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"As a science, geology is the outcome of

reasoning inductively from observations".

Bornney, 1919



ABSTRACT

A substantial share of the world's exploitable
mineral wealth is hosted by sedimentary rocks. It is
suggested that many of these ore-grade concentrations
were achieved by a succession of sedimentary-diagenetic
enrichment cycles, conceptually similar to those which
produced economic accumulations of petroleum. Thus,
recourse to any sort of igneous or metamorphic influence
would appear unnecessary. The common spatial association
of sedimentary-diagenetic ore deposits and marine
evaporites suggests that the latter represent the sedi-~
mentary equivalent of the intrusive or extrusive magma.

Lead-zine ores in carbonate rocks, the so-called
Mississippi Valley-type deposits, are one such ore
type. It is proposed that the required metals were
derived from the carbonate host rocks themselves, and
that they were released to carbonate-evaporite connate
brines by normal diagenetic processes. Sulphide was
provided in large part by a combination of bacterial
and chemical sulphate reduction, contemporaneous with
ore formation and operative at temperatures charac-
teristic of petroleum reservoirs. Ore deposits resulted
when migrating, metal-bearing formation brines tran-
sected a locality in the subsurface where sulphide was
being made available.

Sandstone-type uranium deposits comprise another
type of sedimentary~diagenetic ore. Many of these |
deposits are located above exceptionally thick sequences
of marine evaporites. During the precipitation of the
more soluble salts, uranium preferentially remained
in solution, becoming highly concentrated in the saline,
residual brines. On burial and compaction, these
uranium-enriched brines were expelled to overlying,
permeable sandstones, where uranium ore was formed at
sites of chemical reduction.
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PART I

INTRODUCTION AND CONCEPTUAL CONSIDERATIONS

El



1. INTRODUCTION

Concern is currenflyvbeing expressed in many circles
as to the adequacy of the earth's non-renewable, natural
resources to supply the future needs of mankind. Many
adherents to the 'limits to growth' school predict an inevit-
- able and terminal collapse of our civilization due in part
.to resource depletion. This rather extreme school of
thought has no doubt gained many followers as a result of
the present 'energy crisis'--a situation which, at this
point in time at least, has nothing to do with an actual
world shortage of petroleum. Nevertheless, an amazingly
large number of people are prepared, even willing, to accept
the 'fact' that many of the earth's non-renewable resources
will soon be exhausted. This is a view not shared by many
earth scientists, including the present writer. |

There is, however, no room for complacency on the part
of those responsible for finding and developing natural
resourbes. If it is assumed that consumption of raw
materials will cortinue to increase as it has done in the
recent past, the task faced by the earth sciences aﬁd the
natural resource industries is destined to reach formidable
proportions.

Throughout man's history, surface showings have been
responsible for the vast majority of ore discoveries. In
recent years, successful application of geochemical and
geophysical techniques can be accredited with the discovery
or delineation of substantial new reserves. However, the
total amount of ore lying either on the surface or within

the zone of oxidation--and thus detectable by prospecting
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of by exﬁloration,geochemistry——is by no means inexhaustible.
Before many years, the miﬁing indﬁstry must make the cruéial
transition from being entirely dependent on near-surface
deposits to being able to rely increasingly on the essential-
ly limitless reserves of the upper crust. Although there

are differences in scale, encouragement can be taken from

the fact that the petroleum industry, by coupling geology

and geophysics, successfully made the transition many years
ago. |

In order to find hidden ore deposits at reasonable
costs, economic geology will require a methodology wifh
as much predictive capability as possible. The examples set
by other fields of science and engineering suggest that
less emphasis should be placed on the importance of theories,
and more on the collection of data which can be analyzed
by empirical or numerical models. In philosophical terms,
it would appear that a change from deductive to inductive
logic may be required. In practical terms, mining companies,
like the o0il companies before them, must be prepared to
drill holes with the primary intention of collecting data.
Only when a certain level of geologic understanding is
achieved should direct attempts be made to find ore.

The purpose of this thesis is two-fold: first, to
establish a conceptual foundation‘on which to analyze ore
deposits in sedimentary rocks; and second, to develop
simple models for two types of deposits, both of which are
generally believed to have sedimentary—diagenetic.origins.

As is apparent from the title, the initial intention was
to restrict this study to lead-zinc ores in carbonate rocks--

the so-called lMisazissippi Valley-type deposits. However,



it soon became apparent that many of the basic concepts
could also be applied--perhaps even more succéssfullj—-

" to other types of ores in sediments. As a result, é
significant part of this thesis is concerned with sand-
stone-type uranium deposits. Both of these stratiform ore
deposits lend themselves well to an attempt at numerical
modelling. For one thing, they are comparatively simple
deposits, and are found in reasonably well-understood rock
types. They are also aﬁalogous in many ways to petroleum
accumulations; thus, many of the concepts and techniques
developed by petroleum geology are readily applicable.

One such concept is that of multistage enrichment, whereby
ore-grade concentrations were achieved by sequential sedi-
mentary, diagenetic and hydrokinetic enrichment cycles.
Emphasis is also plaCed on the importance of marine
evaporites which, if ié argued, were the sedimentary equi-
valent of tﬁe cooling magma chamber.

This thesis is probably atypical in that no detailed
field investigations are reported and little new analytical
data are presented. Instead, an attempt has been made to
analyze in terms of simple, guantitative models the wealth
of available data on lead-zinc ore in carbonates and uranium
ore in sandstones. As such, this study may represent a
small, first step in the direction which the writer feels
economic geology must move if the anticipated demand for
natural resources is to be satisfied. It also represents
an attempt to take full advantage of the intellectual
freedom offered by the academic environment. It is
hoped that a philosophical foundaticn has been laid on

which a successful career in the earth sciences can be built.



2. SEDIMENTARY-DIAGENETIC ORES-~CONCEPTUAL CONSIDERATIONS

2.1 Introduction

When considering the origin of any ore deposit, one
of the important questions to be answered is that of the
source.of the metals. There are a variety of easy
answers, all of which have been proposed at one time or
another, either singly or in combination, for almost every
type of ore deposit. Included among the likely sources
are the following: cooling and differentiatihg magmas in
the subsurface; volcanic activity; metals liberated and
mobilized during metamorphism; and metals leached from pre-
existing rocks by groundwaters (Krauskopf, 1571). Evén
more important than the source of the metals, however, is
the means by which they are concentrated. Almost any
common rock-forming material can serve as an adequate source
provided the metals can be concentrated sufficiently. Thus,
perhaps the most important task of the student of ore genesis
is that of identifying and evaluating possible enrichment
processes.

Such considerations are more than Jjust intriguing
academic questions. The development of an exploration
philosophy and thé selection of a regional target area should
be based primarily on considerations of metal source and
means of concentration. Once such an area has been de-
lineated, the emphasis should perhaps shift to the means
by which metals were fixed as ore, for this was what

determined the exact location of any deposit.



2.2 Cycles df Enrichment

Krauskopf (1971) made an important contribution to our
understanding of the problem of metal concentration when>
‘he proposed the hypothesis of multistage enrichment. He
suggested that ordinary rock materials were the ultimate
metal source and that ordinary geologic processes were the
agents of concentration, but that in these circumstances
ore~grade enrichments were unlikely to be achieved in a single
step. By contrast, many popular theories of ore formation
reach their objective in a single step by working with
abnormal materials or by envisaging exceptional geologic
processes. 1t could be argued that these two approaches
are simply variations on thes same theme. However, there are
important conceptual and practical differences, in that
ordinary geologic materials and processes are utilized in
the one case and not in the other. It is felt by the pre-
sent writer that a better understanding of metal enrichment
misht be achieved thfough a disciplined and quantitative
application of Krauskopf's hypothesis.

The concept of enrichment cycles is particularly
applicable to ore deposits in sedimentary rocks. By a
combination of sequential sedimentary and diagenetic enrich-
ment processes, it may be possible to explain the origin
of certain types of deposits without having to resort to
unseen igneous or metamorphic influences. In such an under-
taking, the economic sedimentologist would be wise to follow
the example set by the petroleum geologist, who has worked
for many years with similar rocks and with similar con- -

centration probiems--~but with hydrocarbons rather than metals.



The concept of multiple enrichment is not new to
pef:oleum ge010gy; which has successfully employed such an
hypbthesis from the earliest days of petroleum exploration.
At least three cycles are generally recognized. 'First, an
initial sedimentary enrichment of organic matter, typically
within a fine-grained source rock, is followed by diagenetic
maturation and release of the maturated hydrocarboné to
adjacent permeable rock units. At least one episode of hydro-
kinetic (moving water) concentration is then required, where-
by the petroleum is gathered up and trapped within a suitable
reservoir rock. If any one of these steps is missing:or
out of sequence, an economic accumulation is unlikely to
occur. Thus, the petroleum geologist attempts to determine
how many of these requirements have been satisfied before
the decision is made to proceed with an exploration programme.

There are, of course, good reasons why the concept of
enrichment cycles was first recognized by petroleum
geologists. In the first place, the example haé probably
already been set by coal-~a sedimentary deposit which is
up-graded in quality during diagenesis. It was also fairly
obvious that petroleum was not a syngenetic substance; in
most cases, the oil trap was clearly not created until long
after the reservoir rocks had been deposited, as in the
case of an anticlinal trap. Because the first petroleum
was not produced from igneous or metamorphic rocks, it was
correctly assumed that neither igneous nor metamorphic
processes were resoonsible for its origin. The only
possibility left open was a sequential combination of
sedimentary and diagenetic enrichment cycles. This was

certainly not the case with regard to ore deposits. The need
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to postulate cycles of enrichment remained much less apparent,'
even to account for ore found in sedimentary rocks. Geologic
field evidence suggested that single-step,_syngegetic ore
remained a possibility, and the role of "hydrothermal fluids"
in the formation of epigenetic ores in sediments was almost
impossible to evaluate. All the same, i1t must have been a
surprise to the typical petroleum geologist when, as recently
as 1971, one of the world's foremost geochemists thought it
.nécessary to put forth, as a working hypothesis, the concept
of multiple enrichment of metals.

For reasons of relative efficiency, Krauskopf (1?71)
favoured an initial slight enrichment of metals in a large
volume of sedimentary rocks, followed by a more drastic
local concentration by igneous means. Of coufse, there is .
no, reason vhy any combination of at least four different
types of enrichment c¢cycle, namely, sedimentary, diagenetic,
metamorphic and igneous, could not be utilized. Of particular
concern in this study is the ore-forming potential of
sedimentary and diagenetic cycles, but the number and variety
of possible combinations are very large. TFor example, an
igneous or metamorphic enrichment might be followed by one
or more sedimentary cycles, as is the case for many placer
deposits. Alternatively, an initial igneous enrichment
might be subsequently processed by sedimentary and diagenetic
cycles, as has been argued for some late Proterozoic copper
deposits (Watson, 1973), or by a weathering process in the
case of a variety of lateritic ores. 1In all cases, the only
starting materials that need to be invoked were coﬁmon
rock~forming materials, and ordinary geologic processes were

the operating agents throughout. Thus, the uniqueness of
& a3



a large ore deposit is thought to result mainly from a
specific combination of enrichment processes. 'As is perhaps
- the case for most natural phenomena, uniqueness is échieved
more by the way the building blocks are put together than

by the nature of the blocks themselves or the rules govérning
their assembly.

Ore deposits in sedimentary rocks lend themselves
particularly well to the concept of enrichment cycles. For
one thing, many of the processes and principles involved
are now reasonably well understood, at least compared to
those of other geologic enviromnents. Additional data to
confirm or disprove a particular model can be obtained
relatively easily from surface observations or from the great
number of boreholes that have probed the sedimentary basins
of the world. Many of these basins have yet to be exploredr
for possible ore deposifs. However, as long as "hydrothermal
fluids" and ﬁvolcanic emanations" are held responsible,
ore deposits in sediments are very much "where you find them".
The predictive value of such models is limited. On
the other hand, credible sedimentary-diagenetic models,
coupled to the vast amounts of data gained through petroleum
exploration, might mean that the sedimentary basins of the
world will continue to be major suppliers of natural
resources—-even in the declining years of fossil fuel

production.

2.3 Sedimentary - Diazgenetic - Hydrokinetic Enrichment

The prime factor in the formation of any ore deposit is
that of concentrating the metals. Unfortunately, it seems that

many geologic processes trend in the wrong direction, leading
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toward dispersal of trace elements rather than concentration
(Krauskopf, 1971). Thus, to explain the origin of ore, it
is necessary to identify the few processes which reverse

the usual trend.

Figure I-1 was constructed to help identify possible
sedimentary-diagenetic enrichment processes, and the ways
in which these might combine to form ore. At the present
stage, it is very much a conceptual analysis; details:
concerning the two types of deposit under discussion will
be added later. Four enrichment cycles are identified,
namely, sedimentary, diagenetic, hydrokinetic and super-
genetic. The last two cycles involve moving water and
are, in the strict sense, diagenetic processes. The input
to the sedimentary stage is either in the form of solid
detritus or aqueous solution. The output is an economic
concentration of a particular metal or material. The source
material may be either common rock-forming materials or
the product of a previous enrichment cycle, the latter being
an essential prerequisite in some cases. It is believed that
most, if not all, metallic ores hosted by unmetamorphosed
sediments can be analyzed within this simple concebtual
framework.

Enrichment during sedimentation can take place in one
of two ways. The elehent or maverial under consideration
can either be enriched within the solid phase, including
organic matter, or in the associated aqueous phase. The
former possibility is the most usual route, but for some
elements the latter is a perfectly adequate means of con-
centration that is frequently overlooked. As depicted in

Figure I-1, economic concentrations of some elements are
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possible even at this depositional stage. For example,
evaporitic salts of sodium and potassium, placér deposits,
~and various lateritic ores all fall into this categéry.

Some highly saline brines are also exploited for magnesium
and other elements, such as lithium. In most cases, however,
additional concentration is required.

In conceptual terms, there are two ways by which a
diagenetic enrichment of metals can occur. The first
involves a preferential transfer of certain metals from
the sediment to the associated pore waters, the solid phase
thus becoming somewhat depleted and the liquid phase enriched.
Recrystallization and replacement of mineral components in
response to physical and chemical changes are probable means
by which such a release of metals takes place. Such a
"leaching" process, when combined with a Tlow system of
some sort, has been probosed in the past for the origin of
many ore depésits.

Diagenetic enrichment would also be possible if the
reverse was to occur, that is, if metals in solution were
preferentially fixed within certain types of sediment.
Accumulations of manganese nodules on the floors of the
Pacific and Indian Oceans probably result from this type
of enrichment, as may other types of ore. For example,
Strakhov (1970) suggeéted that some stratiform accumulations
of copper, lead and zinc resulted from diagenetic transfer
of ore components from red sediments to black or grey
horizons. This type of diagenetic enrichment is visualized
as having occurred without involvement of major, hydrodynamic
flow systems. Instead, ions may have migrated. relativelj short

distances under the influence of various chemical potentials.
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Strakhovv(l970) suggested that the driving force was diffusion.
potentiéls set up by solubility differences between carbbnates
and sulphides of copper, lead and zinc. An implication of
Strakhov's work is that accumulations of organic matter are
likely to play an important role in this type of diagenetic
enrichment. The process would also be expected to occur
-during the early stages of diagenesis. Conceptually at least,
this type of enrichment is a most exciting possibility, and
one which has not received the attention it deserves.

One of the most efficient means of concentrating meta1s
in the subsurface is to transport large volumes of metal-
bearing formation brines through a permeable rock unit; this is
termed h&drokinetic enrichment in Figure I-1l. An ore deposit
can be produced if, at some point along the migration path,
conditions are encountered that cause metals to be removed
from solution and fixed in the sediment. The situation is
analogous to the concentration of petroleum within a reservoir
rock, except that chemical rather than physical trapping
mechanisms are employed.

Another means of concentration, referred to as super-
genetic enrichment in Figure I-1, occurs within the zone
of weathering. In this situation, metals ere "leached"
from near-surface sediments by descending, oxygenated:
groundwaters and are fixed as ore at a lower level. This
type of enrichment process is thought to be applicable to
some sandstone-type uranium deposits. In some instances,
however, supergenetic¢ processes may result in dispersal of
metals rather than further concentration.

Although not specifically considered in Figure I-1,

a very important and unavoidable component of most



sedimentary-diagenetic ore-forming processes is organic
matter. Organic activity and its by-products undoubtedly
play vital roles in the éedimentary, diagenetic and hyd:o-
kiﬁetic enrichment cycles. In many éases, the chémical
agent that fixes metals as ore is directly dependent on
organic matter, be it sulphate reduction as in the case of
lead and zinc sulphides in carbonates, or changes in

, Qxidation—reduction potentials in the case of uranium ore
in sandstones. In so many ways, the parallelism and
similarities between hydrocarbon accumulations and sedi-

mentary-diagenetic ores are inescapable.

The efficiency of the hydrokinetic cycle as an enrich-

ment mechanism can best be estimated from conclusions
reached by petroleum geology. It has been found that a
typical petroleum source rock contains approximately one
percent suitable organic matter by weight (J.G.C.M. Fuller,
oral communication, 1974). About one tenth of this organic
matter, or 0.1 percent of the source rock, is subsequently
released as petroleum (ibid.). A typical reservoir rock
possessing an oil-filled porosity of 10 to 15 percent con-
sists of about five percent petroleum by weight. Assuming

the entire rock mass to be suitable source rock and a

14.

collection effeciency of 100 percént, a 50-fold concentration

is demanded of the hydrokinetic enrichment cycle. If more

reasonable assumptions are made, the hydrokinetic cycle must

be capable of concentrating petroleum at least three orders

of magnitude. For'ekample, if 10 percent of the rock mass

is suitable source rock and only 10 percent of the petroleum

generated is trapped by the reservoir rock, a concentration

of 5000 times is required. There is no reason why similar
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degrees of concentration should not apply to metals in
solution. Thus, a metal concentration of 10 barts per

" million in a moving formation brine should be sufficient
to produce ore containing several percent of the metal by
weight.

Hydrokinetic enrichment can only be'applied to ores
found in permeable rocks, such as sandstones, conglomerates,
dolomites and limestones. This would also be the case with
regard to supergene enrichment. Ores spatially related
to faults, fissures, unconformities or other regionally
permeable conduits would also be eligible. On the other
hand, ore-grade enrichments in shales canﬁot be attributed
to hydrokinetic processes. Because of the impermeable
nature of this sediment type, formation brines would be
unlikely to enter and flow along such horizons. In fact,
the opposite occurs during turial and compaction. This
has importanf implications with regard to the origin of
ore shales. If synsedimentary, ore-grade enrichments can-
not be achieved in a single step using the metal fluxes
normally observed in seawater (Rickard, 1973), Figure I-1
suggests there are two options open. The usual choice is
to call on an earlier enrichment cycle, either in the form
of "volcanic emanations" or an enriched source area. The
other possibility is an in situ diagenetic enrichment.

It is unfortunate for the exploration geologist that
the hydrokinetic enrichment cycle generally leaves no record
of its passage in the rocks--other than the resultant oil
pools and ore deposits. Answers to critical questions of
where, when, why or even in which direction a regional fiow

system operated are generally impossible to obtain.
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Important as it appears to be, the hydrokinetic enrichment
cycle is one of the least well understood. A knowledge of
basin configurations throﬁgh time, combined with a better
undérstanding of the ways in which sediments are de-watered
during burial, would help answer some of these unknowns.

Another possible enrichment cycle which can be quantified
'is the diagenetic release of metals to the connate brines.
The degree of concentration which might result is dependent
on the density contrast between sediment and brine, the
porosity, and the number of pore volumes of brine invblved.
Concentration factors for a rock density of 2.8 grams per
cubic centimetre (typical of carbonate rocks) and a brine
density of 1.2 are set out in Table I-1. For example, if
10 parts per million (ppm) of a particular metal are released
from a rock with 10 percent porosity, the resulting con-
centration in the connate brine would be at least 210 ppm-—-
a concentration of 21 times. If five pore volumes of brine
were involved (changed four times), the final concentration
would be at least 42 ppm.

In summary, it is hoped that the conceptual outline
presented in Figure I-1 will be of aid in identifying
possible enrichment cycles within sedimentary-diagenetic
environments. When presented in flow diagram form, enrich-
ment processes and various combinations of processes that
might otherwise be overlooked are hopefully brought to
light. Considerable overlap between petroleum accumulations
and sedimentary—diagénetic ores seems inescapable.. The -
vital role played by organic matter at several stages of

the ore-forming process only serves to emphasize this point.



TABLE I-1

Concentration factors for the diagenetic release of
metals (rock density--2.8 g per cc; brine density--
1.2 g per cc).

Number of Pore Volumes of Brine

Porosity, percent

1 2 3 4 5 10
1 231 116 77 58 46 23
2 1 114 57 38 29 23  11.4
2 I 'é2 15 11 8.9 4.4

10 21 11 7 5.3 4.2 2.1

15 13 6.6 4.4 3.3 2.6 1.3

20 9.3 4.7 3.1 2.3 1.9 0.9

25 7.0 3.5 2.3 1.8 1.4 0.7

50 2.3 1.2 0.8 0.6 0.5 0.2
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2.4 Potential and Capacity

 When quantitatively evaluating any model of ore
formation, there are two aspects which must be considered.
In the following, these will be referred to as 'potential'
and 'capacity'.

The potential of any model to form ore is its ability
to concentrate metals sufficiently to achieve ore grade
‘enrichments. In many cases, order-of-magnitude estimateé'
are all that is possible, as has Jjust been discussed for
the hydrokinetic cycle.

The capacity to form ore refers to the amount of metal
which any particular model is capable of concentrating.

A ten million ton ore deposit cannot be accounted for by
a model which can only come up with one million tons when
realistic limitations of scale are imposed.

Obviously, it is possible to have the capacity to form
ore, but not the potential, and the reverse. Only if both
aspects can be quantitatively satisfied should any model

be regarded as feasible.

2.5 The Role of Marine Evaporites

For many years, the magmatic-hydrothermal theory
of ore genesis served geologists and miners well. Molten
magma was the source of the metals, igneous differentiation
helped concentrate them, and residual, magmatic fluids trans-
ported them upward through faults and fissures to the site
of ore deposition. There is little doubt that many vein
deposits, until relatively recently the source of much of

the ore mined, were adequately accounted for by such a theory.
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Nor is there any doubt that much additional ore was found
using an exploration philosophy based on the igneous theory.
Thus, for many years, the cooling magma chamber served as
an all-important conceptual seat for theories of ore genesis,
both academic and applied. In view of this, it is worth
asking if there might be a sedimentary equivalent of the
cooling magma chamber, around which various ore-forming
models might be constructed.

Surprising as it might seem at first, one of'the most
eligible candidates for such a position appears to be marine
evaporites. There are at least three roles that evaporites

might play in any ore-forming process:

(1) a source of sulphur. Evaporitic sulphate
minerals and associated residual brines could
provide large quantities of sulphur with
which to fix metals as sulphides;

(2) a transport medium. Highly saline, evaporitic
brines might serve as suitable ore-forming
fluids, enhancing the solubility of various
metals by the formation of chloride, sulphate
or carbonate complexes;

(3) a source of metals. Precipitation of evaporites,
a chemical differentiation process, might
control the distribution of certain metals
within the associated sediment or brines,

which in turn might provide a source of metals
for subsequent enrichment cycles.

With regard to the last possibility, chemical differentiation
accompanying the precipitation of evaporites results from

the sequential crystallization of specific solid phases.

This is also the case during the formation of a granite or
basalt. In the one instance, the driving force is water

loss and increasing salinity; in the other, it is heat loss
and falling temperature. Thus, an evaporite basin would

appear to be an almost perfect analog of the cooling
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magma chamber in that it provides possible means of both
fractionating and transporting metals, as well‘as providing
- a source of sulphur if the metals are to be fixed aé
sulphides. As far as scale is concerned, many evaporite
basins dwarf all but the very largest near-surface igneous
intrusions.

The importance of evaporites with respect to ores in
sediments has only begun to be recognized in very recent
times. Russian geologists were perhaps the first to suggeét
that stratiform base metal deposits were restricted to
sediments deposited in hot, arid zones--climatic zones in
which evaporites would be expected to form (Strakhov, 1962;
translated, 1970). A major contribution was made by
Davidson (1965), who recognized a spatial and stratigraphic
association between strata-bound copper ores and marine
evaporites. Davidson sﬁggested that deeply circulating,
evaporite—defived brines served as the ore-forming fluid,
leaching metals from the rocks they traversed. He sub-
sequently extended this hypothesis to include lead-zinc
ores in carbonate rocks (Davidson, 1966). Jensen and
Dessau (1967) proposed that sedimentary sulphate was the
ultimate source of sulphur for epigenetic lead-zinc ore in
carbonate rocks. Beales and Jackson (1966), working with
lead-zinc mineralization in general and the Pine Point
deposit in particular, suggested that hydrogen sulphide
derived from laterally adjacent evaporitic units provided
the means by which the metals were fixed as ore. This
theory was convincingly confirmed by Sasaki and Krouse (1969).
Kirkham (1971) reiterated the observation that stratiform

copper mineralization frequently occurs where marine sediments,
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commonly evaporitic, overlie continental red beds or base-
ment rocks. Renfro (1974) propcsed a specific mode; which
attempted to explain why stratiform metalliferous deposits

are found in grey- to black-coloured rock units overlain

by evaporites and underlain by oxidized clastics. The
importance of highly saline formation brines as ore-forming
fluids has recently been emphasized by the discovery of
metal-bearing, geothermal brines in the Salton Sea area of
California and in the Red Sea ‘deeps'. In both cases, the
brines are thought to be meteoric in origin and to have
acquired their high salinities through contact with evaporites;
magmatic contributions are of minor consequence (Stanton, 1972).
More recently still, Carpenter et al. (1974) revealed that
high concentrations of lead and zinc occur in solution in
saline, oil-field brines in central Mississippi, U.S.A.

The lead and zinc are believed to have been stripped from
marine shales by potassium-rich brines derived from under-
lying evaporites.

Thus, the spatial relationship between some types of
ore in sediments and marine evaporites is well recognized,
and various causal relationships have been proposed. The
potential of saline brines to serve as an ore-forming fluid
has received considerable attention, as has the suggestion
that evaporitic sulpﬁate is the source of the sulphur for
many ore minerals. However, the possibility that chemical
differentiation within evaporite basins may have led to
fractionaticn and later concentration of certain metals does

not appear to have been put forward in the literature.
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2.6 Conclusions

Deliberations of a philosophical nature on a subject
as controversial as ore genesis should always be tempered
with an understanding of the historical development of the
subject, such as that provided by Stanton (1972). This
approach quickly reveals how o0ld many "new" ideas really
are. For example, T. Sterry Hunt, in 1861, recognized the
problem of ore formation as one of concentrating metals
which had been collected from pre~existing rocks by aqueous
solutions. He seems to have been wéll aware of the need
for cycles of enrichment and of the significance of source
beds. What is more, he apparently put great emphasis on
the importance of biological activity and associated
ofganic matter in the ore-forming process. The concept
of enrichment cycles Qas restated by Van Hise in 1903,
- this time utilizing metamorphic processes. In spite of
this, the first half of the twentieth century seems to have
belonged almost exclusively to the magmatic hydrothermalists.
However, the 1950's witnessed the revival of the sedimentary
school of ore formation and the restoration of a more rea-
sonable balance. A variety of theories involving sedimentary,
sedimentary-metamorphic, volcanic-sedimentary and, most
recently, sedimentary-diagenetic ore—formihg processes have
been put forward. Thé majority of these concepts were
actually developed many years before and have simply been
rediscovered or restated in modern terms. The same has
apparenvly veen true of most other ore-forming theories at
various times in the past. This remarkable persistence of
diverse ideas led Stanton, again like others before him,

to conclude that they might all be right--that there is no
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universal or even dominating mechanism of ore formatioh.
Instead, Stanton éuggested that ores are simply rocks, and
that they are formed in all the ways that ordinary rocks
ére; that ié, by igneous, sedimentary or metamofphic
processes. Another way of saying the same thing is that
ordinary geologic processes operating on ordinary rock-
forming materials are capable of producing ore. In this
.situation, however, it is essential to think in terms of
combinations of enrichment cycles because, as Krauskopf
(1971) pointed out, it is most unlikely that ore can be
produced in a single step. |

The concept of enrichment cycles is by no means a
new idea. Unfortunately, it does not appear to have been
applied sufficiently rigorously at times in the past. In
thp case of ores in sediments, there have been times when
it has apparently been forgotten altogether--pushed aside
by the neat and tidy énswers offered by the magmatic-
hydrothermal school. DPetroleum geoclogy, on the other hand,
has applied the multistage enrichment concept in a much
more disciplined manner and with undeniable success.

The role of evaporites in the formation of ores in
sediments appears to be an entirely new concept. The
reason it was not recognized much earlier, along with most
of the other theories of ore genesis, is probably due to
the fact that evaporites are very poorly preserved at the
surface. Geologists of the last century had only surface
and near-surface occurrences with which to work, and thus
the importance and ore-forming potential of evaporites was
understandably overiooked. With regard to ores in sediments,

it is felt that the evaporite basin may eventually have as
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important a role tp play, both conceptually and practically,
as the cooling magma chamber in the case of other ore types.
There are important lessons to be learned f:om the
apprarent mistakes of the past. Time after time, there
appears to have been an overwhelming tendency to conform, and
to develop an all-inclusive theory of ore genesis. When
~a process appeared to satisfactorily explain one set of
deposits, an attempt was usually made to apply it to
other quite different types of ore, in spite of there being
no evidence to support such an undertaking. The sedimentary
school has perhaps regained its rightful position, buf care
must be taken to see that the pendulum is not allowed to

swing too far.



