhoek .50 1.5

KCG (Klerksdorp Consolidated Goldfields) _ .89 45

Dominion Reef .80 4
Vlakfontein .50 Trace
Ottosdal .34 Trace
Lucaskraal (south of Ottosdal) ___________ 15 Trace

Very limited drilling (13, 11, and 2 boreholes, respec-
tively) was undertaken in the three areas named last on
table 1; the results have been known since 1972 (von
Backstrom, 1972).

Between 1966 and 1970, exploration by means of core
drilling of the uraniferous conglomerates present in the
basal sedimentary rocks of the Dominion Reef Group was
undertaken. Then and during earlier exploration, 230
boreholes, with a total of 31,980 m, were completed by
the mining industry. Boreholes range in depth from less
than 100 m to more than 1,000 m. Large deposits of
uranium of low to medium grade have been proved.
Associated gold values are very low. There are in ex-
istence two developed mines, which have been closed
down, but a feasibility study is under way to reopen them
and other possible uranium producers.
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FiGURE 1.—Major geological features of study area.

GENERAL GEOLOGICAL SETTING

South of Hartebeestfontein in the Western Transvaal,
granite of the Archean Complex is unconformably
overlain by quartzites and conglomerates, which
together form the basal section of the predominantly
volcanic sequence of the Dominion Reef Group. These
rocks are in turn disconformably overlain by shales and
quartzites of the Lower Witwatersrand Group. The
lavas and volcano-sedimentary rocks of the Ventersdorp
Supergroup cover the above-mentioned flat-lying or in-
clined older rocks, which are eroded to varying
stratigraphic depths.

Although part of a single depositionary unit, rocks of
the Dominion Reef crop out in four separate areas, each
of which can be considered a structural entity (fig. 1):

1. The Afrikander Lease area constitutes a fault block 7

km wide bounded by the large northeast-striking
Rietkuil and Hartebeestfontein faults.

2. The Dominion Reef area forms a quasi-synclinal
structure plunging to the southwest. The
sediments crop out over a north-south strike
distance of at least 10 km and continue westward
an additional 15 km.

3. The Vlakfontein area is almost entirely covered by
lavas of the Ventersdorp Supergroup, so that only
two small outcrops of Dominion Reef rocks appear.
The area is bounded by the Rietfontein and
Vlakfontein faults. The latter fault has no surface
manifestation; its presence was proved by drilling.

4. The basal sediments in the Ottosdal area, although
broken by a number of cross faults, can be followed
along the line of strike for 20 km north of the
village before they are again covered by
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Ventersdorp lavas. South of the village, the basal
sediments crop out south of the Strydpoort fault.

GEOLOGY

The Dominion Reef Group consists of three members:

1. a basal sedimentary formation as much as 90 m

thick, consisting of conglomeratic, arkosic, and
quartzitic rocks with subordinate shale bands;

2. an intermediate formation as much as 650 m thick,

consisting of altered andesitic lava flows with inter-

calated beds of tuff; and

3. altered cherty rhyolites and dacites at least 1,500 m
thick, with intercalated tuff bands (known as
Wonderstone near Ottosdal) and schists and minor
breccias at the top.

Only the basal sedimentary formation, which contains

uranium and gold, is described further.

The basal formation is of economic importance
because its conglomerate beds are auriferous; it has
been exploited in the past for gold and uranium. Exten-
sive resources of uranium of good grade were proved,
but associated gold values are low and few developed
mines exist. The economic viability of such mines would
be dependent on a satisfactory and sustained uranium
price based on long-term contracts.

The basal sedimentary formation of the Dominion
Reef Group rests unconformably directly on the base-
ment granite and represents the earliest sedimentation
in the region (>2,800 m.y. (million years)), predating
that of the Lower Witwatersrand Group (>2,700 m.y.).
The thickness of the basal formation varies from 3 to 50
m south of Hartebeestfontein to 90 m north of Ottosdal
(fig.1).

Many deep boreholes have proven that intercalated
sediments, from 60 cm to 40 m thick, occur in the first
60 m of the overlying andesitic lava.

The basal sedimentary formation consists largely of
the disintegration products of the basement granite.
The sediments consist of medium-grained to coarse-
grained feldspathic and somewhat micaceous sandstone
or quartzite, in which there are lenticular bodies of grit
and conglomerate. Evidently, the micaceous or sericitic
material in the rocks was derived from the breakdown of
the original detrital grains of feldspar. A conglomerate
along or close to the base of the arenaceous sediments
and another higher up in the succession, both of which
have been worked or prospected for gold and uranium,
are known as the Dominion Reefs. The thickest bodies of
conglomerate occupy depressions in the old granite
floor, whereas the conglomerates are absent on humps.
Usually the lowest bed of conglomerate is separated
from the underlying granite by a band of sheared
granite or by a variable thickness of transition beds com-
prising one or more of the following rock types: arkose,
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grit, and quartz-sericite schist. Where there is no basal
conglomerate, feldspathic sandstone often grades im-
perceptibly into the granite below. In many prospecting
boreholes the contact between sandstone and granite
could be established only radiometrically.

Two main auriferous conglomerate zones known as
“reefs,” separated by barren conglomerate or quartzite,
are present in the basal formation, which can be divided
into (1) a lower quartzite and conglomerate member,
from 0 to 40 m thick, containing the Lower Reef; and (2)
an upper quartzite and conglomerate member, between
4 and 50 m thick, containing the Upper Reef.

The Lower Reef, a lenticular, well-developed large-
pebble conglomerate, was the main gold carrier in the
mined area. It occurs sporadically at the base of the
lower member, where it occupies depressions in the ero-
sion surface of the basement granite. It shows marked
variation in texture where it rests on irregular portions
of the pre-Dominion erosion surface and more uniformi-
ty where the basement is fairly even. On the whole, the
conglomerate thickens and pinches in a manner reflect-
ing the surface on which it was deposited, and deposition
and preservation were controlled by depressions in the
floor. The thickness ranges from 0 to more than 38 m,
and pebbles vary in diameter from less than 5 to more
than 10 cm. Near the base, the Lower Reef is often poor-
ly packed and sorted and merges into a pebbly quartzite.
The packing index improves at the top, where there is
often the best concentration of heavy minerals, in-
cluding uraninite. The quartzite is medium grained to
coarse grained and sericitic, the sericitic being derived
from the feldspar of original arkosic sediments.

There is no significant angular unconformity between
the upper and lower members and, apart from channel-
ling, there is little differential erosion of the lower
member.

The upper member is developed throughout almost
the entire area. South of Hartebeestfontein it ranges
from 4 to 30 m thick; north of Ottosdal it is a maximum
of 75 m thick. The Upper Reef, taken as the basal bed of
the upper member, consists in fact of several con-
glomerate bands, which vary from poor to good in pack-
ing and sorting. The conglomerate bands may rest on
any unit of the lower member. Pebbles range in size
from 2 to 5 cm, are well rounded to subrounded, and
consist almost exclusively of quartz. They may repre-
sent reworked and concentrated detrital material de-
rived from the erosion of earlier conglomerate and
arenaceous rocks. The Upper Reef normally ranges
from 0.15 to 3 m thick; in some places it is as<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>