PART II

LEAD-ZINC ORES IN CARBONATE ROCKS
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1. INTRODUCTION

A major portion of the world's supply of lead and zinc
is obtained from stratabound ore deposits in Palaeozoic
and Mesozoic carbonate rocks. The characteristics of these
deposits are similar enough to allow them to be grouped
as a single ore type. Because many of the principal occur-
rences were first discovered in the Alpine region of Europe
and in the central United States, the& have become known as
the Alpine~ or Mississippi Valley-type deposits. In the
text that follows, the abbreviation 'MV-type deposits'
will be used.

Why are the MV-~-type deposits found in carbonate rocks,
and why only lead and zinc? These fwo questions have exer-
cised the imaginations of many geologists over the decades..
In fact, from the amount which has been written, discussion
concerning their origin must rank as one of the great con-
troversies of economic geology. Much of the debate, however,
seems to have been concerned with individual mining districts
or with differences between districts, often at the expense
of attempts to identify and explain the common theme running
through the ore type as a whole.

Throughout the first 50 or 60 years of this century,
geologic thinking with respect to MV-type deposits appears
to have been dominated, particularly in North America, by
the hydrothermal school of ore genesis. From the earliest
days of the Lindgren classification of ore deposits up to
and including the modified version by Ridge (1972), MV-type
deposits were thought to be telethermal deposits in the
magmnatic sense of that term. However, in the last decade,

with the discovery of new mining districts and the development
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of more sophisticated laboratory techniques, the magmatic-
telethermal school has been largely replaced by thg
sedimentary-diagenetic school. Leadership in this direction
was provided by Beales and Jackson (1966; 1968) in Canada,
Davidson (1966) in Britain, and Snyder (1967) and Roedder
(1967) in the United States.

The ascendency of the sedimentary-diagenetic school
has by no means put an end to debate. In fact, the last
ten years'have witnessed a lively discussion on the subject,
and valuable new data have been presented. This thesis

attempts:

(1) to take stock of and evaluate the various ore-
forming models and hypotheses that have recently
been proposed;

(2) to synthesize a simple model which places
emphasis on the commcn characteristics of the
deposits;

(3) to identify areas where future research and

exploration effort might most profitably be
directed. '

By placing emphasis on the common characteristics, a model
has been developed which is both widely applicable and
inherently simple. If the 'common theme' has been correctly
identified, the specific characteristics of known or
prospective mining districts can be regarded simply as
'variations on the theme', and the general model developed
and refined accordingly.

Perhaps the most fundamental characteristic of MV-type
deposits is the facf that they are hosted by carbonate rocks.
There are at least four possible reasons why this should

be the case:
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(1) carbonate rocks were the source of the metals;

(2) sulphide for the ore minerals was generated
within the carbonates;

(3) the porosity and permeability of carbonate
rocks controlled the migration of ore-forming
fluids;

(4) carbonate rocks interacted in some way with
externally-derived, metal-bearing fluids, the
result of which was ore deposition.

The last possibility seems the most unlikely, as it does not
explain why shallow-water, biogenic éarbonates of Palaeozoic
and Mesozoic age are the preferred hosts. Furthermore,
other rock types, carbonate-cemented sandstones and con-
glomerates for example, often contain appreciable quantities
of calcium carbonate which might eqﬁally well have pre-
cipitated ore. Porosity and permeability may have been
necessary conditions of ore formation, but were obviously
not sufficient conditions. If they had been, approximately
half of the deposits would be in sandstones, as is the case
for accumulations of oil and gas.

The other two possibilities, that carbonate rocks

provided the sulphide or the metals or both, imply that

the host rocks played an active rather than a passive role
in the ore-forming process. In the opinion of the writer,
this is exactly what is required. ZEconomically exploitable
ore deposits are rare, but uneconomic showings of MV-type
ore minerals most certainly are not; pyrite, sphalerite,
galena and fluorite are common accessory minerals of many
limestones and dolomites. This implies that the formation
of MV-type deposits was a normal and intrinsic part of

carbonate sedimentation and diagenesis, not the result of

some unique or extraneous event. The common association of



MV-type deposits with carbonate-evaporite complexes and
sulphur-rich pgtroleum and natural gas accumulations
indicates that sulphide may have been provided by in situ
processes, a view supported by the results of sulphur
isotope studies. The possibility of deriving the metals
from the host carbonate rocks would not only result in an
inherently simple model of ore genesis, but might also
explain why lead, 2zinc, barium and fluorine are the only
elements which typically reach ore-grade concentrétions.

Both of these possibilities will be examined in detail in

this thesis.
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2. SOURCE OF THE METALS

2.1 Introduction

The source of the metals for Mississippi Valley-type
deposits is perhaps the most controversial aspect of these
controversial deposits. To illustrate the point, the
following alternatives were proposed recently, in one and
the same volume, for the principal lead-zinc districts of

the central United States:

(1) a magmatic-hydrothermal source for the Illinois-
Kentucky (Grogan and Bradbury, 1968) and
Austinville-Ivanhoe districts (Brown and
Weinberg, 1968);

(2) a magmatic-meteoric origin for the Upper
Mississippi Valley district (Heyl, 1968);

(3) a basinal-sedimentary source for the Southeast
Missouri deposits (Snyder and Gerdemann, 1968);

(4) an unspecified source for the Tri-State (Brockie

et al., 1968) and Mascot-Jdefferson City districts
(Crawford and Hoagland, 1968).

It seems most unlikely that all of these diverse proposals

30.

can be correct when the various ore bodies display essentially

common characteristics.
The emergence of the sedimentary-diagenetic school has

limited the debate to some extent, but has by no means

settled the matter. The metals are now assumed to have been

derived from sedimentary rocks, but the types of rocks
involved and the means by which the metals were released
are not yet resolved. Two types of sedimentary source
rock are generally favoured: first, basinal shales, often
laterally equivalent to the host rocks; and second,

carbonate rocks, including the host rocks themselves. The



létter éource, particularly carbonate rocks associated with

evaporites, is the one favoured by the present writer. |

Carbonate sediments provide not only a means of preferential-

ly fixing the required metals during deposition, but

subsequent, normal diagenetic processes enable the metals

to be released into the formation waters. These aspects

will be investigated in this section, together with the
spatial association and possible causal links between

MV-type deposits and marine evaporites.

2,2 Carbonate'Rocks as a Source of Lead and Zinc

The sugzgestion that metals for MV-type deposits were
derived from carbonate rocks has been put forward many times
in the literature. Goldschmidt (1954) concluded that small
amounts of zinc must be a normal constituent of limestones,
as crystals of sphalepite are often found as a product of
'recrystallization'. DMonseur and Pel (1972) cbserved a
close field relationship between reefs, dolomitization and
stratiform lead-zinc deposits. Shearman (1972) discussed
how the metals required for MV-type deposits might be
temporarily fixed in calcite and aragonite and released
to solution during diagenesis. Johnson (1972) proposed
that metals were released from skeletal carbonates by dia-
genetic processes acconmpanying deposition, such as dolo-
mitization by magnesium-rich, evaporitic brines. Roberts
(1973) also invoked evaporitic conditions and proposed the
release of lead and zinc to pore waters as a result of
dolomitization. Finally, Bubela et al. (1975) have shoﬁn
by means of a simulated sedimentary system that lead and

zinc are concenbrated by metal-carbonate interactions during



the‘precipitation of carbonates. Metals fixed during pre-
cipitation can presumably be released again during diagenesis.
If carbonate minerals have served as an intermediate
repository for lead, zinc and the other required elements,
a means must be found by which these metals were pre-
ferentially removed from seawater and temporarily fixed by
the carbonate sediment. A brief review of carbonate
mineralogy reveals that anhydrous carbonates fall into
three crystallographic groups, namely, the calcite, aragonite
and dolomite groups (Dana, 1932; Berry and Mason, 1959).
Carbonate-forming metals which possess an ionic radii larger
than that of calcium crystallize in the aragonite group
(orthorhombic system), while smaller cations make up the
calcite group (hexagonal system). .The ionic radius of
calcium is such that it can be accommodated in either
lattice; hence, calcium carbonate is dimorphous, occurring
either as the mineral calcite or as aragonite. These two
minerals are of particular importance because they were the
dominant depositional constituents of carbonate rocks.
Figure II-1 lists the various minerals of the two
groups as a function of the ionic radii of the different
metals. In addition to those shown, an unnamed nickel
carbonate (0.69 & units) may also be stable in the sedi-
mentary environment.‘ It can be seen from the figure that
the metals that commonly reach economically exploitable
concentrations in MV-type deposits (Pb, Zn and Ba), or that
are present in the principal gangue minerals (Fe and Mg),
or that occur as traczs metals (Co, Cd and possibly Ni) all
form carbonate minerals in either the aragonite or calcite

groups. In fact, excluding fluorine and silicon for the
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moment, the only elements characteristically present in
MV-type deposits (Snyder, 1968) which apparently do not
form anhydrous carbonate minerals are copper, germanium,
silver and arsenic. These metals occur in many mining
districts, but are only present in minor or trace amounts.
On the other hand, the only carbonate-forming metals which
are not normally present within MV-type deposits are
manganese and strontium, élthough the latter is occasionally
present where celestite occurs as an accessory mineral.
This remarkable overlap in the elemental constituents of
carbonate minerals and carbonate-hosted ore deposits would
appear to favour carbonate rocks as the source of the metals.

The required metals not only form distinct carbonate
minerals, but, what is more important, they can and do
substitute for calcium in the two principal sedimentary
carbonate minerals, aragonite and calcite. Partial or
complete substitution series are known to exist between
calcite or aragonite and the other minerals of their respec-—
tive mineral groups (Dana, 1932). Thus, strontium, lead
and barium substitute for calcium in the orthorhombic
aragonite lattice; while magnesium, zinc, iron, manganese,
cobalt, cadmium and possibly nickel take the place of calcium
in the hexagonal calcite lattice. The behaviour of mag-
nesium and strontium as minor elements during the course
of carbonate precipitation and diagenesis is well under-
stood, and it is not unreasonable to assume that lead and
zinc would follow suit. |

Present-day marine carbonate sediments are known to
consist'mainly of high-magnesium calcite and aragonite.

Magnesian calcites typically contain 11 to 19 mole percent
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MgCO3, while aragqnite contains less than 5 percent MgCO3
(Bathurst, 1971). Strontium shows an antipathetic relation-
ship; aragonitic muds, corals and odlites typically contain
between 8000 and 10,000 ppm strontium, while maghesian
calcites rarely contain more than one thousand ppm (Kinsman,
1969; Bathurst, 1971). During diagenesis, both forms of
calcium carbonate are replaced by low-magnesium caicite or
dolomite. In most limestones, aragonite appears to have
gone into solution and the calcium and carbonate ions then
reprecipitated as calcite, minus almost all of the strontium.
Magnesian calcites appear to have behaved somewhat different-
ly; in most instances, they remain morphologically intact,
but in some way have lost most of their magnesium. In both
situations, Shearman (1972) concluded that léad, zinc,
barium and the other trace metals were likewise released
to the pore waters. w

Dolomitization, either accompanying sedimentation or
later in the subsurface, is another means by which carbonate
sediments were diagenetically stabilized. The formation
of dolomite would be expected to release minor and trace
elements from the original carbonate sediment to the
formation waters. This process was favoured by Johnson
(1972) and Roberts (1973).

In addition to sphalerite, galena and barite, the
mineral fluorite occurs as ore in some liV-type deposits
and as a gangue in others. Once again, the source of the
fluorine may well have becen carbonate minerals, particularly
aragonite. Carpenter (1969) reported that the fluoridé
content of aragonite of Recent sediments averages 1075 ppm,

while that of calcite is about 300 ppm. Kitano and Okumura
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(1973) also found that the amount of fluoride coprecipitated
with aragonite is greater than that with calcite. More
importantly, they found that most of the fluoride held by
arégonite was released during diagenesis; fresh aragonitic
corals were found to contain 1000 ppm fluoride, while their
limestone equivalent carried only 100 ppm (ibid.). Moore
et al. (1972) suggested that fluoride, liberated by early-
stage dolomitization of aragonitic muds, could account for
the presence of crystals of fluorite in the upper part of

a Lower Cretaceous, carbonate beach sequence in Texas.
Indeed, considering the quantities of fluoride involved,

it is surprising that fluorite is not more frequently
reported from carbonate rocks.

The fact that fluoride is preferentially incorporated
by aragonite suggests that it should follow the sedimentary-
diagenetic route taken by lead and barium. This ih turn
implies that MV-type fluoride deposits should be associated
with galena and/or barite mineralization, never with
sphalerite alone. This inference appears to be borne out
by field occurrences in the United States and also in
Britain, where Smith (1973) argued a sedimentary-diagenetic
origin.

Silica, either in the form of quartz or Jjasperoid, is
another substance which is sometimes found in significant
quantities in MV-type deposits. The Tri-State district of
the United States is one example (Brockie et al., 1968).
Snyder (1968) suggested that the amount of silica present
is directly proportional to its abundance in the adjacent
host rock. If this is indeed the case, a similar explanation

might account for the presence of elements which cannot be



accommodated by the carbonate lattice. Thus, the mindrvor
trace amounts of copper, silver, germanium or arsenic
sometimes found may be related to the amount of argillaceous
or arenaceous material in the host rock, or otherwise
gleaned by the metal-bearing brines.

Marine carbonate sediments appear capable not only of
| incorborating the metals required for MV-type mineralization
- during deposition, but of specifically excluding those
elements which are conspicuous by their relative or total
absence from the ores. Of course, chemical analyses of
ancient carbonate rocks reveal a full spectrum of trace
elements; however, most of these elements, including much
of the remaining lead and zinc, are adsorbed by argillaceous
or organic matter in the limestone. As such, they are
uﬁlikely to be released by normal diagenetic processes,
and thus fail to satiéfy an essential requirement of any
source rock. Only those elements which can be accommodated
by the calcite or aragonite lattice are likely to be sub-
sequently released and redistributed.

With the possible exception of the paper by Bubela et
al. (1975), proof that lead and zinc actually do follow the
example set by strontium and magnesium has not béen put
forward in the literature. Experimental data on the co-
precipitation of zinc with calcium are as yet controversial
(Wedepohl, 1972). Numerous analyses of ancient, post-
diagenetic limestones and dolomites are available, and
compilations of the'chemical conmposition of various skeletal
components have been published (Wolf et ail., 1967; Milliman,

1974), but none of these sources provides the sort of data

57'
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needed to confirm the model.

During the course of this study, an attempt was made
to determine the lead and zinc content of samples of present-
day, marine carbonate sediments from the Trucial Coast of
the Persian Gulf. Because of the close proximity of the
Trucial Coast sabkhas, the samples chosen clearly qualify
as arid-climate carbonate-evaporite associations. Unfortunate-

ly, the results obtained can only be regarded as semi-

| Quantitative at best. This was due primarily to the presence
of remarkably large amounts of organic matter in the
sediment, a material which stubbornly resisted all atfempts
to dissolve it. In order to proceed with the analyses,
it was simply filtered off and discarded. Thus, there was
no way of knowing how much metal, formerly contained in
the aragonite or calcite lattices, was adsorbed by the
organic matter following dissolution of the carbonates.
Zinc was determined by atomic adsorption and a polarograph
was used to analyze for lead.

Zinc concentrations for a batch of 17 samples are
shown in histogram form in Figure II1-2; they range from 10
to 94 ppm. These values suggest that the carbonate sediments
of the Trucial Coast are indeed enriched relative to ancient
limestones. The latter typically contain about 20 ppm zinc,
of which 10 or 15 ppm are associated with the insoluble
residue (Wedepohl, 1972). The distribution shown in Figure
II-2 indicates that some 40 percent of the samples contain
at least three times more zinc than their post-diagenetic
equivalents. VWithin those samples which are enriched, some
30 or 40 ppm zinc would appear to be available for later

redistribution.
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Figure II-2. Histogram of zinc content of Recent
carbonate sediments from the Trucial Coast, Persian
Gulf.

TLead could not be detected in spite of the fact that
the samples‘were up to 70 percent aragonite and the analy-
tical‘detection limit was less than‘l ppm. It can only be
assumed that the lead was essentially all swept up by the
organic matter, although the reason why one metal and not

the other should be removed in this way is unknown.

2.5 Open~ versus Closed-System Diagenesis

The incorporation of trace amounts of lead, zinc,
barium, fluorine and other elements by carbonate sediments
can be considered to represent a sedimentary enrichment
cycle. It is a small, but criticai, first step in the
direction of an ore deposit. However, the potential to form
ore can subsequently be enhanced or destroyed depending on

whether the metals are released into pore waters as a result
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of open- or closed- system diagenesis. In the former, finite
‘quantities of metals are released to an essentially.infinite
amount of aqueous solution; in the latter, the same quantity

of metals are released to a limited volume of solution. "\\

Diagenetic alterations of carbonate sediments can be //
grouped into one of three broad diagenetic environments,
namely, subaerial; subsea and subsurface environments
(Purdy, 1968). For obvious reasons, the most thoroughly
studied and best understood diagenetic processes are those
which occur subaerially. Except in certain situations,
which will be discussed later, subaerial diagenesis would
be expected to effectively destroy the potential to form
ore. The release of metals to large volumes of thrbugh-
flowing meteoric waters or to groundwaters which were sub-
sequently discharged into the sea would result in rapid
dilution and dispefsal. The same argument could be applied
to subsea diagenesis. Thus, subaerial or subsea diagenesis,
characterized by relatively brief, early-stage and open-
system processes, appears to be generally unsuitable for
MV-type ore formation. Subsurface diagenesis, on the other
hand, can be both late-stage and can occur in a system which
is more or less closed.

Subsurface carbonate diagenesis is probably a much more
widespread and imporfant phenomenon than is generally
recognized. Purdy (1968) concluded that lithification of
the vast majority of carbonate sediments was the result of
both subaerial and subsurface processes. ’The fact that
borehole cores from the Eniwetok and Bikini Atolls consist
predominately of unlithified aragonitic sediments to depths

of 3000 and 4000 feet (Schlanger, 1963) suggests that



41.

subsurface diagenesis may be responsible for the
stabilization and induration of vast thicknesses of lime-
stone in the geologic reéord. In the case of evaporite-
aséociated carbonate rocks, diagenesis had to consist of
relatively closed-system processes; otherwise, thg“soluble
evaporite minerals would not be preserved. /

Unlike diagenesis in the subaerial or subsea environments,
subsurface processes had a great deal of time over which
to operate. As a result, small changes in temperature,
pressure or chemical composition of the pore waters Were
probably sufficient to initiate diagenesis and the release
of any excess trace metals. If a limited volume of brine
was involved in the process, ore-forming potential may
actually have been enhanced, as previously set out in
Table I-1.

A'special case may arise where penecontemporaneous
dolomitization of carbonate sediment was promoted by reflux-
ing, highly saline brines. A limited volume of brine usually
appears to have been involved. Furthermore, its high
density could have enabled it to retain its identity on
being returned to the sea, where it might have flowed as
a density current into deeper portions of the basin. If
the refluxing brine encountered an organic-rich, sedimentary
environment where hydrogen sulphide was being generated, a
syngenetic enrichment could result. Such an ore-forming
process is envisaged for the lMcArthur River lead-zinc
accunulations of northern Australia where a bituminous shale,
rich in pyrite, sphalerite and galena, is associated with
thick, carbonate-evaporite complexes of Proterozoic age

(Muir, personal communication). A similer explanation is



thought to be applicable to lead- and zinc-rich shales and
mudstones deposited seaward of the Middle Devonian,
carbonate-evaporite complex of western Canada. This
occurrence, reported by Macqueen et al. (1975),will be
discussed with regard to uranium enrichment in a later

. J
section of this thesis.

2.4 Lead-Zinc Deposits and Marine Evaporites

Russian geologists appear to have been the first to

42.

recognize a positive correlation between lead-zinc deposits

and carbonate rocks deposited in hot, arid climates.
Strakhov (1970) proposed that the major accumulations of
these elements are found in dolomites and calcareous
dolomites, rarely in dolomitized limestones; that is, the
deposits are restricted to evaporitic carbonates that formed
during the initial stages of evaporite deposition (ibid.).
Davidson (1966) developed the concept further by pointing
out the spatial associations of IMV-type deposits and
evaporites, both in North America and Europe. He suggested
that ore deposits formed where deeply circulating, chloride-
rich brines intermingled with brines enriched in sulphate
and hydrogen sulphide.

If a positive correlation does indeed exist between
evaporites and MV;type ores, it follows that the host rocks
must have been deposited in former equatorial zones. At
the present time, precipitation of evaporites is restricted
to latitudes below 30 to 35 degrees (Kinsman, 1975). It
is also thought that this belt of potential evaporite
formation has been approximately the same width since at

least the late Mesozoic (Smith et al., 1973; Kinsman, 1975).



Assuming broadly similar climatic zones eXisted throughout
the whole of the Phanerozoic, rocks which now host lead-
zinc deposits should have been deposited within 30 to 35
degrees of the palaeo-eguator for an association with
evaporites to exist.

To test this idea, the locations of MV-type deposits
throughout the world have been plotted on the palaeogeo-
graphic maps constructed by Smith et al. (1973). Without

___apparent éxception, the deposits discovered to date all lie

w;thin the specified latitudes. Figures II-3, II-4 and
ii—B illustrate the situation for the Triassic, Lower
Carboniferous and Cambrian-Lower Ordovician respectively.
Figure II-3 reveals that the principal Iuropean occurrences
are hosted by rocks around the western margins of Tethys,

where restricted circulation, coupled with high evaporation
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rates, led to the deposition of extensive carbonate-evaporite

complexes. Similarly, MV-type deposits hosted by rocks of
Lower Carboniferous and Cambrian-Lower Ordovician age all
lie well within 30 degrees of the equator as it is thought
to have existed at the time.

It could be argued, of course, that carbonate rocks
are themselves deposited in low latitudes, and that the
distributions shown in Figures II-3, II-4 and II-5 do not
necessarily imply an.association with evaporites. Present-
day carbonate sedimentation is generally regarded as a low-
latitude phenomenon, but reports of highly calcarsous
sediments forming well outside the tropics show that no
such restriction can be applied. For example, areally
extensive carbonates are known to be forming on the sheives

ofi southern Australia and northwestern Europe (Lees and
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Figure II-3. DPalaeogeographic distribution of Mississippi Valley-type
deposits in Triassic rocks (220 20 million years): gl Poland;

(2) Austria; (3) Italy; (4#) Yugoslavia; (5) Bulgaria (map after Smith
et al., 1973).
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Figure II-4. Palaeogeographic distribution of Mississippi Valley-type
deposits in Lower Carboniferous rocks (340 30 million years): (1) England;
E2§ Ireland; (3) Gays River, Nova Scotia; (4) Illinois-Kentucky;

5) Tri-State (map after Smith et al., 1973).
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Figure II-5. Palaeogeographic distribution of Mississippi Valley-type
deposits in Cambrian-Lower Ordovician rocks (510 40 million. years): _
1) Austinville-Ivanhoe, Virginia; (2) Mascot-Jefferson City, Tennessee;
3) Central Kentucky; (4) Upper Mississippi Valley; (5) Southeast Missouri;
6) Metalline-Salmo; (7) Cornwallis Island (map after Smith et al., 1973).
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Buller, 1972). Stehli (1973) also concluded that evaporites
vwere a much more precise indicator of palaeolatitude than
limestones. A possible exception is odlitic limestone, but
Stehli regarded this as the first step in evaporite deposition.
Briden and Irving (1964) also indicated that evaporites were
restricted to equatorial zones while carbonates were not.
Thus, it is reasonable to conclude that the global dis-
tributions shown in Figures II-35, II-4 and II-5 are indica-
tive of cérbonate-evaporite depositional environments, rather
than carbonate environments alone.

In view of the foregoing, palaeogeographic reconstruc-
tions could be of value in directing global exploration
effort for MV-type deposits, or for purposes of global
resource appraisal. For example, parts of the Middle East
have apparently been located in the equatorial zone through-
out almost the whole of Phanerozoic time (Smith et al., 1973).
North America and Europe were similarly located during most
of the Palaecozoic and early Mesozoic (ibid.). Although
the vast majority of known MV-type deposits have been feund
in Palaeozoic and Mesozoic rocks of Europe, North America
and North Africa, it follows that the Middle East should
possess large, as yet undiscovered, reserves of lead and zinc.

Palaeogeographic reconstructions shculd equally well
tell the geologist where not to direct his exploration
effort. Australia, for example, has been out of the
equatorial zone since the Lower Carboniferous (Smith et al.,
1973), and thus rocks younger than this would not be expected
to contain MV-type ore. Similarly, Antarctica and the
whole of eastern and northern Asia have been located in

temperate or polar regions since the Cambrian-Lower
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Ordovician (ibid.). The southern halves of Africa and South
America have also been positioned outside equatorial lafi-
tudes throughout the whole of Phanerozoic time (ibid.).
There also appears to be a positive correlation in
geologic time alone between the occurrence of MV-type
deposits and the deposition of both marine evaporites and
certain types of carbonate sediments. Figure II-6, based
largely on the conclusions of Veizer (1973) and Ronov (1972),
reveals an overlap in time between the age of lead-zinc
host rocks, the onset of extensive evaporite depositipn and
the dominance of shallow-water, biogenic limestones. As
already mentioned, substantial MV-type deposits first appear
in Early Palaeozoic sediments and occur from that point in
time through to at least the end of the Meéozoic era.
Mississippi Valley-type deposits in Proterozoic rocks are
apparently neither abundant nor large (Stanton, 1972). With
regard to evaporites, calcium sulphate minerals began to
'make an appearance in the Middle Proterozoic (Ronov, 1972),
but such evidence, usually in the form of pseudomorphs after
anhydrite or gypsum, is as yet relatively rare. One
important locality is the McArthur River district of
northern Ausralia, where pseudomorphs occur in a dolomitic
succession some 1500 million years old (Muir, personal
communication). However, the more soluble salts first
began to make an appearance at the Proterozoic-Palaeozoic
boundary (Ronov, 1972; Veizer, 1973), and large quantities
of evaporites have been precipitated ever since. Carbonate
sedimentation, on the other hand, appears to have evolved
through time, being dominated in turn by what Veizer (1973)

referred to as iron-rich dolomites, inorganic-biochemical
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limestones (stromatolites?), shallow-water, biogenic lime-
stones (reefs and lagoons?) and, finally, pelégic limestones.

The temporal relationships shown in Figure II-E appear
to eliminate the possibility that carbonate rocks played a
passive role in ore formation; that is, that they provided
a suitable host and nothing else. Carbonate rocks as such
have been deposited throughout most of the geologic past;
MV-type deposits first began to make an appearance when
shallow-water, biogenic limestones became dominant. The
latter were typically deposited within large, epicontinental
seas where restricted water circulation and high evaporation
rates often resulted in the precipitation of extensive marine
evaporites. The Middle Devonian carbonate-evaporite complex
of western Canada is one of many such examples. It is
suggested that this combination of shallow-water, arid-
climate carbonates and marine evaporites was essential for
the formation of MV-type deposits.

More specific evidence of the associaticn of evaporites
with MV-type deposits was provided by Bush (1970). He
pointed out that the chemical compositicn cf brine inclusions
from MV-type ore minerals was remarkably similar to that
of saline groundwaters from the Trucial Coast sabkhas.
Because of the potential significance of these findings,
an attempt has been made to cornfirm that evaporite-derived
brines were indeed the ore-forming fluid.

The chemical composition of residual brines produced
by evaporation of seawater within present-day solar salt
plants is known from the work of Herrmann et al. (1973)
and Zherebtsova and Volkova (1966). UWhen these are compared

chemically with brine inclusions of equal chlorinity from
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the Tri-State district of the United States (Roedder, 1967),
as in the upper diagram in Figure II-7, it is apparent that
a number of dissimilarities exist. The typical fluid
indlusion is enriched in calcium and depleted in sulphate
and magnesium relative to residual brines from solar salt
plants. On fhe other hand, the values for total dissolved
solids, sodium and potassium are broadly similar. The '
observed chemical differences are probably due to the fact
that brines within solar salt plants, unlike those in a
sabkha, were not able to react with earlier-formed carbonates
to form dolomite and additional calcium sulphate (Shearman,
1966; Bush, 1970). When these two diagenetic processes

are simulated, the two brines can be seen to be remarkably
similar in composition (Figure II-7, lower diagram). The
higher calcium content of the Tri-State fluid inclusions
may be due to dissolution of the limestone host rock during
ore deposition, about which more will be said in a later
section.

The findings of Bush (1970), which are supported by
the results illustrated in Figure II-7, reveal a great deal
about the origin of the ore-forming brine. In the first
place, an association ﬁith marine evaporites seems inescapable.
It is also most unlikely that more than one brine was
involved in the ore-~forming process; the addition of a
second, genetically unrelated brine would not Be expected
to result in the observed chemical similarities. The
composition of the brine inclusions may also be a guide to
the type of evaporitic facies from which the ore-forming
brines were derived. The range of salinities reported by

Roedder (1967) is equivalent to that of seawater evaporated
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Figure II-7. Diagrammatic comparison of chemical com-
position of evaporitic residual brines with fluid in-
clusions from MV-type deposits: upper diagram refers

to brines from solar salt plants; lower diagram is plot
of inferred brine composition following dolomitization
and secondary anhydrite precipitation.



té the final stages of carbonate deposition or to the
initial stages of sulphate precipitation. Furthermore,
the chemical composition'of the inclusions in the Tri-State
disvtrict indicates that the ore-forming fluids were the
residual, connate brines derived from carbonate-sulphate
complexes. The suggestidn that they were connate brines
- and not brines of dissolution is borne out by the potassium
(Figure II-7) and boron contents. Roedder (1967) reported
the boron content of a typical brine inclusion is about
35 milligrams per litre, whereas a brine of equal chlgrinity
from a solar salt plant contains about 42 milligrams pexr
litre (Zherebtsova and Volkova, 1966). Based on the
available evidence, it seems most unlikely that the ore-
forming fluids can have been anything but connate brines
from evaporitic, carbonate-sulphate complexes. This con-
clusion in turn suggests that afid-climate, evaporitic
carbonates were the most likely source of the metals, and
that diagenesis was essentially a closed-system process.
The association in the field of ore host rocks and
laterally equivalent carbonate-sulphate sequences supports
the above conclusions. In the Pine Point area, thick (400
feet) and areally extensive deposits of calcium sulphate,
interbedded with evaporitic carbonate rocks, are found
within a few miles of the ore deposits (Skall, 1975). In
England, several hundred feet of Lower Carboniferous
anhydrite have been reported from borehole cores a few
miles east and south of the Derbyshire orefield (Dunham,
1973; Llewellyn and Stabbins, 1970; Llewellyn and Stabbins,
1968). The Lower Palaeozoic host rocks of the eastern

United States are also believed to have been deposited
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under evaporitic conditions. Harris (1973) suggested that
the extensive Upper Cambrian and Lower Ordovician carbonate
rocks of that area were deposited in a broad, shallow,
epicontinental sea, where high evaporation rates and
restricted water circulation resulted in shoreward-increasing
salinity. Widespread dolomitization of the original lime-
stone facies is believed to have taken place in both supra—A
tidal and subtidal environments (ibid.). In eastern
Tennessee, it is interesting to note that MV-type deposits
are confined to a two hundred foot zone in the upper part

of the dolomite (ibid.).

2.5 Shales as a Possible Source of Lead and Zinc

Basinal shales are anotﬁer commonly proposed source
of metals for MV-type deposits (Beales and Jackson, 1966).
At first sight, shales would certainly appear to be an
obvious source simply because they presently contain more
lead and zinc than other sediment types. This dces not
necessarily mean, however, that they have released metals
to solution in the past; in fact, exactly the opposite
could be argued. In addition, shales are typically enriched
in all metals, not Jjust lead and zinc. Thus, to account
for the relatively simple mineralogy of MV-type deposits,
preferential release, transport and/or precipitation of the
required metals would have to be demonstrated. In moét
cases, deriving the metals from the shales would require
two distinct ore-forming brines, oﬁe supplying the metals
and one}the sulphur. Fluid inclusion evidence does not
support this requirement. It would also have to be shown

in all instances that a suitable shale was reasonably
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close at hand, a question which does not arise if the
carbonate-evaporite host rocks were themselves the source
of the metals.

Therefore, although perhaps initially attractive in
some field areas, the writer feels that there are a number
of complications which dictate against obtaining the metals
from shales. However, recent work by Carpenter et al. (1974)
and Macqueen et al. (1975) in support of this model ensure

that the debate will continue for some time.
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3. SOURCE OF THE SULPHUR

3.1 Introduction

The principal ore minerals of MV-type deposits are
made up of equal numbers of metal and sulpﬁur ions. During
the formation of an ore deposit, an adequate and continuous
supply of one was no more or less important than that of
the other. However, for obvious economic reasons, the
origin of the sulphide has generally not received the
attention it deserves. Typically, discussions of ore genesis
have been concerned only with questions of metal source and
metal transport. In all too many cases, the word sulphur
has not been mentioned.

From a practical point of view--that of actually
finding an ore deposit--the source of sulphur is of fore-
most importance. Anderson (1975) concluded that MV-type
ores were precipitated because the reduced sulphur content
of the metal-bearing brine had been abruptly increased at
the site of deposition. If this is true, geologists
exploring for this type of deposit are actually looking
for sites where reduced sulphur has been made available at
some time in the past. In other words, they are looking
for suitable chemical traps. By analogy, petroleum geo-
logists and geophysicists spend most of their time looking
for physical traps which might contain oil or gas. It
is hoped to demonstrate that the overlap between these two
fields of endeavour is more than just theoretical.

Thus, considerations of sulphur geochemistry should

limit to some extent the possible sources of sulphur for



MV-type deposits. This, in turn, migh£ help explain why
deposits were located where they were and why the ore was
characteristically formed at certain temperatures. More -
importantly perhaps, the production of a reduced sulphur
épecies in the subsurface may leave behind important petro-

logical and geochemical clues of value in exploration.

3.2 Sulphur Isotopes and Mississippl Valley-Type Ores

Isotope studies have been able to limit, to some extent,

the possible sources of sulphur for MV-type ores.

The relative abundance of the four stable sulphur
isotopes in various sulphur-bearing materials is known
to deviate substantially from their overall terrestrial
abundance. The observed isotopic fractionation was induced
by slight differences in the physiéo—chemical properties

of the different isotopés. Two types of processes are
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thought to héve been responsible fer the observed variations:

kinetic processes, whereby particular isotopes preferentially

entered into chemical reaction; and equilibrium, isotope

exchange reactions, in which isotope distributions changed

without ordinary chemical changes in the system (Hoefs, 1973).

This study is concerned primarily with kinetic fractionation.

Differences in the relative abundance of the two
principal sulphur isotopes are generally expressed relative
to those of meteoritic sulphur, according to the following
formula:

54S/st(sample) - 345/32S(std.)
5 34
S = X 1000,

5%5/%25(std. )
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where 8548 is given as a per mil value. 'Light' sulphur,
that containing more of the lighter, 52S isotope than
meteoritic sulphur, has negative 8548 values. 'Heavy'
sulphur, containing more of the 345 isotope, has positive
values.

The 543/525 ratio for the earth as a whole is thought
- to be very close to that of meteoritic sulphur (Stanton,
1972). It follows that 8548 values for sulphur derived
from deep-seated, magmatic sources should cluster close
to zero. On the other hand, sulphur derived from surface
or near-surface sources, where a variety of inorganic and
organic fractionation processes have been operative, would
be expected to possess highly variable 8548 values. In
general, these predictions are confirmed by the 8348 values
of sulphide ore minerals. High temperature, magmatic ore
deposits fypically show a narrow spread of SBAS vaiues very
close to zero; low temperature, sedimentary or biogenic
ores exhibit highly variable 8348 values (Stanton, 1972;
Hoefs, 1973; Jensen and Dessau, 1967). With regard to
MV-type deposits in particular, sulphur isotope studies
have indicated a non-magmatic, sedimentary or biogenic
origin (Jensen and Dessau, 1967; Solomon et al., 1971;

Heyl et al., 1974).

Most sedimentary sulphide is thought to have ori-
ginated almost entirely from the reduction of seawater
sulphate (Sangster, 1968; Stanton, 1972). The 854S value
for seawater sulphate has varied throughout time, but has
always been positive relative to meteoritic sulphur, pro-
bably owing to its higher oxidation state. Because sulphate

reduction typically leads to enrichment of the light sulphur
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isotope, sedimentary sulphide is generally lighter (more
negative 5548 values) than the sulphate from thch it was
derived (ibid.). |

With regard to MV-type deposits, one of the best
compilations of available isotopic data is that of Solomon
et al. (1971). Their work revealed that 8548 values for
sulphate ore minerals from a nﬁmber of different deposits
coincide with those for contemporaneous seawater sulphate.
However, the sulphide ore minerals are enriched in the
light isotope by anything from zero to 50 per mil; a typical
enrichment is perhaps 20 per mil. As such, MV-type sulphides
tend to be heavier, that is, have undergone less fractiona-
tion, than most sedimentary or biogenic sulphur (Stanton,
1972). 1In one important mining district, the Pine Point
district of western Canada, sulphate reduction has evidently
taken place with negligible isotopic fractionation (Sasaki
and Krouse, i969).

The results of sulphur isotope studies indicate that
the ultimate source of the required sulphur was almost
certainly contemporaneous seawater sulphate. The question
to be answered then becomes one of how the sulphate ion
was reduced to sulphide so that it was available at the
time of ore formation.

Sulphate reduction can take place either bacterially
or non-~bacterially, and invariably involves organic matter.
The epigenetic nature of MV-type mineralization and the
temperatures at which the ore minerals were typically formed
limits likely sulphate reduction processes to three

possibilities:



(1) bacterial sulphate reduction in the subsurface,
utilizing maturated organic matter such as
petroleum;

(2) bacterial sulphate reduction accompanying
sedimentation, the reduced sulphur species
being incorporated by disseminated organic
matter and released in the subsurface as a
result of thermal maturation;

(3) non-bacterial or chemical sulphate reduction,

once again utilizing petroleum or some other
maturated organic matter in the subsurface.

Each of these three possibilities will now be discussed.
Of particular interest to this study is the temperature
range over which each of these processes may have operated,

and the capacity of each to have generated reduced sulphur.

3.3 Bacterial Sulovhate Reduction

The concept of bacterial sulphate reduction in the
presence of petroleum was first applied to lead-zinc ores
in carbonates by Bastin (1926). Following the development
of isotopic techniques some 40 years later, the possibility
was again put forward, this time by Jensen and Dessau (1966).
Since then, bacterial reduction of sulphate has become one
of the most widely accepted explanations for the origin of
the required sulphide. It is humbling to realize how little
our understanding of the problem has increased in the half
century since Bastin's work was published.!

There are two types of bacterial sulphate reduction,
referred to as assimilatory and dissimilatory reduction.
The latter is the only important process in the biosphere
that results in a large isotopic fractionation (enrichment
in 52S)’between sulphate and sulphide (Orr, 1974a).
Dissimilatory sulphate reduction accounts for sulphides in

sediments, for many metal sulphide and elemental sulphur

60.
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deposits, for sulphur in petroleum and for hydrogen sulphide
in natural gas (ibid.). Entry into an extensive literature
is provided by Goldhaber and Kaplan (1974), Trudinger et
al., (1972), ZoBell (1963) and Kuznetsov et al. (1963).
Dissimilatory, sulphate-reducing bacteria belong to

the genera Desulfovibrio and Desulfotomaculum, the former

being more common in marine environments (Goldhaber and
Kaplan, 1974). Like all living organisms, these specialized
anaerobic bacteria are essentially catalytic systems; their
effects on chemical reactions are primarily kinetic. In
nature they are found over a wide range of pH and salt
concentrations, but generally grow best at neutral pH in
the absence of oxygen (ibid.). Sulphate serves as the
terminal oxidizing agent for respiration of sulphate reducers,
thus replacing the biochemical function of oxygen in aerobic
organisms. In fact, all sulphur compounds with an oxidation
state above sulphide are capable of acting as electron
acceptors during the biological oxidation of organic matter
(Orr, 1974a). The end-product, sulphide (H,8 & HS—ziSa-),
is released into the environment. The sulphate reducers
themselves appear to be remarkably tolerant to hydrogen
sulphide; exposure to solutions of 2 percent or greater are
reported to have had little effect on their viability
(Miller. 1950). Trudinger et al. (1972) suggested, contrary
to what is generally believed, that many other micro-
organisms can tolerate significant amounts of hydrogen
sulphide as well.

In spite of the importance and ubiquous nature of
sulphate-reducing bacteria, they are apparently capable of

metabolizing a very limited range of organic compounds--
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substances which are certainly not abundant in many
environments where bacterial sulphate reduction is known

to occur (Goldhaber and Kaplan, 1974; Trudinger et al.,
1972). For example, it is unlikely that petroleum can

be utilized by sulphate reducers directly. It must be
assumed, therefore, that a symbiotic relationship exists
with other micro-organisms, whereby complex organic mole-
cules are degraded to substances which the sulphate reducers

can handle (ibid.).

Bacterial sulﬁhate reduction is capable of producing
quite large amounts of reduced sulphur. Goldhaber and
Kaplan (1974) proposed that sulphate reduction in the
marine environment, utilizing organic matter of "average
composition", proceeded according to the following
generalized equation:

2(CHZ0) + soﬁ‘—» 2HCOZ + HS.

The overall stoichiometry of this reaction suggests that
about 0.5 weight units of sulphide are produced for each
weight unit of raw organic matter consumed. Bacterial
reduction in the subsurface, particularly at temperatures
characteristic of MV-type ores, would be expected to
utilize maturated organic matter. When specific hydro-
carbons are used, as‘in the series of reactions presented
by Feely and Kulp (1957), between 1.5 and 2 weight units
of sulphide are generated for each unit of hydrocarbon
oxidized.

The upper temperature limit for bacterial sulphate
reduction is still debatable, but there seems little doubt

that characteristic ore-forming temperatures lie above the
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optimum range for bacterial adtivity. Orr (1974b) stated
that optimum temperatures for microbial reduction of suiphate
are between 30 and 40 degrees C, and that their activity

is drastically reduced at temperatures above 60 degrees.

Orr (1974a) suggested that most bacterial growth ceases

at temperatures above 70 to 75 degrees C because essential
enzymes are thermally deactivated--an opinion shared by
Trudinger and Bubela (1967). Wallhaiisser and Puchelt (1966)
found that the upper temperature limit for sulphate-
reducing bacteria obtained from various sulphur springs

and mine waters was, with very few exceptions, between

50 and 70 degrees. Kuznetsov et al. (1963) were of the
opinion that 75 to 80 degrees was the upper limit for
microbial activity, even in a weakened form. However,
ZoBell (1958) claimed that thermal tolerance was increased
by high pressures. He reported growth of sulphate-reducing
bacteria at temperatures as high as 104 degrees C.

In spite of the importance of ZoBell's findings,
supporting evidence has apparently not been forthcéming.
Considerable care must also be exercised in extrapolating
such results from the laboratory to the natural environment.
As has been pointed out, sulphate-reducing bacteria are
apparently dependent on other micro-organisms for their
food supply. Thus, in any natural setting, a host of inter-
dependent micro-organisms~-not just sulphate reducers--must
be able to function at unusually high temperatures and
pressures.

Even assuming bacterial activity is bossible at 104
degrees C, it seems unlikely that in situ tacterial reduction,

contemporaneous with ore formation, can supply more than a
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minor share of the required sulphur. However, it may be
possible to obtain bacterially-derived sulphide--generated
originally at much lower, near-surface temperatures--from

thermal desulphurization of fossil organic matter.

3.4 Thermal Desulphurization of Fossil Organic Matter

Reduced sulphur can also be made available in the
subsurface as a result of thermal desulphurization of
disseminated organic matter, petroleum or coal. The totai
amount produced and its rate of production depend on the
nature and abundance of the sulphur contained by the organic
matter, and on the time-temperature history of the rock.

The amount of sulphur initially incorporated by
sedimentary organic matter is largely determined by the
environment of deposition. When exposed to elevated
temperatures and pressures for sufficiently long periods
of vime, some of the organically bound sulphur is lost,
either to the petroleum produced from the dispersed organic
matter or as hydrogen sulphide. For example, LeTran (1972)
reported on the abundance of hydrogen sulphide trapped in
carbonate rocks of Cretaceous and Jurassic age from the
Aquitaine Basin of France. His data show that hydrogen
sulphide concentrations increase sharply at depths whefe
present-day temperatures exceed about 80 degrees C. LeTran
attributed this to a non-bacterial desulphurization of the
organic matter in the rocks, a process envisaged as a
thermal cracking which cleaves the chemical bonds.

Similarly, reduced sulphur can be obtained as a result
of therﬁal maturation of petroleum. The majority of crude

oils contain between 0.1 and 3 percent sulphur; the world-
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wide average is perhaps 0.6 to 1 percent (Orr, 1974a).

Almost all of this sulphur is incorporated by various organic
compounds, but dissolved hydrogen sulphide and elemental
sulbhur are sometimes encountered (ibid.). Some of the
sulphur was probably derived from the source kerogen,

but much of it may have had a secondary origin--perhaps the

" result of sulphate reduction within the reservoirs. As

was the case for dispersed organic matter, the rate and
extent of thermal desulphurization of petroleum was

dependent on its time-temperature history.

Coal and related materials typically contain abundant
sulphur, either as the mineral pyrite or as organic sulphur.
The latter can vary from 0.5 to 5 percent (Orr, 1974a).

The original, vegetable matter was no doubt the source of
some of it, but the major share is thought to have resulted
from microbial sulphate reduction during the early, pre-
dominately microbiological stage of coal formation (ibid.).
Later metamorphic stages of coalification involved loss of
some sulphur relative to carbon, largely as gaseous
hydrogen sulphide (ibid.).

Thermal degradation of sulphur;bearing organic compounds
was proposed as a source of sulphur for MV-type ores by
Skinner (1967). He suggested thét the release of sulphur
was promoted by the introduction of hot, metal-bearing
brines from depth. Petroleum in structural or stratigraphic
traps was reasoned to be the most likely source. Skinner
suggested that the release of hydrogen sulphide and other
gases from petroleum occurred at significant rates above

100 degrees C.



3.5 Non—Bacterial Sulphate Reduction

Reduced sulphur can also be generated in the subsurface
by non-bacterial, chemical reactions between suiphate ions
and organic matter such as petroleum. Thermodynamically,
the feasibility of sulphate reduction is the same whether
or not bacterial activity is involved. However, many hydro-
carbons are chemically inert and thus fail to undergo
reactions which thermodynamic considerations predict should
occur spontaneously. Crude oils, for example, consist of
hydrocarbons and other organic compounds which are thermo-
dynamically unstable in the environments in which-they are
found, but which are kinetically inactive (Feely and Kulp,
1957). Bacteria take advantage of this situation by pro-
viding organic catalysts which overcome these kinetic
b;rriers, thus causing the reactions to proceed at more
rapid rates than othefwise possible.

The critical question as far as this study is concerned
is whether geologically significant rates of non-bacterial
sulphate reduction are possible at temperatures of 80 to
140 degrees C--those characteristic of MV-~type ores.
Reaction rates are known to be very rapid at 300 degrees
(Toland, 1960), but become increasing sluggish as the
temperature is decreased. However, Behre and Summerbell
(1934) reported early tests in which sulphate was reduced
to sulphide by paraffin-base crude oils at 125 degrees C.
Experiments conducted by Feely and Kulp (1957) at 50 and
100 degrees apparently failed to produce detectable |
quantities of hydrogen sulphide. On the other hand, Orr
(1974b) suggested that geologically significant rates of

non-bacterial reduction are possible within oil reservoirs

66.



67.

at temperatures above 80 to 120 degrees C.

An important contribution to our understanding of
chemical sulphate reduction was made by Toland (1960). He
discovered that mixtures of aqueous sulphate and wvarious
hydrocarbons remained unreacted, even at elevated tempera-
tures, except when hydrogen sulphide was added to the
system. Toland concluded that hydrogen sulphide attacked
the sulphate anion, converting it to less stable species
which in turn reacted with the hydrocarbons. When initiated
or catalyzed by hydrogen sulphide, the reaction went to
completion in 30 to 120 minutes at temperatures of 300 to
350 degrees C. A wide variety of hydrocarbons were used--~
in fact, Toland suggested that any organic compound with
at least one hydrogen—carbonibond would be suitable.

.Toland's experiments were intended primarily for
laboratory and industrial applications, and therefore he
did not investigate reaction rates below 300 degrees C.
However, he was aware that his findings might have bio-
logical and geological significance. He suggested that the
reaction rates would be very slow at lower temperatures,
but that this mechanism of sulphate reduction might apply
over a wide range of conditions. Of course, reaction rates
which are regarded as very slow by an industrial chemist
might be quite significant in terms of geologic time.

One of the first geologic applications of Toland's
work was by Orr (1974b) who explained changes in the sulphur
content and isotope ratios of Wyoming crude oils by means
of a chemical, sulphate reduction process; Orr concluded
that geologically significant rates of non-bacterial

reduction were possible within petroleum reservoirs at
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temperatures.as low as 80 to 120 degrees C. Like Toland,
Orr (1974b) proposed that a reaction between hydrogen
sulphide and aqueous sulphate led to the formation of
elemental sulphur and polysulphides. These sulphur species
of intermediate valence-state then rapidly oxidized the
petroleun and formed additional hydrogen sulphide. Orr

proposed the following reactions:

(1) Sulphate--hydrogen sulphide reaction,

O -
SO~ + 3H 8 — 48° + 2H,0 + 20H™;

(2) Oxidation of hydrocarbons by S°

48° + 1.33(CH,) + 2.66H,0 —> 4H,S + 1.33C0,;

2 2

(3) Net reaction,

2

80, + 1.33(CH,) + 0.66H,0 — H,S + 1.33C0, + 20H,

2

From the point of view of sulphide-generating capacity, it
can be seen that 1.7 weight units of sulphide are produced
for each unit of petroleum consumed.

The rate-controlling step at lower temperatures is
evidently the sulphate-hydrogen sulphide reaction. Thus
reservations as to the feasibility of chemical sulphate
reduction within a particular geologic environment should
be directed at this process. As demonstrated experimentally
by Toland (1960), the rate of this reaction is dependent
not only on temperature, but also on the concentration of
hydrogen sulphide. Thus, petroleum reserveirs which con-
tained sulphur-rich oils and hydrogen sulbhide gas, products
of earlier bacterial reduction or thermal desulphurization

perhaps, would have been the most likely sites for initiation
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of non-bacterial sulphate reduction. As the temperature
of the petroleum reservoir was slowly increased during
burial, the point would be reached beyond which bacterial
sulphate reduction was suppressed and chemical reduction
became dominant--albeit at wvery slow reaction rates.
Because hydrogen sulphide is both a catalyst and a product
of the reduction process, rates of reaction would be
expected to have increased as hydrogen sulphide slowly
accumulated in the reservoir rock. In some situatioms,
the supply of aqueous sulphate might have become the rate-
limiting step.

Dhannoun and Fyfe (1972) also reported on experimental
studies to determine non-bacterial reaction rates of hydro-
carbons and gypsum. Using mbntmorillonite as catalyst,
detectable amounts of hydrogen sulphide were produced in
the laboratory above 300 degrees C. By extrapolating their
measured reaction rates to lower temperatures, they suggested
that geologically significant rates of sulphate reduction
might be poSsible as low as 200 degrees. They stressed,
however, that other catalytic processes might be possible
in nature, and that their measured reaction rates must be
considered only as a lower limitv. Unfortunately, they do
not appear to have been aware of Toland's work, and thﬁs
'did not attempt to use high concentrations of hydrogen
sulphide as a catalyst.

The possibility of non-biological reduction of sulphate
has been hinted at many times in the literature, most recent-
ly with regard to MV-type mineralization by Barton (1967)
and Bush (1970). Fron calculations based on thermcdynamic

stabilities of ore and gangue minerals, Barton suggested
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that the association of sulphate ion and hydrocarbons
remained unreacted below 90 degrees C, thus explaining the
relative absence of ores, as he saw it, in the 50 to 90
degree range. Bush (1970) suggested that non-bacterial
sulphate reduction would supply not only the required
sulphate, but that heat liberated by this highly exothermic

reaction might account for the temperature of ore formation.

3,6 Evaluation of Alternative Means of Deriving Sulphide

The three most likely means of deriving reduced sulphur
for MV-type ores will now be evaluated with regard to: their
capacity to generate sulphide; the temperature range over
which they might be effective; and their compatibility with
available isotopic data. |

It is apparent that a given amount of organic matter
is capable of generating a great deal more sulphide through
sulphate reduction than by desulphurization. A typical
petroleum, for example, contains about one percent sulphur
by weight, but is theoretically capable of generating about
one hundred times this amount if consumed in a sulphate
reduction cycle. Broadly speaking, the larger the quantity
of sulphide produced, the greater the efficiency of the ore-
forming process. Thus, considerations of capacity would
appear to stronglj'favour sulphate reduction.

The wvast amounts of disseminated kerogen and bitumen
in any sedimentary basin mean that large quantities of hydro-
gen sulphide must have been liberated as a result of desul-
phurization. However, in order to form an ore deposit, the
reduced sulphur as well as the metals would have to be

concentrated by a hydrokinetic enrichment cyecle. This
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requirement would necessitate two distinct ore-forming
fluids, as it is unlikely that reduced sulphuf'and metals
were transported by the same brine (Anderson, 1975); Thus,
while thermal desulphurization of disseminated organic matter
certainly possessed the capacity to form ore, it probably
lacked the potential to do so in most situations. As sug-
gested by Skinner (1967), it is more likely to have resulted
in disseminated sulphide mineralization than in ore deposits.

The possibility of having derived the sulphur from
coals can be eliminated because of the lack of correlation
between coal-bearing horizons and MV-type deposits. The
fact that coal still contains significant amounts of inherent
sulphur suggests that only minor quantities were released
during thermal maturation anyway.

Turning to considerations of temperature, it has been
shown that MV-type depoéits were formed within a characteris-
tic range ofitemperatures, typically between 80 and 140
degrees C. It is reasonable to assume that these charac-
teristic temperatures are also those at which ore was formed
most efficiently. If, as seems likely, the sulphide was
supplied by in situ processes, considerations of sulphur
geochemistry may explain why particular temperatures were
favoured.

Mississippi Valley-type deposits are not the only
economic accumulations that are limited by fhe 80 to 140
degree C range. Based on evidence from the western Canada
sedimentary basin, Evans et al. (1971) concluded that crude
o1l was only likely to be preserved in the subsurface at
rock temperatures between 70 and 150 degrees C. Above an

estimated maximum of 150 degrees, petroleum is converted to
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dry gas, the product of a thermal metamorphism and eventual
destruction of oil (ibid.). Thermochemical sulphate reduc-
tion'may have‘played an important part in this destructive
process, as most of the high temperature gas reservoirs in
western Canada also contain large quantities of hydrogen
sulphide. Temperatures of 60 or 70 degrees C were required
to generate the o0il in the first place (ibid.), and also to
preserve it from degradation and destruction by bacterial
processes, sulphate reduction among them. Temperatures |
below 70 or above 150 degrees could be tolerated for relative-
ly short periods of time, but petroleum is only preserved
for geologically significant periods if rates of bacterial
and/or chemical destruction are minimized. The temperature
range over which o0il is stabie is exactly that which appears
to characterize formation of FMV-type ores.

The situation is illustrated in Figure II-8 where, for
purposes of comparison, the temperature dependence of MV-type
ores, petroleum preservation and rates of sulphate reduction
have been plotted on the same temperature scale. It can
be seen that although the temperatures of ore formation
coincide almost exactly with those of petroleum preservation,
the two are completely out of phase with optimum temperatures
for sulphate reduction. The rates of reaction depicted in
Figure I1II-8 are qualitative only, but it is evident that ore
formation took place throughout a temperature range where
rates of sulphate reduction were at a minimum., At first
sight, the existence of this 'kinetic trough' would appear
to dictate against sulphate reduction as'a source of sulphide.
However, from the point of view of ore-forming efficiency,

it may e precisely what is required.
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Thé formation of MV-type deposits by means of sedimentary-
diagenetic processes requires that very large volumes of
metal-bearing brines be brought in contact with reduced
sulphur at specific localities in the subsurface. The
migration of sufficient quantities of brine through the
site of ore deposition will require a considerable period
of time. Thus, all other parameters being equal, the longer

the period of time over which sulphide is generated, or other-
| wise made available, at the site of ore formation, the larger
will be the resulting deposit. If sulphate reduction takes
place too rapidly, the available organic matter, pooled
petroleum for example, will be consumed and the production
of sulphide cease before an ore deposit of any significant
size has had time to form (Dunsmore, 1974). Mineralized
'showings' rather than ore deposits would result. The
ideal situation would be to generate only as much sulphide
as required to fix most of the metals that are being trans-
ported through the site of ore formation at any time. If
petroleum was the organic matter involved, it is essential
that the petroleum reservoir was maintained at temperatures
which restricted destructive processes other than sulphate
reduction, and where even that proceeded at very slow rates.
Carbonate reservoirs containing sulphur-rich oils in contact
with sulphate-rich formation brines may have been one setting
which fulfilled these requirements. Of utmost importance
in this regard is the evidence presented by Orr (1974b) of
a temperature overlap between bacterial and chenical reduc-~
tion. At lower temperatures of ore formation, the major
share of the sulphide may have been provided by bacterial

reduction; at higher temperatures, non-bacterial reduction
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probably became dominant. Minor amounts of sulphide were
undoubtedly also provided by desulphurization.processes
throughout the entire temperature range. Rates of.petro—
leum desulphurization probably increased with temperature,
reaching a maximum with the onset of thermal destruction
at or near 150 degrees C.

In the past, temperature does not appear to have been
regarded as an integral part of the ore-forming process.
In fact, it was generally referred to as the 'temperature
problem' rather than as one of the critical parameters
controlling the rates of chemical reactions which resulted
in ore formation. Because temperatures of 80 to 140 degrees
came to be regarded as abnormally high for the diagenetic
setting of these deposits, emphasis was placed on possible
sources of extraneous heat. Included among these were the

following:

(1) hot, juvenile fluids derived from magmatic
sources;

(2) abnormally high geothermal gradients at the
time and place of ore formation;

(3) increased depth of burial;
(4) deep circulation of ore-forming brines;

(5) heat liverated by reaction between sulphate
and hydrocarbons.

The last explanationvwas first proposed by Bush (1970) and
will now be discussed briefly in view of the likelihood
that sulphate reduction was responsible for the sulphide.

If sulphate reduction takes place rapidly, there is
little doubt that the temperatures in the immediate vicinity
will increase significantly. For example, Wallhaiisser and

Puchelt (1966) reported a rapid temperature increase, from



20 to 55 degrees C in a matter of months, as a result of
bacterial sulphate reduction initiated by water flooding

of a shallow petroleum reservoir. In western Canada, local
geothermal anomalies of +5 to +10 degrees are present in

a number of oil and gas reservoirs currently at temperatures
of 70 to 80 degrees (Dunsmore, 1971; Grams, 1973). The
explanation that is most consistent with the observed facts
calls for present-day, exothermic oxidation of petroleum,
including sulphate reduction (ibid.). However, at the
temperatures characteristic of MV-type deposits, rates of
sulphate reduction were probably much too slow to signi-
ficantly increase the temperature. Furthermore, the
migrating formation brines that transported the metals to
the site of ore formation muét have been extremely efficient
agents of heat exchange.

If temperature is viewed as an integral part of the
ore-forming process instead of as a 'problem', the actual
source of the heat is no longer particularly important.

What is more critical is that the sité of ore deposition
was maintained within the range of temperature that was
most efficient for ore formation. In order to achieve

this, the writer favours increased depth of burial and
lateral migration of ore-forming brines from deeper poftions
of the basin.

The results of sulphur isotope studies appear to be
more or less compatible with all three proposed methods of

obtaining sulphide, but they must as yet be regarded as

inconclusive. Relative to contemporaneous seawabter sulphate,

the ore minerals of lMV-type deposits are enriched in the

lighter isotope of sulphur by from zero to approximately

76.
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50 per mil (Solompn et al., 1971), with a modal value of
about 20 per mil. On the other hand, sedimentary sulphide
in present-day marine sediments, believed to be entirely
biogenic and attributed mainly to the activities of dis-
similatory bacteria, are enriched in the lighter sulphur
isotope by an average of 50 per mil (Kemp and Thode, 1968).
Harrison and Thode (1957) concluded that chemical reduction
of sulphate to sulphide yielded an enrichment of only 22
per mil. Consequently, Stanton (1972) suggested that non-
bacterial sulphate reduction would most conveniently explain
both the heavy nature of MV-type sulphides and the lack of
any substantial within-deposit variation in ¢>*s. The
answer, however, is by no means as straightforward as this
may imply. For one thing, the example of low temperature
chemical reduction discussed by Orr (1974b) took place with
negligible isotopic fractionation. Also, non-bacterial
sulphate reduction was one explanation put forth for the
lack of fractionation at Pine Point (Sasaki and Krouse, 1969).
Theoretically, lack of fractionation fequires that something
other than cleavage of the sulphur-oxygen bond was the rate-
limiting step--a situation which seems improbable under the
circumstances. Finally, Davis and Kirkland (1970), who
were concerned with the origin of elemental sulphur deposits,
revealed that bacterial sulphate reduction in an environ-
ment not unlike that envisaged for MV-type deposits (except
for temperature) resulted in a decrease in 5348 of only 20
per mil.

The sulphur isotope ratios in disseminated kerogen
and bitumen szre unknown, but 8548 values for petroleum tend

to be 10 to 20 per mil more negative than contemporaneous
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seawater sulphate (Thode and Monster, 1965). However,

Orr (1974b) and Hitchon et al. (1975) have shéwn that the
degree of displacement of 8348 values decreases witﬁ in-
creasing thermal maturation of the oil. Desulphurization
of petroleum is thought to take place with negligible
isotopic fractionation (Thode et al., 1958; Orr, 1974b),
so it follows that sulphide derived in this manner would
typically possess 8548 values from zero to 20 per mil more
negative than associated sulphate.

Thus, isotopic evidence cannot be said to preferentially
favour any one of the three proposed sulphide sources.
Chemical sulphate reduction, desulphurization of petroleum
and late-stage baéterial reduction all appear compatible
with the available data. However, syn-sedimentary bacterial
reduction in the presénce of raw organic matter agppears to

be an unlikely direct scurce.

3,7 The Presence of Hydrocarbons

If sulphide for the ore minerals was derived primarily
by sulphate reduction in the presence of petroleum, some
evidence of hydrocarbons should be found either within the
ore deposits themselves dr reasonably close at hand. In
fact, a full spectrum of oil-ore associations would be
expected, ranging from an oil reservoir containing minor
amounts of sulphide minerals at the one extreme to an ore
deposit with minor traces cf hydrocarbons at the other.
Hydrocarbons associated with the ores might range all the
way from methane-filled fluid inclusions to interstitial

and vug-filling pyrobitumen.
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References to the presence of hydrocarbons in MV-type
ores are scattered throughout the literature. In the case
of the Pine Point deposit, the writer has observed, and
Campbell (1967) has reported, the presence of a shiny, black
pyrobitumen within the ore zone, and liquid petroleum in
overlying and adjacent rocks. With regard to the lead-zinc
districts of Britain, Smith (1973) found solid hydrocarbon
inclusions in fluorite crystals from the North Wales ore
field and hydrocarbon seepages throughout the disfrict.
Pering (1973) discussed the occurrence and origin of viscous
0il and brown-black bitumen associated with lead, zinc and
fluorite ore minerals in Derbyshire. Fyrobitumen from the
Tynagh deposit of Ireland, consisting of 72 percent organic
carbon, is believed to represent the insoluble residue of
a pre-existing oil (lMorrissey, personal communication).

In the United States, inclusions of oil and methane are
common in the minerals of many lV-type deposits (Roedder,
1967); a typical methane content was estimated to be 800
ppm (ibid.). 1In fact, the general ubiquity of gaseous,
liquid and solid organic matter throughout the ore and
associated horizons led Skinner (1967) to conclude that
its involvement in the ore-forming fluids could not

be avoided.

At the other end of the spectrum, crystals of pyrite,
galena, sphalerite and fluorite occur in the carbonate reser-
voir rocks of the Rainbow o0il field of northwestern Alberta.
It has often been said that some oil- and gas-bearing
reefs in Alverta and northern British Columbia would be

mined for lead and zinc if they occurred at the surface.



Similar observations have no doubt been made in other parts
of the world. |

In spite of the above evidence, it is feltithét the
occurrence of organic matter in associaticn with ore has
not received the attention it deserves. This is probably
because mining geclogists are paid to look for ore, not
oil. Similarly, petroleum geologists note the smallest
amount of oil-staining in a core, but pay little or no
attention to sulphide minerals. It is the opinion of the
writer that organic matter cannot be assumed to be absent
from an ore deposit simply because it is not mentioned in
the literature, as illustrated by the following classic
example.

The Tri-State district of the United States has been
one of the great lead-zinc mining districts of the world.
A recent, comprehensive review of the area made no mention
of organic matter of any kind (Brockie et al., 1968).
However, Bastin (1926) and Weidman (1932) described an
abundance of heavy oil and bitumen, both in the breccia of
some of the ore bodies and in cavities in the country rock.
Oii and bitumen interfered with the mining and milling of
the ore, some of which had to be washed with kerosene to

remove the tar prior to milling. Viscous oil dripped from
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the roofs of the workings on to the miners below, and hydro-

gen sulphide gas posed such a serious health hazard in some
mines that shifts had to be restricted to half an hour in
length. Tar from one of the mines was used for rqofing
purposes by a local rcofing company, and one shaft had to

be abandoned because of an infiux of thick oil at the ore
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horizon. Indeed, some of the Tri-State mines could well
be classified as o0il mines!

It is often commented that many ore deposits contain
sméll amounts of residual pyrobitumen, but not enough |
organic matter to suggest that it played an essential role
in the ore-forming process. Of course, an easy answer to
- this objection would be that the site of sulphate reduction
did not coincide with that of ore deposition, but was some-
where close at hand. A more reasonable explanation might
be found in the very unstable nature of petroleum in a sur-
face or near-surface environment. In fact, it is probably
quite exceptional to find maturated organic matter preserved
at the surface, most of it having been destroyed by bio-
degradation and/or water-washing. Many anticlinal and
reefal structures now exposed at the surface probably con-
tained petroleum in the subsurface, and yet insignificant
amounts of 'dead' oil are all that is usually observed.
Accumulations of petroleum, unlike sulphide mineral deposits,
are highly mobile and much more subject to destruction and
dissipation.

Fluid inclusions probably provide the most reliable
proof of the importance of hydrocarbons in the ore-forming
process. The common inclusion of solid, liquid and gaseous
hydrocarbons (Roedder, 1967) indicates that involvement of

organic matter is unavoidable.

3.8 Sulphate Reduction and Possible Guides to Exploration

Large-scale reduction of sulphate in the subsurface
may leave behind lithological and geochemical clues that

could be of value in the search for MV-type deposits, or
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for that matter, oil and gas reservoirs. Included among
these possible exploration guides are a distinctive white
dolomite that typically infills solution or fracture
porosity, and increased concentrations of methane in late-
stage, carbonate cements.

White dolomite, characteristically displaying curved
crystal faces, is a conspicuous accessory mineral of many,
though not all, MV-type deposits. It has been observed
in great abundance at the Pine Point deposit in western
Canada, and is present in the Mascot-Jefferson City district
of Tennessee (Crawford and Hoagland, 1968), the Austinville-
Ivanhoe district of Virginia (Brown and Weinberg, 1968) and,
to a lesser extent, in the Tri-State (Brockie et al., 1968)
and Southeast Missouri districts (Synder and Gerdemann, 1968).
In each of these areas, the carbonate host rock is wholly
or in large part dolomite. In districts where the host
rock is limestone, the distinctive, white dolomite is absent
and its place often taken by coarsely-crystalline calcite,
as is the Illinois-Kentucky district (Grogan and Bradbury, 1968).

Saddle-shaped white dolomite is not exclusively
associated with lead-zinc ore bodies. Beales and Jackson
(1968) listed a number of other occurrences, mainly in
western Canadsa, and Stieglitz (1975) described examples
from borehole cores in Ohio and Michigan. Innumerable
other references are scattered throughout the literature.

An occurrence which the writer has studied in some detail
(Dunsmore, 1971) is found in oil- and gas-bearing carbonate
reefs of the Rainbow o0il field in Alberta. These Middle
Devoniaﬁ, pinnacle reefs are time~ and rock-stratigraphic

equivalents of the Pine Point host rock, but are located
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some 200 miles from it. Once again, late-stage white
dolomite is observed only in those reefs, or even those‘
portions of individual reefs, which consist of finely-
crystalline, grey or brown dolomite. It is also typically
found only in the upper portions of the dolomitized reefs;
that is, it is largely restricted to the hydrocarbon-
bearing horizons.

Precipitation of the coarsely-crystalline white dolomite
was clearly a late-stage, subsurface process which, in
almost all cases, partially or wholly infilled pre-existing
pore space (Dunsmore, 1971). In fact, stratigraphic sections
containing white dolomite typically also possess enhanced
porosity of a vuggy or cavernous nature. Thus, white dolo-
mite is found lining and infilling voids and caverns,
cementing tectonic or solution breccias, and forming the
partitions of an exceedingly porous boxwork dolomite. Other
common textures are referred to as 'zebra-dolomite' and
dolomite 'pseudo-breccia'. These rocks consist of alter-
nating bands and 'clasts' of coarse, white dolomite and
fine, grey or brown dolomite, and are thought to have resulted
from preferential dissolution and reprecipitation of pre-
existing dolomite. More detailed descriptions of how these
features were formed are given in Dunsmore (1973) and will
not be repeated here.

Based on both field and microscopic evidence, the
conclusion seems inescapable that the precipitation of white
dolomite was preceded by large-scale dissolution Qf pre-
existing carbonate rock. Certainly, the occurrences in
western Canada with which the writer is familiar require

a late-stage, subsurface dissolution of literally cubic
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miles of carbonate rock. In many MV-type deposits,
dissolution of the host rock was required simﬁly to make
room for the ore minerals. It is suggested that tﬁe white
dolomite gangue mineral is largely the product of a redis-
tribution and partial reprecipitation of the dissolved host
rock. In some cases, magnesium may have been provided by
the metal-bearing brines, but the field relations suggest
that most of it was derived from a dolomitic precursor.
Therefore, the cause of large-scale dissolution of pre-
existing carbonate rock becomes an important and integral
part of the ore-forming process.

Comparison of the Pine Point and Rainbow occurrences
provides an insight into the nature and cause of the
dissolution process. A virtually complete identity of dia-
genetic modifications is found at each of these localities.
This includes not only the alterations to the carbtonate rocks
described eérlier, but also the presence of hydrocarbons,
sulphides of iron, lead and zinc, elemental sulphur and
hydrogen sulphide (Dunsmore, 1973). The writer is of the
opinion that the differences that do exist are differences
in magnitude, not in kind. The fact that the diagenetic
modifications of the Rainbow Member reefs are typically
restricted to hydrocarbon-bearing horizons suggests that
petroleum may have played a vital role in the dissolutidn
process. The fact that hydrocarbons of various types are
associated with MV-type deposits lends support to this
suggestion. The presence of minor amounts of pyrite,
sphalerite, galena and elemental sulphur in direct associa- |
tion with the white dolomite of the Rainbow Member reefs

indicates that reduced sulphur was available when the dolomite
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was precipitated. Of course, in the case of the Pine Point -
deposit, vast amounts of reduced sulphur were required.
Therefore, the evidence suggests to the writer that petro-
leum and reduced sulphur were both present when the white
dolomite was formed, and thus may also have been responéible,
either directly or indirectly, for dissolution of the pre-
existing rock. Within the Rainbow Member reefs, this
certainly appears to be the explanation which is most con-
sistent with the observed facts (Dunsmore, 1971).

Many of the chemical equations written to describe
reactions between sulphate ions and petroleum have dealt
with the sulphate reduction process in isolation. As such,
they seldom fit the field evidence at sites in the sub-
surface where sulphate reduction is believed to have taken
place on a large scale. For example, the net reaction
should yield methane as well as hydrogen sulphide and
carbon dioxide, because all three gases are found together
in many of the gas reservoirs of western Canada. As dis-
cussed above, the vuggy or cavernous porosity and the pre-
sence of white dolomite suggests that the products of the
reaction were corrosive with respect to carbonate rocks.

In view of this, the overall reaction favoured by the writer

is as follows:

' 2=~ - -
'CoHy,' + 4HZ0 + 280;—> 4HCO; + 2HS™ + 2u* + 3CH,,

where 'C7H12' represents an idealized hydrocarbon possessing
the carbon to hydrogen ratio characteristic of crude oils
(Hobson, 1954). HCO% and HS were probably the dominant
carbonafe and sulphide species under pH and temperature

conditions likely to have prevailed within carbonate reservoir
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rocks. .Large quantities of carbon dioxide and hydrogen
sulphide gas were obviously produced together with methéne,
but the fact that the former are each two orders of magnitude
more soluble in water than the latter (Lange, 1961l) suggests
that much of the carbonate and sulphide may have remained
in solution. A black-coloured, carbon-rich pyrobitumen
also appears to have been a minor product of the reaction.
The proposed reaction between petroleum and aqueous
sulphate would be one way to account for the observed
"dissolution of pre-existing limestone and dolomite. The
production of H+, H2003 and HES would certainly be expected
to dissolve carbonate rocks at the site of reaction. A
subsequent return to more normal pH values, perhaps the
result of moving the formation brines away from the centre
of reaction or of temporarily slowing or halting the process,
would lead to reprecipitation of the dissolved material as
coarsely-crystalline white dolomite or calcite. It should
be noted, however, that an increase in acidity accompanying
sulphate reduction 1s exactly opposite to the effect pro-
posed by Orr (1974b). Increased alkalinity is also believed
to be the result of bacterial sulphate reduction in the
sedimentary environment, where raw organic matter is utilized
instead of maturated petroleum (Goldhaber and Kaplan, 1974).
In spite of this evidence to the contrary, it is argued
that a late-stage, subsurface dissolution process involving
sulphate reduction is demanded by the observed field relations.
Thus, sulphate reduction is thought tc be one way to
account for the origin of the distinctive, white dolomite.
Its presence in deolomitic rocks in the field or in borchole

cores may be a clue that late-stage, sulphate reduction has
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occurred in the vicinity--with all that that implies in
terms of possible economic accumulations of'ofe and/or
hydrocarbons. The white colour of the dolomite cristals'
is probably caused by the great abundance of fluid
inclusions, which in turn suggests that the crystals grew
very quickly. Exhaustive geochemical and crystallographic
studies have as yet failed to establish why the dolomite
crystals are characteristically curved.

Reference to the proposed chemical reaction suggests
other means by which to detect and pin-point the site of
large-scale sulphate reduction. Large quantities of methane
gas are produced by the reaction, and carbonate or sulphide
minerals precipitated as a consequence would be expected
to incorporate some of it in the fluid inclusions. It is
therefore of interest to note that Roedder (1967) reported
approximately 800 ppm methane within sphalerite crystals
from the Tri;State district. Thus, the methane content'of
late~-stage, carbonate precipitates might reveal whether
sulphate reduction has occurred in the vicinity. The
technique would perhaps be particularly useful in the case
of coarsely crystalline calcite, a mineral which lacks the
distinctive characteristics of white dolomite.

The potential significance of methane inclusions as
an exploration technique was revealed by a preliminary study
in the North Wales ore field. In that region, the most
likely site of past petroleum accumulation in the
Carboniferous Limestone, host rock of the ore deposits,
would have been a large anticline, parallel to the ore field
but some five to ten miles downdip tc the east. At the

suggestion of the present. writer, samples of calcite gangue
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in direct association with sulphide minerals were collected
throughout the length of the ore field, and their hydrocarbdn
content determined by gas chromatography.

Methane was found in significant quantities in all of
the samples analyzed (Le Chevalier, personal communication).
However, more important than the actual amounts presént
was the regional trend displayed by the results. In general,
calcite gangue from the central part of the mining district,
immediately updip from the broad, central portion of the
buried anticline, was found to contain more methane than
samples collected towards either end of the ore field (ibid.).
This is as would be predicted because, at any one time, the
greatest quantity of methane would have been generated at
sites where the area of the 6il-water interface was largest.
The likelihood arises that substantial quantities of ore
may exist in the subsurface, coincident with and slightly
updip from the anticline. If this interpretation is valid,
it would appear that the known ore field represents only
the 'sparks' and not the main 'fire'.

Generation of acidic conditions as a result of sulphate
reduction might also account for the presence of jasperoid
and/or quartz in some MV-type deposits. As pointed out by
Snyder (1968), the amount of silica occurring with the ore
appears to be related to the proximity and abundance of
silica in the host rock; however, a means nust be found of
fixing it at the site of ore formation. Lovering (1962)
concluded that, at temperatures characteristic of MV-type
deposits, limestone would be most readily replaced by &
jasperoid ugder slightly acidic conditions, such as might

result if formation waters were highly charged with carbon
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dioxide (ibid.). It should be noted that minor amounts of
Jjasperoid are found within the Rainbow Member reefs of Alberta.
Organically derived carbon, such as that making up
petroleum, is known to be very much enriched in the lighter,
120 isotope relative to that of marine carbonate rocks.
Thus, carbonate ions orginating as a result of oxidation
of petroleum should be similarly enriched relative to
carbonate liberated by dissolution of pre-existing carbonate
rocks. White dolomite or calcite spar that precipitated |
subsequently would be expected to incorporate carbon from
both sources, thus resulting in an overall shift in 5130
values. This is most certainly the case with regard to
late-stage calcite in elemental sulphur deposits (Davis
and Kirkland, 1970), and a similar though smaller shift
would be expected in the case of lead-zinc deposits.
Unfortunately, the results of carbon isotope studies
are again inconclusive. Pinckney and Rye (1972) found
that §12C values of a limestone host rTock in Illinois
decreased towards the ore body. They stated that the extent
of this isotopic halo was restricted to recrystallized
rock. Similarly, Hall and Friedman (1969), working in
other mining districts, reported decreases in 8150 values
in samples of host limestone and dolomite as ore was
approached. They attributed this to 'diminishing frac-
tionation with increasing temperature next to the vein'.
On the other hand, Fritz (1969) found that the carbon
isotope ratios of the white dolomite at Pine Point were
exactly the same as those of the grey host dolomife. From
this he concluded that the white dolomite did not have a

magmatic or biogenic origin, but originated through
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dissolution of marine carbonates.

Because of the inconclusive nature of the available
isotopic data, it is felt that carbon isotope studiés are
unreliable as an exploration guide. Further, the likelihood
of subsequent isotope exchange between carbonate in solution
and carbonate in the solid phase is also a factor to be
considered. Wendt (1971) has demonstrated experimentally
that a complete carbon isotope exchange is possible in a
remarkably short period of time, and that it was not
restricted to the surface of carbonate crystals. Thus, in
an 'open' hydrological system, ail trace of organic carbon
may have been lost from the solid carbonate phase since

the time of ore formation.



4. HYDROKINETIC ENRICHMENT AND ORE FORMATION

Sedimentary-diagenetic origins for the two principal
components of MV-type deposits, the metals and the sulphur,
have been discussed. It now remains to bring together the
essential ingredients, metals, sulphate and o0il, in such a
way that ore deposits result. To accomplish this, hydro-
kinetic enrichment cycles are required.

Hydrokinetic enrichment demands that a large volume
of ore-forming fluid be passed through a site where the
metals are removed from solution and fixed as ore. The
efficiency of the process is greatly increased if the ore-
forming solution is channelled in some way. A variety of
channels appear to have been utilized in the formation of
MV-type deposits, and they may be broadly classified as

sedimentary, diagenetic and tectonic:

(1) Sedimentary:

(i) porous and permeable reef chains or carbonate bank
complexes;

(ii) along the trends of certain depositional facies
changes and stratigraphic 'pinch-outs';

(iii) unconformities and basal conglomerates;

(iv) slump breccias and depositional talus associated
with topographical highs atc the time of deposition.

(2) Diagenetic:
(1) dissolution channels and collapse breccias;
(ii) dolomite-limestone interfaces;

(iii) zones of residual or induced porosity and
permeability.

(3) Tectonic: faults and fractures.
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The ability of sedimentary reef chains to channel migrating
formation brines has been illustrated by Hitchon (1969) in
the Devonian sedimentary basin of western Canada. Porous
and permeable, shallow-water, carbonate banks and shoals
4were no doubt able to function in a similar manner. 1In
many instances, the distribution of these sedimentary

- features was controlled by topographical relief on the
depositional surface, which in turn may have been the result
of prior faulting or differential erosion. In such
situations, it is important to distinguish between cause
and effect, and to determine which played the most direct
role in the ore-forming process. A depositional facies
change, such as that from a permeable carbonate rock to an
impervious shale, may also provide an effective channel;

a ' regional flow system impinging diagonally on such a per-
meability barrier would be diverted and funnelled to some
extent.

Channels of diagenetic origin have been observed in
many mining districts. Callahan (1967) stressed the
importance of unconformities, subsurface solution channels
and solution collapse breccias in the localizatvion of
MV-type mineralization. 3Snyder (1968) pointed out the
importance of limestone-dolomite interfaces as loci for
ore occurrence. DBecause dolomitization of limestone usually
involves a porosity and permeability increase, one explana-
tion for the observed spatial relationship would be hydro-
kinetic channelling along the diazenetic interface.
Variations in the degree of limestone cementation weould

produce a similar effect.



Faults, fractures and joints represent obvious hydro-
logical channels. Bf providing access to ground and |
formétion waters, tectonically-induced permeability may
have led to dissolution or dolomitization of the carbonate
rocks, thus further enhancing the ability of the rocks to
transmit fluids.

Having initiated the hydrokinetic cycle, thus trans-
sporting the necessary ingredients to a suitable site, the
final requirement for ore formation would have been to pro-
vide a means whereby the metals were removed from solution
and fixed as ore. Anderson (1975) concluded on geochemical
grounds that sulphide-forming metals such as lead and zinc
were precipitated as a result of an increase in the supply
of reduced sulphur at the site of deposition. This is a
view with which the present writer fully concurs. Reduced
sulphur can be made available in one of two ways: it can
be generated at or adjacent to the site of ore formation
by sulphate reduction; or, it can be génerated at a con-
siderable distance and carried to the site of ore formation
by a second, hydrokinetic system. 1In either case, it has
been argued that the majority of the sulphur was derived
from sedimentary sulphate and that the reducing agent was

petroleum. Thus, the process of ore formation involves
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bringing togéther the three separate ingredients, the metals,

aqueous sulphate and oil. This can be accomplished in a

variety of ways, involving one, two or three separate brines.

The possible combinations are illustrated schematically
in Figure II-9
The model favoured by the present writer involves only

one brine. The metals, sulphate and petroleum were all
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derived from the same carbonaﬁe-evaporite assemblage aﬁd'
were transported togéfher in the.same hydrokinetic Syétem.
At témpéfatures between 80 and 140~degrees C, the metals,
‘Sulphate and petroleum‘would not have reacted unless high
concentrations of hydrogen sulphide were encountered. At
such placés, the presence of the reduced sulphur would have
done two things. It would have precipitated the metals as f.
sulphides and, at the same time, it would have initiated

a predominately non-bacterial reaction between the oil and
sulphate (Toland, 1960). The latter would have generated
‘additional hydrogen sulphide, thus perpetuating the ore-
forming process. Likely éites of reaction would have been
petroleum reservoirs in the carbonate rocks. The hydrogen
sulphide requifed to initiate the procéss in the first place
may have been derived from earlier bacterial sulphate
reduction, or from desulphurization of sulphur-rich petro-
leum. The petroleum reservoir need not have beeﬁ a parti-
cularly large one, because a coﬁtinuing supply of petroleum
would have replaced that consumed in the reactions. The
only reqﬁiremeﬁt was a site where hydrogen sulphide, sulphate
and oil were held together long enough for reaction to |
take place. Although pore spaces were being filled by the
precipitation of ore and gangue mineréls, other products

of the reaction could have generated additional porosity

by dissoiution of pre-existing carbonate rock (Dunsmore,
1973). In any one district, the pbincipal sites of reaction.
may‘havevshifted from time to time as porosity and
permeability were déstroyed’in one place and created else-
where. The net result would be a colléction of ore bodies

scattered throughout a relatively wide area. The ore-forming
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reactions would have continued as long as each of the three
ingredients continued to be supplied by the hydrokinetic
system.

. Temperatures of 80 to 140 degrees C are of particular
importance in the case of the one-brine mbdel. In common
with the models that invoke two and three brines, these
temperatures ensured that rates of sulphate reduction were
relatively slow and, in consequence, the petroleum was
consumed as efficiently as possible from the point of view
of ore deposition. Further, this temperature range ensured
that the o0il, sulphate and metals did not react during
transport until a site sufficiently enriched in hydrogen
sulphide was encountered. At higher or lower temperatures,
sulphate reduction would have taken place while the brines
were in transit. The latter condition would have resulted
in disseminated sulphide minerals rather than ore.

A variation on the one-brine model would be that of
separate but adjacent sites of sulphate reduction and
ore formation. For example, the site of petroleum accumu-
lation and sulphate reduction may be an anticlinal trap,
but because of the hydrokinetics of the system, the principal
site of.ore deposition may be a nearby fault zone.

Using a two-brine model, there are four different ways
in which MV-type deposits might have formed. Only one of
these i1s thought to be feasible by the present writer. The
first model, Figure II-9-A, requires that metvals and sulphate
were supplied by one brine, derived from carbonate-eveporite
complexes, while the 0il was concentrated hydrokinetically
by a second. Model A differs from the other two-brine

models, in that the hydrokinetic systems can have been



'separated in timej; the o0il could have been trapped in a
suitable carbonate reservoir before the second flow system
was initiated.

Models B, C and D in Figure II-9 require rocks other
than carbonates and evaporites as a source of the metals.
They also introduce the hydrodynamic complexity of two
regional flow systems operating simultaneously, often from
opposite directions. In order to form an ore deposit, such
distinct flow systems would have had to come together at
a precise locality for geologically significant periods of
time. Furthermore, as already mentioned, the chemical
composition of the fluid inclusions in the ore minerals
is incompatible with derivation from two genetically
different brines. It can be seen that models B and C are
minor variations of each other; in the one case (C), sulp-
hate reduction occurred at the site of ore formation, while
in the other (B), the reduced sulphur was generated at a
distance from the ore deposit and transported to it. Model
B appears to be the one originally favoured by Beales and
Jackson (1966) and still supported by Beales (1975). 1In
all respects, it appears to be the weakest of the four two-
brine models, because the flow systems would have had to
operate simultaneously and they would have had to be highly
efficient. Further, they would have had to mix together
at precisely the same spot for long periods of time.

The three-brine model can be ruled out as a contender
on the grounds of hydrodynamic complexity. Three separate
flow systems would have had to come together at the same
locality, at least two of them at the same time. Such a

complex setup seems to be at variance with the intrinsically

97.
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simple and widespread nature of lead-zinc mineralization
in carbonate rocks.

'The various styles of MV-type mineralization that have
been observed are not incompatible with the simple one-brine
model favoured by the writer. Petroleum reservoirs in |
carbonate rocks can have a wide variety of configurations
(ranging from those of deéositional origin, reefal and
stratigraphic traps, through to those of a tectonic origin,
anticlinal and fault-controlled traps), and MV-type deposits
show an equally diverse range. The configurations of the
ore deposits depend on the hydrokinetic channelling systems,
which in turn were dependent on the depositional, diagenetic
and tectonic history of the host rock. TFor example, .ore-
forming brines that moved along a fault zone would produce
a deposit quite different in style from one formed by trans-

port though, and deposition in, a permeable reef chain.
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5. POTENTIAL AND CAPACITY OF CARBONATE SEDIMENTS AS THE
SOURCE OF LEAD AND ZINC '

One of the critical aspects of any ore-forming model
is its ability to concentrate the metals sufficiently to
achieve ore-grade enrichments. However, in addition to the
potential to form ore, it must also be demonstrated that
the model possesses the necessary capacity; that is, that
a sufficiently large quantity of metals can be concentrated
at the site of ore formation. The potential and capacity
of carbonate sediments to serve as a source of lead and zinec
will be examined in this section.

The potential of the model to form ore is assessed in
Figure II-10 in terms of the envisaged sedimentary, diagenetic
and hydrokinetic cycles. The example of zinc substituting
for calcium in the calcite lattice is illustrated, and a
logarithmic concentration scale has been used, thus revealing
the true significance of each cycle. It can be seen that
the sedimentary cycle concentrated zinc by at least 104
times, from 0.003 ppm in seawater to perhaps 50 or 60 ppm
in high-magnesium calcite. Ancient limestones contain an
average of 20 ppm zinc (Wedepohl, 1972; Turekian and
Wedepohl, 1961), and it is therefore apparent that approxi-
mately 30 or 40 ppm zinc must have been released to the
pore waters during diagenesis. However, the resultant zinc
concentration in the formation brine would have depended
on the extent to which diagenesis operated as é closed or
open system, the pofosity of the rock and the density con-
trast between rock and brine. Table I-1, presented earlier,
shows that diagenesis in a completely closed system

with an average porosity of 20 percent would have resulted
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in a 10-fold enrichment. Thus, the final zinc content of

the formation brine could have been several hundred ppm.

On the other hand, if 100 pore volumes of brine were involved,
its average zinc content would have been only a few ppm

zinc. Even in the latter case, it is felt that a reasonably
efficient hydrokinetic cycle could still have resulted in
ore-grade enrichments.

The zinc content of fluid inclusions from MV-type ores
has been found to range from 10 to 1040 ppm (Wedepohl, 1972).
By contrast, oilfield brines have been reported to contain
from 0.0001 to 0.25 ppm zinec, averaging about 0.01 (ibid.).
Concentrations at this level would never result in an ore
deposit. However, assuming subsurface diagenesis was a
relatively closed-system process, the proposed model could
probably have achieved concentrations of between 10 and 100
ppm zinc. An ore deposit could thus be formed following
a hydrokinetic enrichment process no more efficient than
that required to accumulate petroleum.

The capacity of the model to form ore can be assessed
in terms of the Pine Point deposit in western Canada. Skall
(1975) reported that this important lead-zinc district
is comprised of about 40 known orebodies scattered over an
area of 30 by 6 miles. The host rock is a carbonate barrier
complex approximatelj 500 feet thick (ibid.). As of 1972,
the ore reserves of the district totalled 41 million tons
of ore, averaging 2.4 percent lead and 6 percent zinc (ibid.).
From these statistics, it is possible to estimate the volume
of carbonate rock required to provide the quantities of

metals present.
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Based on the known behaviour of magnesium and strontium,
and on the limited analytical data that pertains to the zinc
content of Recent carbonate sediments, it is reasonable to
assume that aragonite and magnesian calcite of the original
sediment at Pine Point contained three times more lead and
zinc, respectively, than post-diagenetic calcite or dolomite.
If, at the time of deposition, the sediment consisted of
equal proportions of aragonite and calcite, the overall
enrichment in each metal would be 1.5 times. Thus, the
average lead and zinc content of the sediment would be 8
to 14 ppm and 30 ppm, respectively. The average lead and
zinc content of ancient limestones is 5 to 9 ppm and 20 ppm,
respectively (Wedepohl, 1972; Turekian and ‘edepohl, 1961).
Thus, if the porosity at the time of diagenesis averaged

20 percent, it can be calculated that 0.336 X 10°

kilograms
of lead and zinc could be released from each cubic kilometre
of carbonate sediment. The known orebodies at Pine Point

contain a total of 34 X 108

kilograms of combined lead and
zinc, and thus would have required a total of 100 cubic
kilometres of source rock. The carbonate host rock is 150
metres in thickness (500 feet), and the necessary volume

of rock could be contained within an area of some 670 square
kilometres, or 260 square miles. The orebodies at Piné
Point are enclosed within an area of 180 square miles,

which is 70 percent of the required source area. In making
this calculation, it has been assumed that the ore-forming
process was 100 percent efficient. If the system was only

5 percent efficient, that is, if only 5 percent of the metal

was fixed as sulphide ore, a source area some 29 times that

of the actuél mining district would be necessarily. With
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only one percent efficiency, the required area would be
144 times larger. Even the latter figure is not unreasdn—
able considering the vast areal extent of the Middle
Devonian evaporite basin and the likely efficiency of the

hydrokinetic system that operated.
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6. SUMMARY AND CONCLUSIONS

The work of Beales and Jackson (1966; 1968), Snyder
(1967; 1968), Roedder (1967) and Davidson (1966) first
focussed attention on the possibility that Mississippi
Valley-type deposits were wholly sedimentary-diagenetic in
origin. Although pointing in the right direction, it was
felt that the various models proposed left several important
questions unanswered, and that additional development and ‘
refinement was needed. |

- The writer was led into the problemvas a result of
investigations of sulphate reduction within carbonate-
sulphate petroleum reservoirs. During the course of the
present study, approximately 25 borehole cores from petro-
leum reservoirs in western Canada were examined, of which
niﬁe boreholes, totalling some 3500 feet of core were
studied in detail. From the features observed, it soon
became apparent thaf a complete overlap existed between oil -
and ore host rocks. Thus, the question of the origin of
MV-type deposits has been approached from the discipline
of petroleum geology, with initial emphasis on the source
éf The sulphur. Once an insight into this side of the
problem had been obtained, it was possible to assess which
of the several proposed sources of lead and zinc resulted
in the simplest and most widely applicable model of ore
formation. |

- The metals are believed to have been uitimatelybderived
from seawater, and to have been concentrated to oré grade
by a sequence of sedimentary, diagenetic and hydrokinetic

enrichment cycles. During sedimentation, the required metals
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substituted for calcium in aragonite or high-magnesium
calcite, the lattice chosen depending on the ionic radius
of the metal in question. Subsequent diagenesis of the
carbonate sediments resulted in conversion to low-magnesium
caleite or dolomite, and in the simultaneoﬁs release of
most of the trace metals to solution. Depending on the
extent to which diagenesis operated as a closed system,
concentrations of up to several tens or even hundreds of
parts per million combined lead and zinc could have been
achieved within thelformation brines. A final hydrokinetic
enrichment cycle led to the precipitation of ore at sites
where reduced sulphur was being made available in the
subsurface.

Sulphur for the lead and zinc¢ ore minerals is believed
to have been derived primarily from sulphate reduction,
contemporaneous with ore formation and in the presence of
petroleum. As with.the metals, the sulphate was originally
derived from seawater. The fact that temperatures of MV-
type ore formation coincide with those of petroleum reservoirs
- suggests that both bacterial and chemical sulphate reduction
were involved, and that rates of reaction were very slow.
Chemical sulphate reduction is thought to have been initi;ted
by the presence of hydrogen sulphide at the site of reaction;
slow rates of sulphate reduction meant that the available
petroleum was utilized efficiently from an ore-forming point
of view.

The present writer favours a one-brine model of ore
formation, with metals, sulphate and oil all having been

derived from the same rocks, namely, carbonate-sulphate

complexes, and having been transported together to the site
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of ore formation. Reaction between sulphate ions and
petroleum, resulting in precipitation of the metals as
sulphide minerals, occurred at sites of petroleum accumu-
lation along the path of migratioﬁ. The ore-forming process
continued as long as metals, oil and sulphate were supplied
in sufficient quantities.

Marine evaporites are felt to have played a number
of vital roles in the formation of MV-type deposits. The
chemical composition and salinity of the ore-forming fluids
indicate that they were originally fesidual, evaporitic
brines which must have been entrapped as connate fluids
within carbonate-sulphate rocks at the time of deposition.
The abundance of aqueous sulphate and the sulphur-rich
nature of hydrocarbons associated with carbonate-evaporite
complexeé were essential for the initiation and continuation
of the sulphate reduction process. Finally, carbonéte
sediments deposited in an evaporitic environment may well
have incorporated more lead, zinc and other trace metals

than their normal marine equivalents.



PART III

URANTUM ORE IN SANDSTONES
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1. INTRODUCTION

It has recently become evident that marine evaporites
have played important roles in the formation of certain
types of ore in sedimentary rocks. An increasingly large
amount of data has established that evaporites provided
media for metal transport, in the form of highly saline
formation brines, and that they were the source of sulphur
used to fix certain metals as ore. |

There is, however, a third role that marine evaporites
and the evaporitic process might play in ore formation--
that of controlling the distribution and concentration of
metals. For example, it is known that at the clbse of
halite deposition a number of‘major and minor elements in
seawater, including magnesium, potassium, bromine, boron,
lithium and rubidium, are highly concentrated in the residual
brines. This results not only because much of the water
has been removed by solar evaporation, but also because
these elements were not incorporated in significant amounts
by the precipitated salts. This evaporitic differentiation
is in many ways analogous to magmatic differentiation within
a cooling magma chamber. Thus, it is perhaps worth inquiring
whether any economically important trace metals in seawéter
might also be concentrated in the evaporitic bitterns--
the "mother liquor" of the sedimentary realm. Such a
sedimentary enrichment might be the first step along the
path leading to ore-grade concentrations.

The essence of the hypothesis to be proposed in this
section'is.set out in Table III-1. As seawater is evaporated,

the first sait to be precipitated is calcium carbonate, as
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TABLE III-1

The uranium, copper, zinc and nickel content of
normal seawater and of the three most common
evaporite minerals, in parts per million.

o 2

4(-; -ﬂo "g +

i O ~

g 38 g 3

g 35 e
U 0.003 2.2 0.3 0.012
Cu 0.002 5 6.7 3.7
Zn 0.003 20 l 1.4
Ni 0.002 20 0.9 2.2

Sources: Chester and Stoner (1974); Turekian (1972);
Moore (1971); Riley and Chester (1971); Dall'Aglio
and Casentini (1970); Rogers and Adams (1974);
Wedepohl 51972); Stewart (1963%); Turekian and
Wedepohl (1961).

calcite or aragonite, followed in turn by gypsum and/or
anhydrite, and then halite. Table III-1 lists the best
available values for the uranium, copper, zinc and nickel
content of normal seawater and of each of the three pre-
cipitates. It can be seen that uranium is aé abundant in
seawater as the other three metals, but that it is less
abundant in each of the salts. In the case of halite, the
salt which often makes up the bulk of evaporite sequences,
uranium is more than two orders of magnitude less abundant

than copper, zinc or nickel. Clearly, the evaporites either



contain too much copper, zinc and nickel, or too little
uranium. If the latter is true, the uranium which should
be contained by the evaporites may be present in other rock
types close at hand. In other words, a deficit in one area
may be accompanied by a surplus somewhere else. In this
regard, it is interesting to observe a spatial relationship
between major evaporite deposits and many of the principal
uranium mining districts of the western United States
(Figure III-1).

The American sandstone-type uranium deposits are
found in three main districts: the Wyoming Basins and
Black Hills region of Wyoming and South Dakota (numbers 1
to 4 in Figure III-1); the Colorado Plateau area of New
Mexico, Colorado, Utah and Arizona (numbers 5 to 8); énd
the Texas Gulf Coast area (number 9). Approximately two
thirds of the low-cost uranium ore discovered to the end
of 1970 was found within Mesozoic rocks of the Colorado
Plateau area (Grutt, 1972). Rocks of Tertiary age within
the Vyoming Basins and the Texas coastal region host
approximately 28 and 5 percent of the ore, respectively
(ibid.).

Located within this same area of the United States are
three major evaporite basins, namély, the Gulf Coast Basin,
the Permian Basin'and the Paradox Basin (Figure III-1).
Each contains salt deposits several thousands of feet in
thickness, spread over thousands of square miles. The
Jurassic evaporites of the Gulf Coast Basin are of truly
colossal dimensions. It now appears that they underlie
a major‘portion of the Gulf of Mexico area; the average

thickness within the United States is estimated to be
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Figure III-1. Distribution of principal uranium mining
districts and major evaporite basins of the western
United States. Wyoming Basins and Black Hills region:
1, Black Hills region, 2,820 tons uranium oxide; 2,
Powder River Basin, 32,760 tons; 3, Shirley Basin, 2,500
tons; 4, Gas Hills-Crooks Gap, 48,910 tons. Colorado
Plateau area: 5, Uravan, 38,670 tons; 6, Lisbon Valley,

32,440 tons; 7, Monument Valley-White Canyon, 9,860 tons;

8, Grants, 118,620 tons. Texas Gulf Coast: 9, 13,750
tons uranium oxide (after Fischer, 1974; Grutt, 1972;
Lefond, 1969).
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5000 feet (Lefond, 1969). Evaporites of the Permian Basin
underlie vast areas of Texas, New Mexico, Okléhoma and Kansas,
but the greatest thicknesses of the more soluble saits are
found in southeastern New Mexico and adjacent areas of Texas.
Two other basins, the Lusk Embayment and the Supai Basin,

also contain evaporites of Permian age and are believed

to be extensions of the main Permian Basin (ibid.). The
Upper Carboniferous evaporites of the Paradox Basin are less
extensive areally, but originally may\héve been up to 7000
feet thick, consisting mainly of halite (ibid.).

Approximately a third of the high-grade uranium ore
of the United States displays an obvious spatial association
with evaporites of the Paradox and Gulf Coast Basins. In
the case of the Paradox Basin, the.correlation is much more
positive than perhaps sugéested by Figure III-1l; the Uravan
and Lisbon Valley districts (numbers 5 and 6) account for
85 to 20 peréent of the ore in the area (Grutt, 1972).
Several uranium prospects in the Texas coastal region are
particularly interesting in that the mineralization is found
immediately above known or suspected salt domes (Weeks and
Fargle, 1960; Eargle et al., 1975).

Another third of the American uranium resources is
found in the Grants district of New Mexico (number 8). The
closest, thick evaporites are Permian salts of the Supai
Basin. In the subsurface of eastern Arizona, these evaporites
are about 550 feet thick; they are believed to extend east-
ward into New Mexico, but their limit is as yet unknown
(Lefond, 1969). |

The remaining low~cost uranium resources are found in

Wyoming and South Dakota. The Williston Basin of North
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Dakota, Montana and adjacent areas of Canada contains
extensive deposits of marine evaporites, but at a consider—l
able distance from known uranium ore. However, there is
evidence that at least one salt horizon extends southward
into the area of the Powder River Basin of northern VWyoming
(number 2); several hundred feet of Permian salt and anhydrite
have been found here at depths of 7000 to 8000 feet (Lefond,
1969).

Figure III-1 reveals that at least two thirds of the
uranium resources of the United States--some 17 percent of
the world's total (Patterson, 1970)--are located sufficiently
close to thick sequences of marine evaporites'to warrant
the suggestion that the metal was derived from the salts.
The suggestion is particularly convincing for uraniuﬁ
deposits associated with the Paradox and Gulf Coast Basins.‘
In Wyoming, the presently known distribution of thick
evaporites would appear to require uranium-bearing,
evaporitic brines to be transported very long distances--
unreasonably long distances perhaps.

With regard to the Colorado Plateau uranium deposits,
Fischer (1968) summarized our understanding of their origin

as follows{

The deposits are epigenetic, but the source of
the ore metals, the nature of the ore-bearing
solutions, and the time of ore emplacement are
uncertain.

It is felt that the concept of evaporitic differentiation
of uranium may go at least part way toward providing answers
to some of these unknowns. More importantly, if a credible

causal link can be shown to exist between thick sequences
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of marine evaporites and uranium ore deposits, large areas
of the earth's surface become eligible for systematic,

uranium exploration programmes.
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2. SANDSTONE~-TYPE URANIUM DEPOSITS--A REVIEW

2.1 Introduction

Approximately one third of thelworld's low-cost
uranium resources have been found within sandstone-type
uranium deposits (Patterson, 1970). These deposits account
for about 95 percent of the past uranium production and
futufe reserves of the United States, which in turn possesses
about 25 percent of the world's resources of low-bost
uranium (ibid.). Clearly, this type of deposit has a major
role to play in meeting the expected demand for uranium
in the years ahead.

The principal characteristics of these deposits and
the various theories of origin will be briefly reviewed
in this section. Recent papers by Fischer (1974) and Grutt
(1972), from which the following summary has largely been
drawn, provide access to a very extensive literature on the

subject.

2.2 Host Rocks

Ore deposits of this type have been found in a wide
variety of sandstones and unconsolidated, clastic sediments.
The favourite hosts tend to be medium- to coarse-grained,
poorly sorted sandstones, often in part conglomeratic and
commonly inter-bedded with less permeable mudstones. With
regard to rock‘composition, feldspathic and arkosic sand-
stones appear to be the preferred hosts, but important
deposits have been found in quartzose sandstones, tuffaceous

sandstones and even lacustrine limestones. The provenance
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of the host sediment has beén granites, metamorphic rocks,.
or pre-existing sandstones and shales. The environments

of deposition have been equally varied, including non-marine
fluviatile, marginal marine, lacustrine and aeolian environ-
ments. The host rock in the immediate vicinity of the ore
deposit is typically grey; green or tan in colour, inter-
bedded with grey or green mudstone. Coalified plant debris
or other carbonaceous matter is a common constituent of
many host rocks, and volcanic ash or other "tuffadeous
material" has often been found either within the host or
associated sediments.

In summary, the typical host rock has frequently been
described as a permeable, fluviatile sandstone of continental
origin. For some reason, this rock type has proven to be
the preferred host with respect to the ore found to date.
However, it is important to realize, as the fore-going
review indicates, that a wide variety of permeable sand-

stones may host sandstone-type uranium mineralization.

2.3 Ore Minerals and Ore Grade

The most common ore minerals in unoxidized deposits
are uraninite (uranium Qxide) and coffinite (uranium
silicate). Vanadium oxides and silicates can be important
accessory ore minerals in some districts. These epigenetic
minerals have mainly impregrated the porous sandstones,
coating grains and filling pore spaces. However, they have
also replaced sand grains to some extent and have locally
replaced coalified fossil plants. Elements associated with
the uranium, in addition to vanadium, include molybdenum,

selenium, arsenic, phosphorus, manganese and copper.
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Introduced gangue minerals other than common sandstone
cements are not conspicuous.

In the zone of oxidation, typical ore minerals are
carnotite and tyuyamunite (uranium vanadates). If oxidized
vanadium was not available, the uranium appears to have .
been largely carried away in solution, leading to impoverish-
ment aﬁ the surface and possibly to secondary enrichment
at depth.

The sandstone-type uranium deposits contain relativeiy
high-grade ore, ranging from 0.10 to 0.40 percent uranium

oxide and averaging around 0.25 percent.

2.4 Source of Uranium

A variety of hypotheses have been proposed over‘the
years to account for the source of the uranium. Not
unexpectedly perhaps, hydrothermal fluids of magmatic
origin were the preferred source for many years. This
gave way to a theory of in situ leaching, by deeply cir-
culating groundwaters, of loosely bound uranium within
adjacent granites. In the 1950's, this same basic theme
was taken one step further with the suggestion that
uranium was leached from the granite-derived, arkosic sands
of the host rock. This is still a popular theory in some
areas. '

The explanation currently accepted by most geologists
involves the leaching of uranium from tuffaceous material,
either within or stratigraphically above the host sandstone.
It is thought that uranium was leached from material such

as volecanic ash by slowly migrating groundwaters.
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2.5 Fixing Agents

Uranium can readily be transported in the soluble
hexavalent state by oxygenated groundwaters, but is almost
completely insoluble when reduced to the tetravalent ion.
Thus, subtle changes in oxidation-reduction potential (Eh)
or in the acidity of the aqueous solution (pH) can most
effectively fix uranium as ore.

At certain stages of decomposition, plant debris and
humic acids derived from it were evidently capable of
precipitating uranium from solution; examples of tree
stumps and logs replaced by uraninite are not uncommon.
Vegetal carbonaceous matter is a common constituent of
many fluviatile sandstones, and may be one reason why these
rocks are ofteh the preferred hosts of uranium ore. Organic
matter can also serve as a nutrient source for a variety
of micro-organisms, the waste products of which can be
powerful reducing agents. Hydrogen sulphide and other gases
derived from o0il and gas reservoirs, or the reducing environ-
ment associated with petroleum-derived bitumen may also

have been responsible for the fixing of uranium as ore.

2.6 Styles of Mineralization

Sandstone-type deposits are characterized by at least
three geometric typeé or styles of mineralization, namely,
the roll deposit, the blanket or tabular deposit, and the
stacked deposit. The first style is characteristic of the
Wyomning and Texas Gulf Coast mining districts, while the
other two are typical of Colorado Plateau deposits.

Roll-type ore bodies are elongate in plan and typically

crescent-shaped in vertical section (Figure III-2).
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Figure ITI-2. Idealized cross-section of a roll-type
uranium deposit.

Individual deposits occur sporadically along a sinuous
interface between altered (oxidized) and unaltered (un-
oxidized) sandstone. The altered sandstone is generally
reddish-coloured or "bleached" compared to the grey-coloured,
unaltered rock, and usually contains less coalified plant
material, pyrite and calcite. The limits of the altered
sands are believed to mark the furthest advance of oxidizing
conditions resulting from the downward migration of
groundwaters (Figure III-2). Ore deposits were formed

along this so-called "solution front" when oxygenated,
uranium-bearing groundwaters encountered reducing conditions
associated with the unaltered rock. A large roll deposit
may be several tens of feet wide and high, and extend for
many hundreds of feet along the roll axis.

The tabular ore bodies of the Colorado Plateau region
lie essentially parallel to the bedding of the host sand-
stone. They are typically a few feet to a few tens of
feet thick, hundreds to thousands of feet wide, and several
thousands of feet long. The mineralized zone is enveloped

in grey-coloured sandstone, which in turn is surrounded by
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red-coloured sandstone and mudstone. It would appear that
the uranium ore was precipitated epigeneticaliy when
migrating formation waters encountered a local and étrati—
graphically controlled reducing environment within general-
ly oxidized sediments.

Stacked deposits occur along permeable fault and
fracture zones in the Grants area of New Mexico. They
tend to be equidimensional or rectangular in vertical
section, with dimensions of several hundreds of feet, and
often follow the linear fault zone for several thousands
of feet. Laterally, stacked deposits may grade imperceptibly
into tabular-type deposits. They are believed to have been
formed by the oxidative destruction of tabular ore and sub-
sequent redeposition of the uranium along nearby fault zones.

Roll deposits are undoubtedly the best known of the
three basic styles of sandstone-type uranium mineralization,
primarily beéause a great deal has been written asbout
them in recent years. As a result, the terms "sandstone-
type" and "roll-type" have tended to become almost
synonymous. However, it is important to remember that some
of the largest individual ore bodies in the western United
States, as well as a mgjor share of the total uranium
resources, are in tabular and stacked deposits.

Another important characteristic of the American
uranium deposits is their extreme range in size. Of the
3100 known deposits, one half contain less than 2.5 tons
of uranium oxide, and only seven deposits contain more than
10,000 tons (Patterson, 1970). Clearly, emphasis should
be placed on understanding the mineralization controls of

the few large deposits rather than the multitude of tiny ones.
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2.7 Special Stratigravhic and Structural Features

There are several stratigraphic and structural featureé,
such-as unconformities and faults, which are conspicuously
present in some mining districts and which undoubtedly play
a role in the ore-forming process. |

The importance of unconformities with regard to the
stratigraphic distribution of uranium ore has been noted
by Wood (1968) and Malan (1968). In the Lisbon Valley,
White Canyon and Monument Valley districts of Utah and
Arizona, uranium minerélization has generally been found
within a few feet of a regional unconformity--typically
within the permeable, basal sandstone or conglomerate.

The presence of the unconformity and associated permecable
sediments has no doubt enhanced the lateral permeability
of the rock, thus facilitating and controlling the lateral
movement of potential ore-forming fluids. The updip
truncation of beds beneath an angular unconformity in the
subsurface also provides a means by which ascending forma-
tion brines can reach overlying aquifers.

The relationship between faults and sandstone-type
uranium deposits has received remarkably little attention,
probably because faults are not an essential part of the
currently popular theory of ore formation. However, faults
are obvious ore controls in somé mining districts of the
Colorado Plateau area (Kelley et al., 1968) and in the
Texas coastal region (Eargle and Weeks, 1973). The presence
of faults enables formation fluids to move both laterally
and vertically, the latter perhaps being of particular

importance with regard to the proposed model.
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In many areas, sandstone-type uranium deposits are not
strictly confined to a single formation or stratigraphic
level, but are found in a number of different formations
throughout a stratigraphic interval of several thousand
feet. Typically, one or two formations have proven to Be
more suitable host rocks than others, and thus contain a
major share of the ore. However, it is apparent that the

ore-forming solutions pervaded large volumes of rock.

2.8 Differences Between Colorado Plateau and Wyoming Deposits

Before leaving this section, differences between the
two principal uranium mining districts of the western United
States will be discussed briefly. Although apparently
similar in many respects, thére are important differences
between them, as discussed by Fischer (1970).

As already discussed, one of the most obvious dis-
similarities is the shape of the ore deposits—--tabular and
stacked deposits in the Plateau area and roll deposits
within the Wyoming basins. The roll deposits appear to
have a dynamic origin, apparently being pushed downdip by
the forward advance of oxygenated groundwaters. The deposits
of the Colorado Plateau, by contrast, appear to have formed'
as static bodies, localized by chemically reducing patches
or pockets. While both types of deposit are thought to
have been the result of reduction precipitation from ground-
waters, a somewhat different type of ore-forming process
was clearly operating in the two areas. Fischer (1974)
suggested that roll deposits may have formed "relatively
late™ after_accumulation of the host rocks, while tabular

deposits may have formed "relatively soon" after deposition.
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Another difference is the fact that the Wyoming deposits
are largely in unlithified sands of high feldspar content. '
The Colorado Plateau deposits are in lithified sandstones
which are only slightlj to moderately arkosic.

There are also subtle differences with regard to the
elements associated with uranium. The Colorado Plateau
deposits generally have vanadium present in the ore, some-
times in sufficient abundance to be ore in its own right.
Selenium, molybdenum and copper are conspicuous in only a
few places. The Wyoming roll deposits generally contain
very little vanadium, but consistently more selenium and
molybdenum. Other elements, éuch as arsenic, phosphorus
and manganese are also present in greater abundance. .

Fischer (1970) concluded that the source of uranium
in the Wyoming and Colorado Plateau deposits was still
unknown, and that more data on the possible source, or
sources, would be helpful in guiding the search for new

mining districts.



3. URANIUM AND EVAPORITES-~PREVIOUS VWORK

3.1 Introduction

The spatial association of evaporites and some sand-
- stone-type uranium deposits has undoubtedly been observed
by many geologists, but it appears that a causal relation-
ship has generally not been suspected. In some mining
districts, it has been proposed that hydrogen sulphide,
dérived from sulphate reduction in the presence of petro-
leum, has served as the fixing agent (Eargle et al.,'l975;
Wood, 1968). However, exceptional thicknesses of the more
soluble salts are certainly not necessary to fulfil this
requirement. It is felt that other potential ore-forming
processes involving marine evaporites have either not been
recognized or not fully appreciated. There are, however,

several important contributions in the literature.

3.2 Uranium and the Evaporation of Seawater

Bell (1960) appears to have been the first to
investigate what happens to uranium when seawater is
evaporated. His studies revealed that anhydrite, gypsum,
halite and potassium-bearing salts are among the least
uraniferous of all rock-forming minerals. These findings
led him to a very significant conclusion--that evaporites
contain less uranium than was originally present in the
seawater from which they were precipitated. In some
evaporite basins, Bell suggested that the missing uraniuﬁ

was incorporated by organic-rich muds, phosphatic sediments

and clay minerals deposited with the salt. In other basins,

he proposed that the highly soluble uranyl ions had remained
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in solution until the final stages of dessication, at which
point various uranium salts were precipitated. As no
evidence of such salts has ever been found, he concluded
thaf they were subsequently removed through leaching, or.
were blown away by the wind!

As pointed out by Bell (1960), the hydrous forms of
uranyl chloride and sulphate--salts which might con-
ceivably be precipitated within an evaporite basin--are
soluble to the extent of several parts of salt to one part
water. It seems unlikely that such incredibly soluble
materials would ever be precipitated under natural conditions.
However, even if precipitated and subsequently leached,
the leaching solution would still be very much enriched
in uranium. Wind erosion probably doesn't enter into it;
at the stage of evaporation required to precipitate uranium
salts, the residual brines would have long since been
present as a groundwater within previously precipitated
material. Salts formed in these final stages of dessication
are unlikely to have been subjected to wind erosion.

Considering the data he had at his disposal, Bell's
work is felt to be a most important contribution. The
concentration of uranium within the residual brines of an
evaporite basin may have provided that crucial first step
on the way toward a sedimentary-diagenetic ore deposit.

The important question is what became of the uranium-
enriched residual brines, or the equally enriched leaching
solutions, during diagenesis.

Dall'Aglio and Casentini (1970) were the first to
provide quantitative data on the distribution of uranium

between solutions and precipitates during the evaporation
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of seaWatef; Iﬁ order to avoid manyﬁof_thg_short—comings
of the controlled iaboratory experiméﬁé;.tgeif.éfudies wereA
conducted within a solar salt works on the eastern coast

of Italy. 1In this way, they hoped to approximate to
conditions likely to have prevailed within an evaporite'
basin..

The results obtained by Dall'Aglio and Casentini (1970)
confirmed the conclusions deduced by Bell. They found
that negligible amounts of uranium were co-precipitated
with gypsum and halite. As a result, the uranium content
of the residual brines increased as evaporation progressed;
During precipitation of halite, the uranium content
of a litre of brine was 10 times that of the original
seawater. As was suggested by Bell, the amount of uranium
removed from the bittern appeared to depend primarily on
the amount of organic matter and clay within the evaporating
ponds.

Dall'Aglio and Casentini do not appear to have recog-
nized the possible significance of their findings. They
concluded that it would not be economic to commercially
extract uranium from the residual brines, and left it at
that. It apparently did not occur to them that subsequent
diagenetic processes might further concentrate the uranium
contained in evaporitic, residual brines. A ten~fold enrich-
ment of a metal in solution represents a very high degree
of concentration within the sedimentary realm--certainly
something not to be dismissed too quickly from the point
of view of a potential ore-forming process. What is more,
the degree of evaporation achieved by many evaporite

basins was clearly much beyond that of interest to the
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commercial salt works operator, where contamination by
potassium and magnesium imposes a strict upper limit.
Theréfore, many evaporite sequences may have originally
contained residual brines much more highly enriched in
uranium than those studied by Dall'Aglio and Casentini.
In a later paper, Dall'Aglio (1972) pointed out that
the concentration pattern for uranium during the evaporation
of seawater duplicates that of potassium and magnesium.
The latter elements are concentrated sufficiently as a
result of evaporation to produce ore-grade enrichments.
Why could the same degree of concentration not serve as

the first step in the formation of uranium ore?

3.3 Evaporites and Uranium Ore--A Causal Link?

In discussion following a paper by Grutt (1972), the
suggestion was made that sandstone-type deposits may have
derived their uranium from seawater via an evaporitic cycle.
It was also mentioned that such an origin had been put forth
for the Black Hills deposits of Wyoming and South Dakota,
the uranium having been derived from underlying anhydrite.
A quite different model was obviously visualized because
there are simply not enough evaporites in the vicinity to
have supplied the required uranium. Unfortunately, the
proposal does notvappear to have been developed further,
and additional details are not available at the time of

writing.

3.4 Conclusions

The concept of uranium enrichment during the solar

evaporation of seawater is clearly not a new idea. Nor,
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it seems, is the possibility that metals for sandstone-tyﬁe
uranium deposits were derived from seawater via an evaporitic
cycle. Most writers, howevef, appear to have completely
overlooked the ore-forming potential of evaporitic dif-
ferentiation of uranium. The process most certainly has

not received the attention it deserves, in view of the fact
that possibly as much as 17 percent of the world's low-cost
uranium resources are spatially associated with thick

sequences of marine evaporites.
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4. VOLUME-WEIGHT RELATIONSHIPS DURING EVAPORATION

Previous studies have indicated that uranium is
likely to be concentrated within evaporitic, residual
brines. In the next section, an attempt will be made to
calculate the extent of this enrichment. Before such
calculations can be made, however, it is necessary to
know the total mass of each of the salts precipitated, as
well as the volume and density of the remaining brine.
These volume-weight relationships can be obtained from
quantitative studies of the evaporation process.

Considering the volume of salt within the earth's
crust and its commercial importance, surprisingly little
is known about the quantitative aspects of evaporite
deposition. For many years, the only data available were
those of Usiglio, who, in 1849, experimentally evaporated
water taken from the Mediterranean Sea (Stewart, 1963).
Recently, additional data have been provided by Zherebtsova
and Volkova (1966) and Herrmann et al. (1973), who worked
within solar salt plants on the shores of the Black and
Adriatic Seas respectively. For the purposes of this study,
the composition of these waters can be regarded as equivalent
to that of normal seawater.

The graphs in Figure IIT-3 show the volume of brine
remaining and the number of grams of carbonate (dolomite
and calcite), sulphate (anhydrite) and chloride (halite)
precipitated when one litre of seawater is progressively
evaporafed. Both the volume and cumulative mass curves are
plotted against the specific gravity of the brine. Data

making up the volume curve (upper left) are compiled from
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all three préviously mentioned references; the cumulative
mass curves are based on the two more recent studies.

| Usiglio's work of 1849 agrees remarkably well with the

modern studies in most respects.

It can be seen from the volume curve that a litre of
seawater must be reduced to 25 or 30 percent of its original
volume before inorganic precipitation of carbonate begins.
Within an evaporite basin, some of the calcium carbonate
would be femoved from solution by carbonate-secreting
organisms; this organically-induced precipitation would
be expected to occur at an earlier stage of evaporation.
When the brine volume is slightly less than 0.2 litres,
deposition of calcium carbonate, by whatever means, is
abruptly halted by the initiation of calcium sulphate pre-
cipitation. Halite begins to crystallize when the brine
occupies about 11 percent of its original volume, and the
highly soluble potassium and magnesium salts at about two
percent. The production of solar salt is halted when the
brine volume is 2.5 percent that of the original. The most
abrupt decreases in brine volume occur immediately after
the initiation of the evaporation prccess, and during the
early stages of halite and potash precipitation. Beyond
a specific gravity of 1.%2, the precision of the volume
data is questionable. |

Herrmann et al. (1973) and Zherebtsova and Volkova
(1966) determined the chemical composition of brines at
different stages of evaporation within their respective
solar salt plants. From the changes in the brine composition
with increasing specific gravity, it is possible t6 calculate

the amounts of the various salts which must have been



precipitated. It can be seen in Figure III-3 that the
two sets of data are in reasonably good agreeﬁent for each
of the three cumulative mass curves. The most unreliable
of the three'cufves is felt to be that for anhydrite,
primarily because many more sulphate than calcium ions
were removed from solution. Some sulphate may have been
consumed in the life processes of various macro- and micro-
organisms; for example, blue-green algae were reported to
be thriviﬁg within the evaporating ponds studied by Herrmann
et al. (1973). As a result, the cumulative mass curve for
anhydrite is based primarily on changes in the calcium con-
tent of the brines. This, in turn, depends on the extent
to which dolomitization of previously precipitated aragonite
and calcite has taken place--the more dolomite formed, the
more calcium made available to form anhydrite. For this
reason, three anhydrite curvesvare shown in Figure III-3;
the upper and lower curves (broken lines) represent complete
dolomitization and no dolomitization, respectively, while
the solid curve represents an arbitarily selected value of
two thirds dolomite, oﬁe third calcite or aragonite. A
minor correction must also be made to the carbonate cumula-
tive mass curve to compensate for this amount of dolomite.
Beyond a specific gravity of 1.30, the limited data
available are highlyvvariable. Thus, no attempt has been
made to construct curves for potassium and magnesium salts.
However, for the purposes of this study, a brine density of
1.30 grams per cubic centimetre is a convenient and suitable
end-point. For one thing, about 95 percent of the sodium
dhloride has already been precipitated. Ior another, the

precipitation of potassium and magnesium salts has just

132,
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begun, thus providing an excellent indication of the stage
of evaporation reached. It also represents an effiqiency '
of evaporation achieved by many evaporite basins.

A visual representation of the volume relationships
at a brine specific gravity of 1.30 is depicted in Figure
IIT-4. At this stage of evaporation, a column of normal
seawater originally 1000 units in height has been reduced
to only 31.4 units. This much-reduced column height is
made up of 12.9 units of precipitate and 18.5 units of
brine. The precipitated material consists of 0.2l units
of calcite and dolomite, 0.34 units of anhydrite (or 0.43
units of gypsum) and 12.3 units of halite. The right-hand
column in Figure III-4 is an expanded view, showing in
more detail the relative amounts of carbonate, sulphate,
chloride and residual brine.

Figure III-4 represents the situation as it would exist
in a completely closed evaporitic system. In the {field,
the relative amounts of carbonates, sulphates and chlorides
would be expected to differ from those shown, typically
with greater volumes of the less soluble components, never
the reverse. This is because no evaporite basin was ever
a completely closed or one-way system; some brine was always
lost from the system, either back to the sea or to adjacent
sediments. A few of‘the more efficient evaporite basins,
such as the Paradox Basin, appear to have come remarkably
close to the theoretical limits, containing only slightly
more carbonate and less halite (Stewart, 1963).

The fact that evaporite basins contain different
relative amounts of the principal precipitates should not

alter the composition of the residual brine--the critical
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parameter as far as this study is concerned. The volume
of brine processed fo any particular stage of evaporation
determines the relative amounts of the various salts pre-
cipitated. If, for example, most of the brine flowed back
into the sea following the precipitation of the carbonates
and sulphates, the more soluble salts would be relatively
much less abundant than the less soluble. Thus, the relative
amounts of carbonates, sulphates and chlorides are deter-
mined by the overall efficiency of the evaporite basin;
the chemical composition of the brine is determined largely
by the stage of evaporation reached, and should not vary
significantly from the predicted values.

In the next section, values of volume, weight and
density will be faken from Figure III-3 in order to calcu-

ldte the uranium content of the residual brine.



5. EVAPORITIC DIFFERENTIATION OF URANIUNM--A SEDIMENTARY
ENRICHMENT CYCLE

5.1 Introduction

In this section, an attempt will be made to mathe-’
matically model the evaporitic enrichment of uranium. The
results obtained from this quantitative approach will be
checked against the analytical data provided by Dall'Aglio
and Casentini (1970). If the calculated results‘appe&r
valid, the model will be used to exftrapolate into areas
where data are not yet available, and also to determine
the most critical parameters in the enrichment process.

In this way, it is hoped that a better understanding of
the evaporitic differentiation of uranium can be obtained,
thus enabling a more accurate assessment of its ore-forming

potential to be made.

5.2 Mathematical Model

In simplest terms, the concentration of uranium within
a residual brine can be calculated by subtracting the
amount taken out of solution from the amount originally
present, and making corrections for changes in the density
and volume of the solution. Mathematically, this is repre-
sented by the foliowing equation:
Moy - (Mccc + MO+ thh)

- b}

br V x 8G

C

where Cbr is the concentration of uranium in the residual
brine, in parts per billion (107);

Mgy is the amount of uranium, in micrograms, in

one litre of seawater;

1%6.



137.

SG is the specific gravity of the residual brine;

V is the volume of the brine, in litres, at that
specific gravity;

M Ma and Mh are the number of grams of carbonate,
anhydrite and halite, respectively, precipitated
from one litre of seawater evaporated to the

specified specific gravity;

c,

and C Ca and Ch are values Tfor the uranium content of

the precipitated carbonate, anhydrite and halite,

c,

respectively, in parts per million (ppm).

Before calculations can be made, it is necessary to
assign values to the various constants in the equation;
that is, values for the uranium content -of seawater, calcite-

dolomite, anhydrite and halite.

5.3 Assignment of Values to Constants and Variables

There appears to be general agreement that the uranium
content of normal seawater is 5.3 micrograms per litre
(Riley and Chester, 1971; Turekian, 1972). The definitive
work on the subject is perhaps that of Rona et al. (1956),
working with water samples from the Gulf of Mexico, the
Straits of Florida, the North Atlantic and the North Pacific.
The uranium content'of these samples ranged from 3.1 to
3,5 parts per billion (ppb) and averaged 3.31 ppb (3.4 micro-
grams per litre). Surface waters from the Gulf of Mexico
were found to be enriched with respect to deep waters, as
well as with respect to surface waters from the North
Atlantic and North Pacific. The uranium content of surface
waters from the open oceans averaged 3.3 micrograms per

litre (3.2 ppb), and is the value which will be used here.
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The accepted value for the uranium content of lime-
stones appears to be 2.2 parts per million (Baranov et al.,
1956; Adams and Weaver, 1958; Turekian and Wedepohl, 1961;
Rogérs and Adams, 1974). Histograms of the uranium content
of large numbers of samples from North America and the
Russian Platform (Rogers and Adams, 1974) reveal a remarkably
consistent, and limited, range of values. Dolomites and
dolomitic limestones contain slightly less uranium, but
broadly similar values (ibid.).

The situation with regard to the uranium content of
gypsum and anhydrite is much less certain, as there appear
to be only five reliable analyses of marine calcium sulphate.
The available data are listed in Table III-2. When the
values for gypsum are converted to their anhydrite equivalent,
the mean for all five samples is 0.26 ppm. The Recent
samples contain considerably less uranium (0.08 ppm) than
the Palaeozoic samples (0.37 ppm). For the purposes of
this study, the uranium content of marine calcium sulphate
was taken to be 0.3 ppm.

In the case of halite, the situation is somewhat better
in that there are 12 reliable values, as shown in Table III-3.
The mean of these 12 samples is 0.012 ppm. As was the case
with calcium sulphate, present—day halite seems to contain
somewhat less uranium than its ancient equivalent--assuming
the difference is not analytical imprecision.

To summarize, the following values were assigned to the
constants in the equation: for M__ , 3.3 micrograms per

SwW

litre; for Cc’ 2.2 ppm; for C 0.3 ppm; and for Ch, 0.012 ppm.

a’
Values for the five variables in the equation, namely,

the volume and specific gravity of the brine and the number



TABLE III-2

Uranium content of gypsum and anhydrite samples
of various ages, in ppm.

Age and
Mineral Type

Recent gypsum

Permian
anhydrite

Upper
Carboniferous
anhydrite

Uranium content of halite samples

ages, in ppm.

Age

Recent

Quaternary

Jurassic

Permian

Upper
Carboniferous

Cambrian

U Content,

ppm

0.45
0.25

0.42

TABLE III-3

U Content,

Ppm

Reference

Dall'Aglio and
Casentini (1970)

Stewart (1963)

Stewart (1963)

of various

Reference

0.0025
0.0064

0,010
0.01
0.01
0.01
0.01

0.015
0.015

0.015
0.025

0.011

Dall'Aglio and
Casentini (1970)

Moore (1971)
Stewart (1963)

Stewart (1963)
Stewart (1963)

Moore (1971)

139.
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of grams of carbonate, anhydrite and halite precipitated,
can be taken from Figure III-3. For convenience, a number

of sets of values are presented in Table III-4.

5.4 Calculated Versus Analytical Data

The calculated uranium content of evaporitic residual
brines was determined up to a brine specific gravity of
1.30. The results obtained are plotted in Figure III-5,
together with the analytical data of Dall'Aglio and Casentini
(1970).

It can be seen at once that a dramatic increase in
uranium concentration takes place during the evaporation
of seawater, particularly during the precipitation of halite.
It can also be seen that the theoretical and analytiéal
curves are in reasonably good agreement, running parallel
to each other once the precipitation of carbonate is com-
pleted. Both curves have essentially the same slope during
the precipitation of calcium sulphate, an area where the
precision of the model is particularly questionable. The
discrepancy between the two curves is introduced during
the initial stages of evaporation. It is important to
determine the reason for this early-stage displacement,
for if the model requires modification, this must be done
before it can be ﬁsed for extrapolation purposes.

For some reason, more uranium than predicted is removed
from solution within the first few evaporating ponds studied
by Dall'Aglio and Casentini (1970). If this results from
calcite or aragonite precipitation, the carbonates must
either contain more uranium than expected, or a greater

mass of carbonate is precipitated. 1In the first case, it



Sets of values, taken from Figure III-3, for volume
of residual brine and grams of salts precipitated
when a litre of seawater is evaporated to particular
specific gravities.

Specific
Gravity

Volume,
litres

TABLE ITI-4

Carbonate,
grams

Anhydrite,
grams

Halite,
grams

1.05

1.10

1.12

1.14

1.16

1.18

1.20

1.22

ll24

1.26

1.28

1.%0

0.50

0.248

0.203

00169

0.144

0.127

0.114

0.083

0.042

0.029

0.024

0.019

0.00

0.100

0.420

- 0.585

0.585

0.585

0.585

0.585

0.585

0.585

0.585

0.585

0.00
0.00

0.001
0.190
0.368
0.525
0.665
0.790
0.890
0.955
0.990

1.000

0.00

0.00

0.00

0.00

0.00

O.OO

6.4

19.1

23.1

25.4

26.7
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is calculated that a uranium content of 4.1 ppm (as opposed
to 2.2) would be required--an exceptionally high value

indeed. In the second case, a total of 1.1 grams of carbonate
per litre of seawater would have to be precipitated. It

is thought most unlikely that the graph in Figure III-3 is

in error to that extent. Thus, the discrepancy between the
two curves does not appear to be accountable in terms of
carbonate precipitation.

The most likely explanation is provided by Dall'Aglio
and Casentini themselves. It seems that fish and shellfish
are raised commercially within the first few evaporating
ponds. Conditions created by the intensive fish~farming -
operations are probably causing more uranium than usual to
be removed from solution. As stated by Dall'Aglio and
Casentini, the decay products of biological activity are
capable of removing subétantial percentages of the uranium
contained in'natural waters--which rather defeats the rea-
son for going to the salt works in the first place.

In view of the unique biological conditions within
the Italian brine pools, it is felt that the theoretical
enrichment curve perhaps more accurately portrays the
situation as it might have existed within an evaporating
_ basin than the analytical curve. The fact that the two
curves are essentially parallel once beyond the initial
brine pools confirms the basic validity of the model. In
view of this encouraging confirmation, it is felt that the
model can be used as the basis for a broader investigation

of the evaporitic differentiation of uranium.
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5.5 Extfamolations Based on the Numerical Model

One of the main reasons for constructing any model is
to be able to extrapolate into areas where data are not
available. In this particular example, it should be possible
to determine how the uranium content of the brine changes
when evaporation is continued beyond the point reached
" during the studies of Dall'Aglio and Casentini (1970).
The model should remain reasonably valid until a specific
gravity of 1.30 is reached. Of course, many evaporite basins
have regularly exceeded this degree of evaporation, as
evidenced by the presence of potash minerals.

The brines studied by Dall'Aglio and Casentini reached
a specific gravity of 1.26 and achieved a uranium con-
centration of 24.6 ppb, an enrichment of almost seven times
rélative to the initial seawater. Had they evaporated the
brine to a specific gfavity of 1.3%0, the concéntration
factor would probably have increased to 12 or 15--a much
more dramatic result indeed. It is obvious from Figure III-5
that the most rapid increase in concentration occurs during
the precipitation of halite; sodium and chloride, very much
the most abundant ions in solution, are being removed in
preference to one of the trace metals. Dall'Aglio and
Casentini (1970) halted their investigation just after the
steepest part of the enrichment curve had been reached.

The theoretical curve predicts that a residual brine
of specific gravity 1.30 would contain 18 times more uranium
(22.7 times on a volﬁme basis) than normal, open-ocean sea-
water. Thus, the uranium content is increased from 3.2 ppb
(3.3 micrograms per litre) to 58 ppb (75 micrograms per

litre). Beyond a specific gravity of 1.30, it is only
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possible, at this stage, to assume that the slope of the
enrichment curve remains more or less unchanged. '

| Another major advantage of working with a mpdel,
particularly a simple mathematical model, is to be able
to investigate what happens when one or more of the initial
conditions are changed. In this way, hidden strengths or
weaknesses of the modelled system are often revealed.

By far the most sensitive parameter in the equation
is the uranium content of seawater--sensitive in that a
small change produces an amplified response. For each 1.0
percent change in the uranium content of seawater, thére
is a corresponding change of 2.4 percent in the uranium
content of the residual brine at a specific gravity of 1.30,
assuming everything else remains constant. Fbr example,
if the uranium content of seawater was doubled from 3.3 to
6.6 micrograms per litre, the content at a specific gravity
"of 1.%0 would be 195 ppb instead of 58 ppb. On the other
hand, there would be no concentration at all if the initial
uranium content was reduced to 2.0 micrograms per litre or
less.

The uranium content of surface waters from the North
Atlantic and North Pacific was used to construct the
theoretical enrichment curve in Figure III-5. If the sur-
face waters of the Gulf of Mexico, containing 3.6 micro-
grams of uranium per litre (Rona et al., 1956), had been
used instead, the final uranium concentration would have
increased from 58 to 71 ppb. By analogy, the waters of the
highly restricted seas in which evaporites were pfecipitated}
may, in some cases at least, have contained more uranium

than the contemporary oceans. This, in turn, would have
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greatly enhanced the ore-forming potential of the evaporitic
enrichment process. |

The second most sensitive parameter in the mathematical
model is the carbonate factor. Although the amount of
carbonate involved is small,Athe fact that it contains many
times more uranium per unit mass than anhydrite or halite
makes it a much more sensitive factor. However, unlike the
case for the uranium content of seawater, no multiplier
effect is involved. 1In fact, a 1.0 percent change in
either the amount of carbonate or its uranium content pro-
duces an inverse change of 0.92 percent in the final uranium
concentration. For example, if the uranium content of the
precipitated carbonate minerals was 4.4 rather than 2.2 ppm
(a 100 percent increase), the uran;um content of the residual
brine at 1.30 falls from 58 to only 4.4 ppb. On the other
hand, if the carbonate éontained 1.1 ppm uranium, the final
concentratioh would increase to 85 ppb.

The uranium concentration of the brine is relatively
insensitive to changes in either the halite or anhydrite
factors. For a 1.0 percent.change in either factor, there
is an inverse change of about 0.2 percent in the final
uranium concentration of the brine. For example, an error
of 100 percent in either the uranium content of anhydrite
(from 0.3 to 0.6 ppm) or the amount of anhydrite precipitated
(from 1 to 2 grams per litre of seawater) results in a fall
from 58 to 46 ppb in the uranium content of the residual
brine. Thus, even major errors in the halite or anhydrite
factors, introduced into the model as a result of insufficient
or unreliable data, would not be expected to significantly

alter the final outcome.,
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5.6 The Solubility of Uranium in Evaporitic Brines

The solubility of uranium is highly dependent on
oxidation-reduction potentials; tetravalent uranium (U4+)
is highly insoluble, whereas hexavalent uranium (U6+), in
the form of stable uranyl ions (U022+), is almost completely
soluble in the aqueous phase (Rogers and Adams, 1974).
At this point, the ability of a typical evaporitic brine
to mafijtain increased concentrations of uranium in solution
will be investigated.

Herrmann et al. (1973) measured the oxidation-reduction
potentials (Eh) within the evaporating ponds of a solar
salt plant. With the exception of brines from which halite
was being precipitated, the Eh values ranged from +340 to
+425 millivolts. In order to produce white halite, a
sérongly reducing black mud on the bottom of the halite
pans was frequently stirred up by the operators. This
action caused Eh to change from highly positive to negative
values, thus ensuring that any iron in solution was present
as ferrous rather than ferric ion. ©Small amounts of the
latter would give the halite a commercially objectionable,
reddish-brown colour. Herrmann et al. (1973) found that
values for pH averaged 8.2 throughout the initial stages
of evaporation, falling to 7.4 during the precipitation of
carbonates and sulphates, and to values slightly below 7
during halite precipitation.

The highly oxidizing nature of most evaporite basins
is indicated by the éommon presence of ferric oxide impurities
within the salt horizons. This condition probably resulted
from the typically shallow, well-aerated environment of

deposition, and from the fact that virtually all organic
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activity wasiprdhibited by the high salinities. In modern
salinas, even blue-green algae are unable to folerate the
salinities accompanying halite precipitation. If é reducing
environment existed at all during the precipitation of
evaporites, it was probably a local and temporary condition--
perhaps the result of an influx of organic-rich, detrital
sediment.

The solubility of the stable uranyl ion is greatly
enhanced by the formation of carbonate, sulphate or chloride
complexes (Dall'Aglio and Casentini, 1970). One or other
of these complexes ensure stability over a wide pH range.
For neutral or basic solutions, the uranyl carbonate complex
(U02(005)54‘) strongly inhibits precipitation, while at
lower pH values, sulphate or'chloride act as chelating
compounds (ibid.). In fact, the carbonate complexes so
effectively maintain urénium in solution that carbonate-
enriched forﬁation waters can be thought of as uranium
solvents; as the carbonate content increases, the stability
field of the ore mineral uraninite (U02) is progressively
reduced in size for any given set of Eh and pH values
(Garrels and Christ, 1965).

There was certainly no shortage of the three major
anions in evaporitic residual brines, with bicarbonate,
sulphate and chloride ions all having been concentrated
between 10 and 20 times above their levels in normal sea-
water. What is more, these brines probably possessed some
of the highest Fh values observed in any natural aqueous
environment (Baas Becking et al., 1960). Therefore, the
highly saline residual brines appear to have been an ideal

aqueous solution in which to stably maintain high
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- concentrations of uranium. In fact, such brines might well
have served as effective leaching solutions, mobilizing
uranium from other rock types with which they came in

confact.

5.7 Elements Concentrated with Uranium

A number of other elements are concentrated in solution
with uranium during the evaporation of seawater. In the
following discussion, these elements will be split into
three broad categories, namely, major, minor and trace
elements, depending on their abundance in normal seawéter.

At a specific gravity of 1.30, the major cations and
anions that are highly concentrated compared to their initial
values are magnesium, potassium, chloride, sulphate and
bicarbonate (Zherebtsova and Volkova, 1966). At this point,
the sodium content has fallen considerable as a result of
halite precipitation, and calcium values have remained
exceedingly low following the deposition of gypsum and
anhydrite.

At least four minor elements, namely, lithium, rubidium,
bromine and boron, are highly concentrated at a brine
specific gravity of 1.30 (ibid.). Other elements in this
category, such as strontium, barium, phosphorus, iodine
and fluorine, appear to have been largely incorporated by
the various salts.

The trace metals are a much more difficult problemn,
primarily because of insufficient data. There are, however,
three elements that are approximately as abundant'as
uranium in seawater and which may be concentrated within

the residual brines. They are vanadium, molybdenum and
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selenium--all three of which are commonly found in sandstone-
type uranium deposits. It is impossible to aetermine to
what extent they may be enriched because the concentration
of each of these elements in halite.and, in most cases,
anhydrite was below the detection limits of the analytical
technique used (Stewart, 1963; Moore, 1971). However, prior
to the initiation of calcium sulphate precipitation, it
appears that molybdenum and selenium were being more highly
concentrated than uranium. The fate of two other elements,
arsenic and cesium, is even more uncertain, but they should
be considered as possible contenders. All other trace
elements in seawater can probably be eliminated, either
because they are present in impossibly low concentrations

to begin with, or because sufficient amounts are known to

be incorporated into the salts. Iron, manganese, copper

and zinc fall into the latter category. 1In fact, these
elements present a different kind of problem, in that there
does not appear to be enough present in normal seawater

to account for the amounts reported within the various
precipitates.

In summary, trace elements which may or may not be
concentrated together with uranium include vanadium,
molybdenum, selenium, and possibly arsenic and cesium.
Minor elements highly concentrated in the residual brines
include bromine, boron, lithium and rubidium. The major
cations and anions are magnesium, potassium, chloride,

sulphate and bicarbonate.

5.8 Limitations of the Model

Analytical data provided by Dall'Aglio and Casentini
(1970) suggest that the proposed model is valid, at least
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within the confines of a solar salt plant. However, it
is important to assess the limitations of the model befofe
it is applied to naturally—occurring evaporite basins.

| One possible limitation is the fact that the volume-
weight relations used in the equation are based on data
obtained from solar salt plants. These controlled operations
are not only hydrologically more efficient than most evaporite
basins, but they are also laid out such that the residual
brines do not come in contact with early-stage precipitates.
However, as discussed previously, the efficiency of the
evaporation process determines the ultimate volume of
uranium-enriched brine, not the degree of enrichment. Inter-
actions between residual brines and early-stage carbonate
or sulphate minerals represent diagenetic changes, the more
important of which will be discussed and evaluated in the
next section. As far as the final uranium content of the
brine is concerned, it probably doesn't matter whether
diagenetic changes accompany deposition or take place at
a much later stage. Thus, limitations imposed as a result
of using volume-weight data from commercial salt works are
not thought to be critical. In fact, there are certain
advantages, in that it is possible to more clearly separate
the sedimentary and diagenetic cycles, and thus obtain a
better understanding of the processes involved.

Limitations of a different kind are imposed by the
constants used in the equation. In this case, the data are
almost entirely taken from nature--seawater and sedimentary
rocks--but are clearly insufficient in some areas. These
short-comings are thought to be minimized to some extent

by the use of mean values for the uranium content of the
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three principal precipitates. This approach also permits

a number of factors to be eliminated from the.equation,

thus very much simplifying the numerical model. Far example,
the last-formed halite crystals probably contain more
uranium than the first-formed simply because the brine from
which they were precipitated was more enriched in the metal.
Also, the uranium content of some halite crystals may have
been altered as a result of recrystallization. However,
both of these factors are automatically taken into account
when the best-available mean value for the uranium content
of halite is used in the calculations. Similarly, small
quantities of moderately uraniferous phosphate minerals are
known to be precipitated from seawater (Bell, 1960). The
majority of these phosphatic components are deposited
together with the carbonates (ibid.), and thus simply con-
tribute in small part tb the total uranium content of the
carbonate miﬁerals. Uranium is not known to be essential
to the life processes of any organism (Rogers and Adams,
1974), but the waste products of organic activity possess
the potential tc remove uranium from solution. Thus,
residual organic matter probably contributes significantly
to the uranium content of some carbonates and, possibly,
sulphates. Little is known about the ability of clay and
other clastic constituents to adsorb uranium from solution,
but, once again, whole-rock analyses of the three principal
evaporitic facies will automatically include these com-
ponents, It is also generally assumed that c¢lay minerals
remove trace metals from solution, but argillaceous material
introduced into an evapecrite basin will undoubtedly contain

uranium to begin with, and may even release some to solution.
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One of the most critical factors in the numerical
model is the carbonate factor. Fortunately, a very large
number of analyses are available (Rogers and Adams, 1974),
and thus an accurate determination of the mean uranium con-
tent of carbonate rocks can be made. In fact, a considérable
amount is known about the distribution of uranium within
various carbonate components. For example, Tatsumoto and
Goldberg (1959) found that the uranium content of most
calcareous material of biological origin varied between
0.0X and 0.X ppm, but that aragonitic corals and oolites
were the most enriched, containing several parts per million
uranium. Veeh and Turekian (1968) analyzed a large number
of living corals and determined a mean value of 2.17 ppm.

On the other hand, Thompson and Livingstone (1970) found
that four different groups of corals possessed average
values ranging from 2.88 to 4.3%3 ppm uranium. Amiel et al.
(1973) concluded that the majority of the uranium contained
by corals substituted for calcium in the carbonate lattice,
and that the mean uranium content was about 3 ppm. Thus,
it has been well established that one of the most enriched
carbonate components typically contains very little more
uranium than the mean value used in the numerical model.

It seems unlikely that significant error is introduced by
the carbonate factor.

In conclusion, it is felt that the proposed numerical
model can justifiably be applied to ancient evaporite basins.
This is only possible because of the fact that the most
critical factors in the model are also the most thoroughly

understood. Development of a more sophisticated or precise
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model of this type would require additional whole-rock
analyses of representative, bulk samples from each of the
evaporitic facies. Particular attention should perhaps be
paid to the role played by organic matter and introduced
argillaceous material. However, in the opinion of the
writer, the next stage in the development of the model should
- be to analyze appropriate formation brines, or to experi-
mentally evaporate seawater under varying conditions in the

laboratory.

5.9 Conclusions

A simple numerical model predicts a marked increase
in the uranium content of the residual brines during the
evaporation of seawater. The basic validity of the model
is confirmed by analytical data from a solar salt plant.
When extrapolated to ancient evaporite basins, an enrich-
ment of 15 to 20 times appears to have been likely--a
degree of concentration which represents an extreme chemical
fractionation in any sedimentary régime. It is suggested
that evaporitic differentiation of uranium may have been
the first in a series of enrichment cycles which ultimately

led to ore-grade concentrations.
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©. DIAGENETIC ENRICHMENT CYCLE

6.1 VIntroduction

It has been shown that uranium is likely to have been
concentrated within the residual brines during the precipita-
tion of marine evaporites. However, an ore deposit will
not reéult unless the product of this sedimentary enrichment
cycle is subsequently processed by some combination of dia-
genetic, hydrokinetic or supergenetic enrichment cycles.
Additional concentration may take place during one or all
of these later phases. On the other hand, the advantage
gained from the sedimentary cycle may well be lost during
diagenesis, with the result that ore-grade enrichments are
placed beyond reach. Either way, it is important to.obtain
an insight into how, and by how much, likely diagenetic
changes have altered the uranium content of the brines.

The best means of assessing the effect of diagenesis
would be to chemically analyze suitable formation brines.

As this has not been possible, a theoretical approach will
be adopted in this section, backed up wherever possible by

quantitative evidence.

6.2 Diagenetic Changes--Qualitative Aspects

Diagenetic changes certainly possess the potential to
drastically alter the ﬁranium content of evaporitic brines.
Such changes may involve not only the evaporites themselves,
but also other rock types with which the brines come in
contact. They can be early-stage, that is, accompanying
sedimentation, or late-stage, following burial.

One of the best reviews of the complex subject of

evaporite diagenesis is that of Stewart (1963), from which



it is apparent that marine evaporites are very active
diagenetically. The relatively minor increaées in tempera-
ture and pressure accompanying burial are sufficieht to
have caused extensive diagenetic alteration. Broadly
speaking, these diagenetic changes can be classified as
replacement and recrystallization processes.

Evidence of diagenetic replacement is abundant and

widespread. Some of the large-scale changes have involved
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the replacement of limestone by dolomite, gypsum by anhydrite,

limestone and dolomite by anhydrite, gypsum and anhydrite
by halite, and anhydrite and halite by polyhalite (Stewart,
1963). Many small-scale replacements have also been
described, particularly involving the magnesium and potas-
sium salts, but none of them will_be considered here. 1In
general, however, the trend is for the more soluble salts
to replace the less soiuble.

It has-previously been shown that the more soluble
evaporite minerals, anhydrite for example, contain much
less uranium than the less soluble, such as the carbonates.
It is this fact which leads to the enrichment of uranium
in the residual brines during sedimentation. If the more
highly soluble salts have subsequently replaced less soluble
ones, and have not incorporated all of the uranium, a
considerable increase in the uranium content of the connate
brines would be expected. For example, large-scale replace-
ment of carbonate rocks by anhydrite, or even limestone by
dolomite, may have released large quantities of a variety
of metals to solution. If, however, the replaced mineral
was subsequently reprecipitated at another locality, the

increase may be only temporary.
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Abﬁndant petrographic evidence indicates that recrystal—b
lization textures are exceedingly widespread, particularly
in the more deeply buried chloride zones (Stewart, 1963).
Provided the secondary minerals contain approximately the
same amount of uranium as the primary ones, the uranium
content of the brine was probably not altered significantly.
However, recrystallization processes may have had an
important role to play in porosity reduction and consequent
expulsion of brines from the evaporites.

A highly saline, evaporite-derived formation brine
will almost certainly not be in chemical equilibrium With
other rock types. For example, such a brine would be
expected to react in various ways with a non-marine sand-
stone, the typical host rock of sandstone-type uranium
deposits. Some idea of the nature of these late-stage dia-
genetic reactions can be obtained from the work of Carpenter
et al. (1974). They summarized the lithology of rocks
lying above thick Jurassic evaporites in central Mississippi--
rocks which contain highly saline brines derived from the
salt below. A reddish-coloured sandstone unit immediately
above the evaporites contains considerable quantities of
interstitial halite, as well as anhydrite and dolomite.
Authigenic overgrowths of potash feldspar occur on many
of the clastic feldspar grains. A thick, lithographic
carbonate unit several hundred feet above the salt consists
of limestone and dolomite, with volumetrically important
gquantities of anhydrite. The anhydrite is commonly preéent
as large crystals which often transect compacted oolites.
Clearly, three diagenetic processes which must be considered

are dolomitization, precipitation of secondary anhydrite,
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and anhjdritization—-the replacement of carbonate by
anhydrite.

Replacement of pre-existing carbonate by anhydrite has
been described from other areas, and evidently has taken
place on quite a significant scale. Within evaporite-
associated Middle Devonian rocks of western Canada, dia-
genetic anhydritization is such a common feature that Bebout
and Maiklem (1973) identified it as a separate anhydrite
facies.

By far the most important observation made by Carpenter
et al. (1974) was the apparent diagenetic release of lead
and zinc from an overlying shale unit by the potassium-
rich, evaporitic brines. It is entirely possible that highly
saline brines are also éapable of 'leaching' uranium from
certain rock types.

There are a variety of other diagenetic changes and
associated processes which may have altered the uranium
content of the brine. Dilution of the connate brines by
various dehydration reactions, such as the conversion of
gypsum to anhydrite, is certainly a factor to be considered,
but was probably relatively unimportant; particﬁlarly in
evaporite basins containing a high percentage of chloride
minerals. The mixing of uranium-~-bearing brines with other
groundwaters would inevitably lead to dilution and a loss
of ore-forming potential. However, the density contrast
between highly saline brines and other formation waters
may have resulted in a density stratification which would
have effectively retarded the mixing process.

Other possible diagenetic processes, even more difficult

to assess, involve reactions between the brines and various
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silicatés. For example, the authigenic precipitation of
feldspar overgrowths and cements was observed by Carpenter
et al. (1974). The aluminium and silicate required for

such a process cannot be supplied by the original evaporitic
brines, but must be derived from the rocks through which

the brines migrated. It then becomes a question of whether
the secondary silicate minerals contain more or less uranium
than the pre-existing, primary components. The situation
fegarding clay minerals has already been mentioned.
Evaporitic formation brines might react to a greater extent
with non-marine clays than with their marine counterparts--
possibly absorbing potassium and magnesium and releasing
various trace metals, including uranium, to solution.

The role played by organic matter is perhaps somewhat
easier to assess. In general, it would be expected to
remove uranium from solution as a result of local Eh and
PH changes. However, the manner in which the organic
matter is distributed throughout the rock may be important
in determining whether uranium ore deposits result. Widely
disseminated organic matter might lead to widely scattered
uranium mineralization. On the other hand, concentrations
of organic matter at specific sites within an otherwise
oxidized rock unit might result in the formation of ore
deposits.

In summary, a number of diagenetic processes involving
the uranium-bearing, residual brines can be identified.
Perhaps most important with regard to increasing the
uranium content are various replacement processes, such as
dolomitization and anhydritization. A host of recrystal-

lization processes, involving principally the chlorides,



probably do not alter the uranium content significantly.

On the other hand, the ore-forming potential of the briﬁe
may be diminished or destroyed by the mixing of uranium-
bearing brines with other formation waters, by the presence
of‘widely disseminated organic matter, or by the precipita-
tion of new (as opposed to redistributed) carbonate and
sulphate cements. Other diagenetic processes, such as
those involving the brines and various silicates, are not

Sufficiently well understood to be assessed.

6.3 Diagenetic Changes--Quantitative Aspects

The chemical composition of residual brines within
solar salt plants has been determined by Herrmann et al.
(1973), Zherebtsova and Volkova (1966) and others. As
a result of various diagenetic processes, the chemical
composition of these prines will subsequently be altered.
If an average composition of the resulting brine could be
determined, it might be possible to quantitatively evaluate

the diagenetic processes involved.
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A total of 49 analyses of evaporite-associated formation

brines were brought together from the literature. The
samples were mainly taken from formations immediately above
or below major evaporite deposits, but were sometimes from

the evaporites themselves. They included brines from the

Devonian of western Canada (Hitchon and Holter, 1971), brines

associated with Jurassic evaporites of the Gulf Coast area
of the United States (Carpenter et al., 1974; Lefond, 1969),
and brines from the Upper Carboniferous evaporites of fhe

Paradox Basin (Mayhew and Heylmun, 1966).
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The average chlorinity of these 49 brines was found
to be 190 grams per litre, a value equivalent}to that of
a residual brine of specific gravity 1.28. The avefage
values for sodium and potassium are also very similar to
those of a residual brine from which potash salts are
about to be precipitated. However, the average values
for calcium, magnesium, sulphate and total dissolved solids
are quite different from those of a residual brine of
equivalent chlorinity.

The situation is illustrated in the upper diagram in
Figure ITI-6. The composition of a residual brine of
specific gravity 1.28, as determined from solar salt plant
bitterns, is plotted on the left-hand side of the medial
line, while the average compositioq of an evaporite-associated
formation brine is shown on the right-hand side. The com-
positional differences are immediately apparent, the typical
evaporite—aséociated formation brine being enriched in
calcium and very much depleted in sulphate and magnesium.
Because the formation brines are presumably in chemical
equilibrium with the rocks in which they are found, the
compositional differences displayed in Figure III-6 should
record the net result of all post-sedimentary changes,
whether early- or late-stage, in which the residual brines
have been involved. If this is so, and if the correct
diagenetic processes can be identified, it should be possible
to adjust the composition of the residual brine untii it
matches that of the mean formation brine.

The fact that the magnesium content must be decreased
while calcium is increased suggests that one of the dia-

genetic processes is dolomitization. A similar relationship
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between magnesium and calcium exists within unlithified
sediments where dolomite is believed to be fofming (Manheim
and Sayles, 1974). However, not all of the calcium.released
by this means remains in solution--if it did, the calcium
content of the mean formation brine would be much higher
than it is. Some of it may combine with sulphate ions to
form the secondary anhydrite commonly associated with
evaporites in the subsurface. Of course, sulphate can be
removed from solution in other ways, such as sulphate
reduction in the presence of organic matter. However, the
fact that brines from producing oil wells contained very
slightly, if any, less sulphate than brines from non-producing
wells indicates that sulphate reduction probably plays a
minor role in the removal of sulphgte. Hitchon et al. (1971)
came to a similar conclusion based on evidence from the
western Canada basin--a'basin notoriously rich in hydrogen
sulphide gas; Thus, a diagenetic precipitation of anhydrite
accompanying extensive aolomitization of pre-existing lime-
stone may be responsible for the observed changes in brine
chemistry. ' These processes have already been identified
as two of the most important products of diagenesis,
volumetrically at least, in rocks associated with evaporites.
Figure ITI-6 indicates that the magnesium content of
each litre of brine must be reduced from 54 to 8.2 grams.
If 90 percent of this magnesium forms dolomite, the other
10 percent being removed by clay minerals or by other means,
a total of 68 grams of calcium will be released. This is
assuming that dolomitization involves simply an exchange
of magnesium for calcium. If 85 percent of the sulphate

goes to form diagenetic anhydrite and 15 percent is removed



164,

from solution in other ways, the calcium content of the
residual brine is reduced to exactly that of the mean forma-
tion brine. Thus, as illustrated by the lower diagram in
Figure III-6, dolomitization and concomitant precipitation
of diagenetic anhydrite provide a means of altering the
composition of the residual brine to almost exactly match
that of the mean formation brine. Clearly, these are two

of the more significant diagenetic changes involving the
evaporitic brines.

The fate of uranium during dolomitization of pre-existing
limestone thus becomes of prime importance. Dolomitization
of calcite as a result of a substitution of magnesium for
calcium results in volume and weight reductions of 12.7
and 7.9 percent reSpectively; If the pre-existing limestone
contained 2.2 ppm uranium, and all of it was retained during
dolomitization, the uranium content of the dolomite would
actually increase to 2.4 ppm. It is unlikely, however,
that this is what happens. The uranium in calcium carbonate-
largely substitutes in the lattice in place of calcium
(Amiel et al., 1973; Rogers and Adams, 1974), the ionic
radius of tetravalent uranium being almost exactly that of
calcium. Because of both size and ionic charge differences,
it is most unlikely that uranium substitutes for magnesium
to the same extent. This suggestion is borne out by the
work of Deininger (see Rogers and Adams, 1974), who found
that 100 samples of dolomite and dolomitic limestone con-
tained uranium concentrations ranging from 0.03 to 2.0 ppm.
Unfortunately, other statistics concerning these samples
are not available. Certainly, the range of values for

limestones is higher than this, with a mean of 2.2 ppm
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(Rogers and Adams, 1974). Thus, it is probably safe to
assume that uranium is released to solution dgring dolo-
mitization. How much is released is a more difficult
question.

As illustrated in Figure III-6, an attempt has been
made to quantify the amount‘of dolomite formed when the
chemical composition of a residual, evaporitic brine is
diagenetically altered to that of a typical, evaporite-
assoclated formation brine. By knowing approximately how‘
much dolomite is formed per unit volume of residual brine,
it ié possible to estimate how the uranium content of the
brine might change. The situation is summarized in Table
III-5. 1In all cases it is assumed that the original_calcite
or aragonite contained 2.2 ppm uranium. If 10 percent of
this uranium is released during dolomitization, the resulting
dolomite will still contain 2.2 ppm, and a total of 75
micrograms of the metal will be released for each litre of
residual brine involved. A litre of residual brine at a
specific gravity of 1.28 contains about 47 micrograms to
begin with. Thus, the final uranium content amounts to 122
micrograms per litre, a diagenetic enrichment of 2.6 times.
If 25 percent of the uranium in the limestone is released
during dolomitization, the dolomite will contain 1.8 ppm
uranium and the uranium content of the brine will be
increased by 5.0 times.

Dolomitization is thought to be accompanied by a
simultaneocus precipitation of anhydrite, a process which
will, of course, remove uranium from solution. If this
diagenefic anhydrite contains 0.3 ppm uranium, a total of

28 micrograms will be removed for each litre of brine



Logss of uranium from limestone (containing 2:2 pPpm
uranium) and consequent enrichment in formation
brines accompanying dolomitization.
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TABLE III-5

Resulting U Content
of Dolomite, ppm

1.9

1.8

1.7

1.4

1.‘2

_Released, per litre
of Brine Altered

Micrograms U
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Factor
of U in Brine
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4.2

5.0

5.8

7.4

9.0
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processed. Reference to Table III-5 indicates that much
more uranium is expected to be set free by dolomitization
than to be locked up again by anhydrite precipitetion.

Some of the diagenetic anhydrite will almost certainly
replace pre-existing carbonate. In fact, if more than 14
percent of the total anhydrite formed is replacive,
additional enrichment of uranium will result. For practical
purposes, it is probably safe to assume that the formation
of anhydrite during diagenesis does not significantly alter
the uranium content of the brine either way.

The dolomitization of one cubic centimetre of limestone
with loss to solution of 25 percent of the contained
uranium means that 1.5 micrograms of uranium are released.
By contrast, aporoximately 5.3 micrograms of uranium are
released for each cubic centimetre of carbonate replaced
by anhydrite, and 0.9 micrograms when halite replsces an-
hydrite. Thus, although dolomitization does not release
as much uranium as anhydritization on a unit volume basis,
it is potentially a much more important enrichment process
because of the greater volumes involved.

The results tabulated in Table III-5 indicate that
uranium may be enriched by between two and five times
during diagenesis. The resulting concentrations within
evaporite-derived formation brines would thus be expected
to range from 0.1 to 0.3 ppm. As far as is known, there
is only one small piece of analytical field evidence to
support these conclusions. Pierce et al. (1956) reported
that o0ilfield brines from the Panhandle field of ﬁorthern
Texas, producing from clastic rocks of Permian age, con-

tained between zero and 200 micrograms of uranium per litre.
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Thé uppef end of this range is equal to approximately

0.17 ppm uranium, well within the anticipated range of
values for evaporite-derived formation brines. An uranium
content of up to 0.17 ppm is comparable to that of ground-
waters associated with uranium ore deposits in Wyoming and
South Dakota (Denson et al., 1956). Because of the potential
chemically reducing nature of petroleum, such a high degree
of enrichment in an oilfield brine is somewhat surprising--
even though the Panhandle area lies within the confines of
the Permian evaporite basin (Figure III-1). Pierce et al.
(1956) offered no explanation as to the origin of these

uranium-enriched brines.

6.4 lMineralogical and Geochemical Evidence within the

Host Rocks

Diagenesis has‘thus far been considered from the point
of view of how it has effected the uranium cohtent of the
brine. However, the products of the various diagenetic
changes, if found associated with the ore, might provide
convincing mineralogical and geochemical evidence in support
of the proposed model. IMore importantly, the uranium-
bearing brines may have left mineralogical and geochemical
'tracks' along their paths of migration. These, in turn,
might point the way to an ore deposit.

When expelled from evaporitic sequences in the subsur-
face, highly saline brines are almost certainly not in
chemical equilibrium, at first at least, with the rocks
through which they péss. Volumetrically, by far the most
important alteration product is dolomite, followed by
infilling or replacement anhydrite. Although sodium and

chloride are present in solution in great abundance, they



appear to be essentially unreactive, thus leaving little
or no evidence of their passage. Similarly, potassium may
become involved with various silicates, but would not be
expected to leave many obvious clues behind. Thus, by far
the most common mineralogical evidence would be the
presence of dolomite and secondary anhydrite or gypsum.
It follows that anomalous amounts of magnesium and possibly
sulphate would provide the best geochemical clues.
Shoemaker et al. (1959) discovered that mineralized
portions of the Salt Wash Member, the principal uranium
host rock of the Colorado Plateau area, contain three times
more magnesium than unmineralized samples from the same
formation. The bulk of the excess magnesium associated
with the ore was believed to be present as authigenié dolo-
mite. 1In fact, Shoemaker et al. (1959) state that the
theoretical ratio of dolomite to calcite in an average ore
is greater than two to one; in unmineralized sandstones,
the same ratio is one to four. Of course, the deposits
studied overlie the thick evaporites of the Paradox Basin.
As discussed previously, there are four minor elements

in seawater which are concentrated together with uranium,
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namely, bromine, boron, lithium and rubidium. It is possible

that one or more of these elements might also record the
passage of an evaporite-derived brine. Of these four
elements, boron was the only one investigated by Shoemaker
et al. (1959). They found that the estimated mean boron

content of mineralized sandstone is about twice that of the

unmineralized equivalent, a difference which they attributed

to a higher mudstone content in the ore. They suggested

that soluble borate salts and detrital heavy minerals,



including boron-bearing tourmaline, were associated with
the}clay-silt fraction of the rocks.

Another study of the chemical composition of the Salt
Wash Member sandstone was made by Newman and Elston (1959).
Samples were taken from one of the important uranium-
vanadium producing districts of the Colorado Plateau. The
sandstone was found to contain more potassium, magnesium,
vanadium and nickel than the "average" Salt VWash Member
sandstone. Newman and IElston suggested that the anomalous
potassium and magnesium may have been derived from the
evaporites of the Paradgx Basin. Abundant gypsum, in the
form of intergranular cement and fracture infillings, was
also reported.

Clearly, mineralogical and geochemical evidence.from
tﬁe host rocks of the Colorado Plateau area supports the
theory that highly saiine, evaporitic brines Qere the
ore~forming fluid. Such evidence might prove to be of
value for exploration purposes. Individual formations or
rezionally permeable conduilts within the rocks, such as
faults, palaeo-stream channels or basal conglomerates,
could be examined to see if highly saline brines may have
passed along them. It should be emphasized, however, that
the absence of positive evidence, particularly if at some
distance from the evaporites, may simply mean that the
brines have achieved chemical equilibrium with their new
environment prior to reaching that point. This, in turn,
does not necessarily imply that ore-~forming potential has

been impaired.
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6.5 Conclusions

Dolomitization of pre-existing calcium carbonate and
the concomitant formation of diagenetic gypsum or anhydrite
are identified as the two dominant diagenetic processes
involving the uranium-bearing, residual brines. Quantitative
considerations indicate that the uranium content of evaporitic
brines may be increased by some 2 to 5 times as a result of
these combined processes. They may also leave behind
important mineralogical and geochemical clues of value in
exploration.

The diagenetic precipitation of primary (as opposed
to redistributed) calcium carbonate--potentially a most
effective means of removing large quantities of uranium
from solution--is prevented by the ‘almost total absence of
calcium in the residual brines following precipitation of
the evaporites. Calcium is released to solution as a
result of dolomitization, but, as has been shown, essentially
all of this is either combined with sulphate to form dia-
genetic anhydrite or remains in solution. Thus, any calcite
or dolomite precipitated from evaporitic formation brines
must be largely recrystallized or redistributed material,
and, as such, is expected to leave the uranium content of
the brine essentially unaltered.

Finally, it must be emphasized that the fate of uranium
during diagenesis is not well understood. The consequence
of reactions between evaporitic residual brines and various
silicate minerals is quite unknown; even the effect of
dolomitization on the uranium content of the brine can only
be estimated. Because of this, the diagenetic enrichment

cycle is probably the weakest link in the proposed chain
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of events. ©Nevertheless, it is predicted that formation
brines associated with potash-bearing evaporife sequences
will contain in excess of 0.1 ppm uranium. Chemicai analyses
of such brines should include bromine, boron or lithium in
order that a distinction can be made between saline brines
which are original connate fluids and those which have
originated through the dissolution of evaporite minerals.

The former should be considerably enriched, the latter

almost entirely devoid of uranium.
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7. HYDROKINETIC ENRICHMENT CYCLE

7.1 Introduction

The final enrichment cycle--the hydrokinetic-cyclef-
involves the expulsion of uranium-bearing brines from thick,
evaporite units and their subsequent migration through over-
lying or adjacent rock units. Hydrodynamic and chemical
factors determine the efficiency of the hydrokinetic process
and the suitability of wvarious different formations to host
uranium ore.

The hydrokinetic,K cycle represents the most important
single step in the ore~forming process in that it accounts
for the major share of the required enrichmgnt. However,
it is perhaps not the most critical step because it is much
more likely to occur than either of the preceding cycles.
The migration of formation waters is an integral part of

the post-depositional history of any sedimentary basin.

7.2 De-watering of Evaporitic Units

Not all of the residual brine will have remained within
the evaporite basin following the precipitation of the various
salts. A portion of it, perhaps even a major share, will
‘no doubt have flowed back to the sea and have been disperéed.
However, some of the brine will be retained within the pore
spaces between the salt crystals. Samples of gypsum and
halite rock from present-day salinas possess remarkably
high porosities--visually estimated to be at least 50 percent.
The work of Valyashko (see Strakhov, 1970) suggests that
high initial porosities are perhaps the rule rather than

the exception. He reported that an evaporite basin enters
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the 'dry-lake stage'--that point at which the residual

brine can be contained within the pore spaées'of previously
precipitated salts--shortly after the initiation of‘potash
precipitation. At this stage of evaporation, the volume of
the residual brine is known to be approximately equal to

that of the precipitated salt, implying an initial porosity -
of about 50 percent. This in turn suggests that a major
portion of the brine most enriched in uranium may be retained
within the sediment.

In contrast to the high initial porosities, samples of
anhydrite, halite and potash rocks from subsurface borehole
cores have very low porosities and permeabilities. It is
obvious that sometime during diagenesis, evaporites have
undergone a large-scale reduction in porosity--together
with an accompanying loss of connate waters. In spite of
the apparent scale of this diagenetic alteration, nothing
seems to be known of when it took place. Some of the void
filling may have been a very early-stage process, essentially
accompanying sedimentation, that resulted from downward per-
colation of dense, residual brines. DMuch of it, however,
may have been a late-stage, recrystallization process that
accompanied burial and compaction.

I¢ has already been mentioned that evaporites, parti-
cularly the more deeply buried chloride zones, have under-
gone extensive recrystallization. Braitsch (1971) suggested
that much of the observed diagenetic recrystallization and
£illing of pore spaces was the result of pressure solution.
Unequal stress distribution throughout the solid phase
would cause solution at some points, such as along crystal

contacts, and reprecipitation at adjacent sites of minimal
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stress, such as the walls of cavities and voids. Braitsch
maintained that the process would continue until pressure
differences were equalized. 1In other words, recrystallization
caused by pressure solution will end when there are no more
cavities to fill or when the connate brines are themselves

at lithostatic pressure. Either way, much of the uranium-
bearing brine originally housed by the evaporites will
probably be driven off to laterally or vertically adjacent
aquifers.

Pofosity reduction on the scale envisaged would result
in a significant reduction in the overall volume of the
evagporites--provided, of course, the connate brines were
able to escape. As sedimentation proceeded, compaction of
underlying saline units should have led to local thickening
of overlying sequences. Newman (1962) presented a series
of isopachous maps of the Colorado Plateau area, including
the Upper Carboniferous evaporites of the Paradox Basin and
overlying formations. ZFrom these, it is apparent that
anomalous thicknesses of sands were deposited on top of
the evaporites throughout the Permian, Triassic and Lower
Jurassic. Even allowing for continued tectonic subsidence
of the basin, it is reasonable to suggest that several
thousand feet of additional sediment were deposited through-~
out the area underlain by the evaporites.

An interesting aspect of evaporite de-watering due to
pressure solution is the selective nature of the process.
For example, chloride minerals are apparently much more
susceptible to pressure-induced recrystallization than the
associated sulphates and carbonates (Braitsch, 1971).

Thus, connate brines associated with the chlorides-—-those
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brines most enriched in uranium--would be driven off in
preference to those housed by sulphate and carbonate sequences.
The chlorides, and particularly potassium chlorides, also

flow much more readily than assbciated sequences of anhydrite
(Trusheim, 1960). As a result, the thickest sequences of
chloride salts are the first to become mobile during burial.
Once again, connate brines associated with these sequences

are likely to be preferentially discharged to overlying
aquifers.

Generation of high pore~fluid pressures within
evaporites, by whatever means, would be expected to greatly
facilitate the de-watering process. In most non-tectonic
settings, Price (1975) concluded that vertical permeability
is greatly increased when pore—fluid pressures in the crust
approach or exceed horizontal rock stresses. In fact, if
pore pressures were to exceed the lateral stresses by an
amount equal to the tensile strength of the rock, the rock
would develop a series of vertical 'hydraulic fractures',
which in turn would lead to very rapid vertical flow of
the connate waters (Price, 1975). With regard to faulting,
normal faults are known to have developed at depths of 6
to 10 kilometres in the over-pressured and under-compacted
sediments of the Gulf Coast area of the United States, é
feature which Price attributed to the existence of high
pore-fluid pressures. On a more intuitive plane, differential
compaction associated with thick sequences of buried evaporites
would be expected to result in slumping and faulting of over-
lying sediments. The development of these permeable 'escape
routes'vmight in turn lead to further de-watering and com-

paction, and thus additional faulting.
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Salt begins to flow when it has been buried under
sufficient load to cross the critical boundarj between the
elastic and plastic condition. The presence of conﬁate
pore waters, particularly if at or near lithostatic pressure,
no doubt also greatly assists the flow process. Field
relations in northern Germany indicate that an overburden
thickness of at least 3300 feet (1000 m) and an evaporite
thickness of 1000 feet (300 m) are required to initiate
salt movement (Trusheim, 1960). The size and shape of the
resulting salt structures also depend on both the thickness
of the original formation and the weight of the overlying
strata (ibid.).

Salt flow no doubt greatly increases the efficiency
of the de-watering process and, cogsequently, the efficiency
of the ore-~forming process. In this regard, it may be
significant that the sahdstone—type uranium deposits of the
Colorado Plafeau and Texas Gulf Coast areas are associated
with evaporites which have flowed extensively. DBecause an
aqueous solution is very much less viscous than crystalline
salt, the last of the connate brines contained by the
evaporites will be squeezed out before and during salt
flow--analogous to gas bubbles escaping from kneaded
bread dough. More importantly, rupturing and extensive
faulting of overlying strata resulting from the upward
intrusion of salt domes and anticlines would provide highly
permeable escape routes. The structural disturbances
associated with a single piercement structure might provide
a means of escape for brines from a large volume of underlying

evaporites.
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Figures 7 and 8 summarize visually some of the more
likely routes taken by uranium-enriched brines during the
de-watering of an evaporite basin. Upward and lateral
migration through interstitial permeability probably
accounted for the majority of fluid movement during the
initial stages of burial and compaction. Lateral migration
'may have dominated in the seaward portions of the basin
where permeable,rcarbonate sequences commonly inter-tongue
with the evaporites. If a suitable aquifer existed
immediately beneath the evaporites, some of the brine may
also have escaped downward and laterally outward.

As depth of burial increased, the development of faults
and salt domes would greatly facilitate the vertical ascent
of evaporite-derived formation brines (Figure 7). At higher
stratigraphic levels, some of the 5rine would probably
begin to migrate laterally away from these structural
features along permeable sandstone units. Erosional uncon-
formities, particularly angular unconfcrmities, may also
have played an important role in controlling the movement
of escaping connate waters, as shown in Figure 5.

Evidence from the subsurface leaves no doubt that
extensive upward migration of evaporitic, residual brines
does occur. Boreholes in the Gulf of Mexico have encountered
anomalously saline formation waters 13,000 feet (4 km)
above deeply buried Jurassic salt (Manheim and Sayles, 1974).
Similar observations have been recorded from boreholes in
the Mediterranean Sea, the Red Sea, and off the coasts of
West Africa and Brazil (ibid.). The most conclusive data,
however, were provided by Carpenter et al. (1974), who

analyzed numerous samples of oilfield brine from the central
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Figure I1I-7. Possible routes taken by uranium-enriched
brines during the compaction and de-watering of evaporites.
Vertical ascent of brines greatly facilitated by faults
and intrusive salt domes (arrows indicate direction of
flow; cross-hatched pattern represents ore).
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Figure ITI-8. The role of unconformities in the upward
and lateral escape of ore-forming, evaporitic brines
(arrows indicate direction of flow; cross-hatched
pattern représents ore).

Mississippi portion of the Gulf Coast Basin-- an ideal
location in which to test the validity of the proposed de-
watering of evaporites because of the presence of ﬁumerous
salt domes. They discovered that sandstones, mudstones and
limestones, lying 10,000 feet and more above the Jurassic
salt, all contain highly saline formation brines. What is
even more important, chloride-bromide and potassium-bromide
ratios leave little doubt that these brines are not the
result of halite dissolution, but are actually residual
brines left over from the evaporation of seawater. In fact,
the above-mentioned ratios indicate that evaporation was
carried beyond the point of halite deposition, but not to
that of potash salts. Carpenter et al. (1974) concluded
that the entire volume of highly saline brine originated

as interstitial fluids in the Jurassic salt, and that they
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were expelled upward as a result of loading by later sediments.
Unfortunately, Carpenter et al. (1974) did not determine

the uranium content of these brines. As will be discussed

in the next section, analogous brines may have been res-

ponsible for the origin of uranium deposits in the southern

Texas portion of the Gulf Coast Basin.

‘7.3 Hydrokinetic Enrichment--Hydrological and Chemical
Considerations

The discussion up to this point has been concerned
with the various ways in which‘uranium—bearing brines could
have been expelled from evaporites. Hydrokinetic enrichment
is only possible, however, if a very large volume of brine
is passed through a relatively small cross-~sectional area,
where a chemical trapping mechanism removes the metal from
sélution. Thus, an ore deposit is unlikely to result unless
the 'plumbing system' is such that the escaping brines are
channelled to a high degree. Channelling can occur in
either the vertical or the horizontal direction~-ideally in
both.

Vertical channelling is probably accomplished most
efficiently by faults and intrusive salt structures, but
other types of trans-formational permeability probably exist.
The vertical conduit should be réasonably large~scale, in
order that brine can be drawn from as large a volume of
evaporites as possible. In some cases, a chemically reducing
environment may be encountered at a point along the vertical
aguifer, resulting in the precipitation of uranium ore.
However, the hydrokinetic enrichment cycle will generally

be made more efficient if vertical or structural channelling
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is followed by lateral or stratigraphic channelling.
Lateral channelling requires not only permeable aquiferé,
such as porous sandstones and conglomerates, but also
aquicludes, like shales and mudstones. Thick, uniformly
permeable rock units, aeolian sandstones for example,
would not be expected to host either large or high-grade
~ uranium deposits simply because such rocks, although excellent
aquifers, provide no means by which the flow of the ore-
forming brine is confined or channelled. Hydrodynamically,
the most efficient lateral conduits are probably palaeo-
stream channels, bars and beaches. If such 'shoestring'
sands are located beneath exceptionally thick shale units
that act as impenetrable barriers to the vertical ascent
of evaporitic brines, so much the better.

Almost all of these theoretical considerations are
supported by field evidence. Jobin (1962) investigated
the relationship between hydrological character of rocks
in the Colorado Plateau area and spatial distribution of
uranium ore deposits. He found that the principal ore-
bearing formations possess extreme, locai variations in
their ability to transmit formation fluids; that is, they
contain permeability channels. Furthermore, they are almost
invariably overlain by thick, impermeable mudstones. The
total number of deposits and their range of sizes were also
found to vary inversely with distance from zones of high
vertical permeability. Pathways for the vertical movement
of fluids through a significant thickness of rock are
restricted to strongly folded and fractured zones. For

example, in the area containing salt anticlines, over 80
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percent of the ore deposits were found to benﬁithin two

miles of a major fracture zone. Clearly, there is abundant

evidence of the importance of both horizontal and vertical

chahnelling, |
Finally, the efficiency of the hydrokinetic cycle

will also be dependent on certain chemical properties of

- the rocks through which the brines are channelled. Aquifers

containing widely and uniformly disseminated organic matter,

or otherwise possessing generally low oxidation-reduction

potentials, would be expected to gradually remove urénium

from solution until the ability of the brine to form ore

had been lost. The ideal aquifer and potential host rock,

from a chemical point of view, would be an oxidized (red-

coloured) sediment containing persistent, chemically reducing

sub-environments. One explanation of why rocks of continental

or non-marine origin are the preferred hosts, at least with

regard to ore deposits found to date, may'be because they

are typically more highly oxidized than those deposited in

marine environments.

7.4 Conclusions

The hydrokinetic enrichment cycle represents the last
link in the proposed ore-forming process. In most cases, it
can be assumed that the evaporites have been reasonably
effectively de-watered during burial. The occurrence of
salt domes probably indicates that the de-watering process
has been carried to completion. DMore critical perhaps is
the efficiency of the vertical and horizontal channelling

mechanisms within the overlying or adjacent rocks, and the
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oxidation-reduction potentials of the rocks through which
‘the brines pass. Uranium ore deposits will only result if
thick sequences of marine evaporites are overlain by the

right type of rock.
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8. EVAPORITES AND URANIUM ENRICHMENTS--SUPPORTING FIELD
EVIDENCE '

8.1 Introduction

A series of examples will now be presented to illustrate
the'general field relationships between marine evaporites
and various types of uranium enrichment. Examples will be
taken from each of the three large evaporite basins in the
western and southern United States--the Paradox Basin, the
Permian Basin and the Gulf Coast Basin. A possible variation
on the theme will be drawn from sediments associated with

Devonian evaporites of western Canada.

8.2 Paradox Basin Evaporites and Colorado Plateau Uranium

Deposits

, The areal association of Paradox Basin evaporites and
the uranium deposits of Colorado and Utah was previously
illustrated in Figure III-1l. A more detailed view is pre-
sented in Figure III-9. In this diagram, the locations of
known ore deposits are shown together with the distribution
of the evaporites and the locations of evaporite-related
structural features. Isopachous lines have not been drawn
beyond 3000 feet because the thicker evaporitic sequences
have flowed extensively. The salt facies is estimated to
have originally been up to 7000 feet in thickness (Hite,
1961), but locally has been greatly increased due to the
formation of intrusive salt anticlines (Figure III-9).

Up to 14,000 feet of salt have been drilled in the cores
of some of these anticlines (Hite, 1961). |
It is readily apparent from rfigure III-9 that the

majority of the known ore deposits coincide with the thicker



186.

LEGEND

L0 ORE PEPOSITS

SALT I1SOPACHSE
— IN FeET

@ SALT ~ CORELD
ANIICEINE

Y e @
= — st T : UTAH COLORAPS
bt ST Pl U .- - - -
e ' ARIZONA' NEW MEXICO
.

Figure III-9. Areal distribution of sandstone-type
uranium deposits, marine evaporites and related
structural features of the Colorado Plateau area (after
Pierce and Rich, 1962; Malan, 1968; Motica, 1968).
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evaporite sequences. In some areas, there is an obvious
spatial relationship between ore deposits and salt~cored
anticlines. The far-flung deposits of the White Canyon

and Monument Valley districts, accounting for only 12
percent of the uranium discovered in the area (Grutt, 1972),
may have resulted from the lateral and upward migration of
saline brines during compaction. Lateral migration in

that particular direction was facilitated by the presence

of thick sequences of shelf carbonates. These sediments
were deposited seaward of the evaporites and inter-tongue
with them (Herman and Barkell, 1957; Ohlen and McIntyre, 1965).

The uranium ore deposits are generally found in Jurassic
and Triassic rocks, while the underlying evaporites are
Upper Carboniferous in age. Broadly speaking, ore has been
found in rocks which are stratigraphically between two and
six thousand feet above the evaporites (Hite, 1968; Fischer,
19683 YWood, 1968). In many cases, subsequent structural
displacements and erosion have considerably reduced this
distance.

During the initial stages of burial, compaction and
de-watering of the evaporite sequences probably led to a
progressive, lateral and upward migration of the uranium-
bearing brines. The later development of salt domes and
anticlines, and the faulting associated with these features,
no doubt greatly facilitated the upward escape of the brines.
In the Lisbon Valley area, angular unconformities played
an obvious role in determining the locations of ore deposits
(Wood, 1968). 1In fact, all of the concepts visuaiized in'
Figures III-7 and III-8 to aid and effect the upward and

lateral movement of evaporitic brines are felt to have
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operated in the Paradox Basin area. As the distance from
the evaporites increased, the movement of the brines was

probably increasingly controlled by lateral permeability

trends within the porous sandstones.

In Figure III-9, the distribution of known uranium’
deposits is not symmetrical with regard to the evaporites;
more ore appears to have been found in Colorado than in
Utah. If the evaporites were the source of the uranium,
either less 6f it was fixed as ore in Utah, or the ore
which should be there has not as yet been found. Recent
reports of significant new discoveries in Utah (Mining
Journal, 1975), located directly above some of the thicker
sequences of evaporites, indicate that the latter may be

the case.

8.3 Permian Basin of Texas and New Mexico

The thickest sequences of the more soluble Permian
evaporites are located in southeastern New Mexico and
western Texas. Several thousand feet of salt are found in
this area, consisting mainly of halite with significant
quantities of potassium salts. If uranium enrichments are
to be found anywhere within the Permian Basin, the proposed
model suggests that they should be found in this portion
of it. Although sandstone-type uranium deposits are not
known to exist, there are occurrences of abnormally radio-
active oilfield brines. |

Lovering (1956) reported the presence of strongly
radioactive precipitates within the pipes of o0il wells in
Lea County, New Mexico. At that time, oil was being pro-

duced from carbonate rocks of Permian age bordering the
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Delaware Basin, an important sub-basin of the main Permian
evaporite complex. The radioactive anomalies coincided-
with the productive strata and were noted only in Qells that
produced brine along with the oil. This evidence suggested
to Lovering that the radioactive elements were transported
by the brine rather than the o0il. Because the brines were
highly saline, he further suggested a relationship between
the radioactivity and the Permian evaporites of the Delaware
Basin immediately to the west. Unfortunately, chemical
analyses of the brines or the precipitates are not available.

Pierce et al. (1956) investigated the presence of
radioactive elements associated with oil and gas fields in
the central and southern United States, including the occur-
rences mentioned by Lovering (1956). They reported that
the radioactive precipitates derived from some oilfield
brines were composed primarily of various sulphate minerals
and iron oxiae, and contained up to 30 ppm uranium and 0.06
ppm radium. Deposition of the radioactive precibitate was
believed to have been caused by changes in solubility
accompanying the mixing and pumping of o0il and brine. As
mentioned in an earlier section, the uranium content of the
brines was found to be as high as 0.17 ppm.

Thus, uranium-enriched, oilfield brines and precipitates
have been found associated with the thicker and more soluble
sequences of Permian Basin evaporites. Once again, the
possible significance of these findings appears to have
been overlooked. The salts contained within the Delaware
Basin are presently found at relatively shallow depths,
ranging from several hundred to several thousand feet, and

- were evidently not buried sufficiently deeply in the geologic
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past to have caused any of the salt to flow. If they had
been, thus leading to a more complete de—watering process

and perhaps a more efficient hydrokinetic cycle, soﬁtheastern
New Mexico might be an important uranium mining district

today.

8.4 Uranium Deposits of South Texas

The third example is taken from the South Texas coastal
plain, the most recently discovered uranium mining district
in the United States. As of 1970, the known uranium
resources of the area accounted for only 5 percent of that
country's total (Grutt, 1972). However, exploration activity
has been steadily increasing in recent years. If it can be
shown that the uranium in this distriqt was derived from
evaporitic brines, the immense volume of the Gulf Coast
Basin evaporites suggests that the ultimate uranium resources
of Texas could be very large indeed.

The widely-scattered uranium deposits of South Texas
are found throughout a stratigraphic thickness of well over
a thousand feet of gently dipping, Tertiary sediments
(Eargle et al., 1975). The host rocks consist of tuffaceous,
arkosic sandstones deposited either in marginal marine or
non-marine fluviatile environments (ibid.). The area is
underlain, at a considerable depth, by the thick and exten-
sive Louann Formation evaporites. A number of known or
suspected salt domes occur throughout this portion of the
Texas coastal plain.

The surface geology, structural features and
locations of known uranium mineralization are shown

in Figures III-10a and III-10b. Uranium mines,
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Figure III-10a. Geography and surface geology of the
Texas Gulf Coast (after Eargle et al., 1975).
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Figure III-10b. Structural features and uranium
mineralization of the Texas Gulf Coast (Zargle and Wecks,
1973; Tectonic Map of Gulf Coast Region USA, 1972).



prospects and showings occur in at least five different
stratigraphic units, ranging in age from late‘Eocene to
Pliocene. Three distinct fault zones, generally made up
of a series of seaward-dipping normal faults, roughly
parallel the present coastline. There are six known salt
domes and several other domal features in the central
portion of the map aresa.

It is apparent from the regional view presented in
Figure III-10b that a positive correlation exists between
uranium ore on the one hand and faults and dizpiric struc-
tures on the other. Ten of the eleven known uranium mines
are associated with one or other of the fault zones.
Similarly, only four or five of some 22 uranium prospects
are located at a significant distapce from known faults or
salt domes. There is clearly a much higher.correlation
between uranium ore and these two structural features than
between ore énd a particular stratigraphic horizon. In
some instances, ore deposits are found immediately
adjacent to a fault; in other cases, they are apparently
at a distance of one or two miles (Eargle et al., 1975;
Fargle and Veeks, 1973). A uranium deposit in Duval County
is particularly interesting in that it lies immediately
above a potash-bearing salt dome (Weeks and Eargle, 1960;
Hofrichter, 1958). A number of the larger deposits in
Karnes and Live Osk Counties are found associated with
grabens (Eargle et al., 1975; Eargle and Weeks, 1961),
which, for some reason, appear to be particularly favour-
able structural features.

The association of uranium ore and faults has been

noted many times, at least on a local basis, and a causal
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relationship proposed (Eargle and VWeeks, 1961; Eargle and
Weeks, 1973; Eargle et al., 1975). It has been repeatedly
suggested that the uranium was leached from the tuffaceous
host rocks by oxygenated groundwaters, and that the fixing
agent was hydrogen sulphide or methane gas escaping upward
along the fault zones from underlying oil and gas reservoirs.
The same explanation has been proposed for the origin of
uranium mineralization associated with salt domes (VWeeks
and Eargle, 1960). In other words, the metal was obtained
locally from within the host rocks, and the fixing agent
was derived from depth. The apparent lack of correlation
between uranium ore and a particular stratigrapﬁic horizon
is difficult to reconcile with this theory of origin.
Little or no thought appears to have been given to other
pPossible explanations of the spatial association of ore
deposits with faults and salt domes. TFor example, is it
not possible to derive the metal from depth as well?

The Jurassic evaporites of South Texas, at least those
which have not flowed to form salt domes, are presently
buried to a considerable depth--probably in excess of
fifteen or twenty thousand feet. Thus, if evaporitic,
residual brines were the ore-forming fluid, a means must
be found by which they were moved vertically through many
thousands of feet of relatively flat-lying sediments. As
discussed previously, faults and salt domes provide a means
by which this might be accomplished. The trans-formational
permeability associated with these tectonic features would
enable formation brines, expelled during the final de-
watering of the evaporites, to escape to much higher

stratigraphic levels. Uranium ore would be precipitated
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where the uranium-bearing, evaporitic brines encountered

natural gas or oil seeps along the fault zones or associated

with salt domes. Alternatively, the uranium-enriched brines

may have left the fault zone and migrated laterally outward

through permeable sandstones. In this case, uranium

mineralization would occur wherever the brines encountered

a local, chemically reducing environment within the sands.
The uranium deposits of South Texas have not yet been

studied as extensively as those of the Colorado Piateau

area. Consequently, it is not possible, at present, to

more fully evaluate the above model. However, it is felt

to be a reasonable, alternative explanation for the observed

spatial associations. If a genetic relationship between

uranium ore and the underlyiﬁg marine evaporites can be

more definitely established, vast areas of the Gulf Coast

Basin, both in the United States and in lexico, should be

assessed as potential uranium mining districts.

8.5 Uraniumn-Enriched Bituminous Shale from Western Canada

The enrichment of uranium in solution accompanying the
solar evaporation of seawater would be expected, in some
cases, to result in syngenetic enrichments of the metal
in adjacent, contemporaneous sediments. Although not likely
to achieve ore-gréde concentrations, such enrichments would
provide additional support for the sedimentary stage of the
proposed model.

An example of what may represent an evaporite-derived,
syngenetic enrichment of uranium has recently beén described
from the liiddle Devonian of western Canada. Macqueen et al.,

(1975) chemically analyzed twelve samples of bituminous
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shale aﬁd mudstone from the subsurface. In addition to
relatively large amounts of organic matter, the samples
were found to contain eXCeptionally high concentrations

of zinc, uranium, lead and potassium--the last-mentioned
element apparently being present in excess of what could

be accommodated by the clay mineral fraction (Macqueen et
al., 1975). On the other hand, the shale and mudstone
samples contained normal concentrations of copper (Macqueen,
personal communication, 1975).

Figure III-11 is a schematic cross-section of the
palaeogebgraphy at the time of deposition. The shales and
mudstones under discussion were deposited in deep water,
under apparently normal marine conditions, adjacent to and
contemporaneous with a very extensive carbonate-evaporite
cemplex. In fact, evaporites were precipitated for a
distance of over a thousand miles back from the carbonate
'barrier'. It seems most unlikely that the bituminous
shales, lying immediately seaward of such a large volume

of evaporites, were not influenced in some way by their
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Figure III-11. Schematic cross-section illustrating
proposed reflux of dense, uranium-enriched, residual
brines from evaporite basin to adjacent sea floor.
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presence. For one thing, by no means all of the evaporitic,

residual brine would be retained within the evaporite basin.
As depicted in Figure III-11, much of it probably refluxed
back to the sea, dolomitizing pre-existing limestones en
route. On reaching the open sea, the saline brine may have
remained close to the sediment-water interface and, by
virtue'of its density, flowed down the slope of the sea
floor into the deeper parts of the basin. Thus, while the
bituminous shales were probably deposited under normal
marine conditions, certain areas may have been in contact
with highly saline, evaporitic brines for much of the time.
In fact, the organic-rich nature of the sediment might be
the result of increased salinities having restricted the
activities of bottom-dwelling fauna. |

The uranium content of the samples analyzed by Macqueen
et al. (1975) ranged from 3.4 to 51 ppm, the averase being
18 ppm. The distribution appears to be bimodal; half the

samples contained between 3.4 and 6.8 ppm uranium while the

other half contained between 14 and 51 ppm. The average
value of the more enriched group is 31 ppm uranium. Swanson
(1961) reported that typical grey or green shales contain

3 or 4 ppm uranium, and that average black shales contain
about 8 ppm. Swanson suggested that any shale containihg

in excess of 20 ppm uranium should be considered anomalous
and the terms "uraniferous" or "uranium-bearing" be applied
to it. Clearly, about half the samples analyzed by Macqueen
et al. (1975) contained normal amounts of uranium, while

the other half could be classified as uraniferous. Vhat

is more; the uranium-enriched portions can be compared with

the Chattanooga shale of the southeastern United States.
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This well-known, uraniferous shale contains between 10
and 80 ppm uranium, the richest portions averaging about
60 ppm (Bowie, 1970).

Macqueen et al. (1975) indicated that the metal content
appeared to be directly related to the amount of organic
carbon present, but offered no other explanation for the
anomalous metal concentrations. Refluxing evaporitic brines,
enriched in certain metals as a result of evaporitic dif-
ferentiation and diagenesis, may well provide the answer.
Such brines would be‘very much enriched in both uranium and
potassium relative to normal seawater. Dolomitization of
pre—existing limestone may also have resulted in increased
concentrations of zinc and lead, but not copper, as dis-
cussed in an earlier part of this thesis. The eritical
question is perhaps whether the refluxing brines--of which
there must have been a vast volume--retained their identity
on being returned to the sea. If so, they may have con-
sequently flowed, as a density current, into the deeper
portions of the adjacent sea. The fact that somewhat
analogous brines are presently found in deep pools at the
bottom of the Red Sea lends support to this proposal.

The Devonian evaporites of western Canada are areally
very extensive, but are probably not sufficiently thickv
and have not been buried sufficiently deeply to result in
the formation of sandstone-type uranium deposits. However,
it is sugzested that evaporitic differentiation may have
led to an enrichment of uranium within contiguous, organic-
rich sediments. Such syngenetic enrichments are most unlikely
to ever'reach ore grade--unless extraction techniques improve

considerably in the years ahead--but the possibility of
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subsequent remobilization and concentration should always

be borne in mind.

8.6 Conclusions

The field examples presented are, of necessity, very
general in nature. To substantiate the proposed model in
detail, pertinent petrographic and geochemical studies
would have to be undertaken. Unfortunately, much of the
field work reported on to date, particularly in the Texas
uranium district, has been based on the assumption that
the uranium was derived from volcanic ash or other tuffaceous
material.

Two of the four examples provide what could be regarded
as circumstantial evidence, that is, facts hard to explain
other than in terms of uranium—enriched, evaporitic brines,
When taken together with the obvious spatial association
of marine evaporites and known uranium mining districts,
it is felt that the proposed ore-forming model is at least

a reasonable, alternative explanation.
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9. ASSESSMENT OF MODEL - POTENTIAL AND GAPACITY

9.1 Introduction

The proposed model suggests that the uranium for
some sandstone-type deposits was derived from seawater
and was concentrated within saline residual brines by
evaporitic differentiation. Further enrichment occurred
during diagenesis, primarily as a result of dolomitization
of pre-existing calcium carbonate. During burial and com-
paction, the uranium-enriched brines were expelled to over-
lying and adjacent sandstones, where hydrokinetic enrich-
ment led to ore-grade concentrations within suitable chemical
environments. Thus, seawater was the source, evaporite-
derived formation brines were the ore-forming fluid, and
sedimentary, diagenetic and hydrokinetic enrichment cycles
were responsible for the concentration of the metal.

The validity of this model will now be tested in terms
of its potential and capacity to form ore. As discussed
previously, potential refers to the ability of any model
to concentrate the required metal sufficiently, while
capacity refers to the amount of enriched material made
available. Both aspects must be shown to be satisfied

before the model can be regarded as feasible.

9.2 Ore-Forming Potential

The uranium content of normal seawater must be con-
centrated a rather daunting one million times——lO6 times,
or six orders of magnitude--if ore-grade enrichments are
to be achieved.

The proposed sedimentary enrichment cycle is fairly

confidently predicted to result in a concentration of some
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15 to 20 times. This might not sound particularly sig-
nificant in view of the foregoing statement, but does in
fact represent an extreme chemical fractionation for any
sedimentary environment. Evaporitic differentiation of
uranium is evidently one of those geologic processes
which reverse the usual trend toward geochemical homogeneity,
producing instead a geochemically anomalous situation.
Natural processes will sooner or later eliminate this
anomaly, and in so doing may create an ore deposit.

The degree of enrichment during sedimentation is highly
dependent on the initial uranium content of seawater and
the extent to which the seawater is subsequently evaporated.
Using present-day values for the former and with reference
to many ancient evaporites with regard to the latter, an
increase in the uranium content from 3.2 ppb (10-9) to 50
or 60 ppb uranium is expected. This crucial first step
in the direction of an ore deposit is shown diagrammatically
in Figure III-12, together with subsequent enrichment cycles.
A logarithmic scale has been used in this diagram in order
that the true significance of each cycle is revealed; for
example, a doubling from 1 to 2 ppb is just as significant
as>one from 1000 to 2000 ppm, but would not appear so on a
linear scale. Thus, when viewed from the other end of the
concentration scale, a twenty-fold enrichment during
sedimentation is equivalent to the difference between high-
grade ore at 0.2 percent uranium oxide and an unexciting
and most uneconomic 100 ppm.

The diagenetic enrichment cycle is much less well

understood. ‘However, dolomitization of pre-existing calcium



0-01 01 ! 10 . 100 : 1000
] | ] ] ] ]

(]
URANIUM CONCENTRATION , in p.p.m. S
g-001 1

= q-——-t—Seawater

]
> Sedimentary (15-20 times)

|
1
E——>: Diagenetic ( 2-5 times )

Hydrokinetic ( 104times )
OR

a
L

Hydrokinetic (102 times )

N D

Supergenetic ( loziimes)i

Figure III-12. From normal seawater to uranium ore--a diagrammatic
summary of proposed model, showing relative efficiencies of sedi- |
mentary, diagenetic, hydrokinetic and supergenetic enrichment cycles.

‘coe



203.

carbonate, vdlumetrically the most important diagenetic
process involving the uranium-bearing brines, quite'prd-
bably releases uranium and other trace metals to solution.
A further enrichment of between two and five times is
estimated, resulting in a formation brine which contains
between 100 and 300 ppb uranium (Figure III-12). Analyses
of suitable formation brines are required to confirm this
step.

The 1arge—scale replacement of calcite or aragonite
by dolomite requires vast quantities of magnesium. Because
evaporitic differentiation results in enrichment of mag-
nesium as well as uranium, one of the best sources of
magnesium ions in the sedimentary-diagenetic realm is a
highly saline formation brine derived from marine evaporites.
Thus, it would appear that two uranium enrichment processes
are automatically and uniquely placed back-to-back.

At this stage, the estimated uranium content of
evaporite-derived formation brines should perhaps be com-
pared to the known uranium content of various groundwaters.
Although there is considerable variation, surface waters
and near-surface groundwaters generally contain much less
uranium than seawater (Rogers and Adams, 1974; Denson et
al., 1956). Groundwaters associated with known uranium
mineralization in Wyoming and South Dakota contain average
values ranging from 72 to 124 ppb uranium (Denson et al.,
1956). Water issuing from seeps and springs in a few
volcanic and tuffaceous sedimentary terrains was found to
contain average values ranging from 12 to 46 ppb uranium
(ibid.). In fact, this positive correlation between sedi-

ments containing volcanic ash and uranium-enriched ground-



waters has been regarded by many as convincing proof of
the metal source and nature of the ore-~-forming fluid.
However, a subsequent study by Landis (1960) revealed that
groundwaters from fluviatile, tuffaceous rock units in
Kansas, Oklahoma, New Mexico and Colorado presently contain
an average of only 6.7 ppb uranium--less than groundwaters
from shale and sandstone units (20.4 and 10.2 ppb, res-
pectively). Thus, the proposed sedimentary enrichment
cycle alone results in higher concentrations of uranium
than those found in groundwaters associated with volcanic
ash. Following diagenetic enrichment, the uranium content
of the saline formation brines would be among the highest
of any known natural water.

Returning to Figure III;12, it can be seen that a
concentration of some 104 times is required of the hydro-
kinetic cycle in order to achieve ore-grade enrichments.

In view of what is known of hydrokinetic enrichment from
petroleum geology, this is probably not an unreasonable
figure. The ore deposits are typically found in highly
permeable sandsfones, and a chemical trapping or fixing
mechanism is probably more efficient than the physical trap
used to remove droplets of petroleum from migrating forma-
tion waters. Alternatively, a less efficient hydrokinétic
cycle could be later combined with supergenetic enrichment.

Some idea of the overall efficiency of a supergenetic
enrichment cycle can be obtained from the uranium content
of volcanic ash--quite probably the sorce of uranium in
some districts. Volcanic ash typically contains between
10 and 20 ppm uranium (Denson et al., 1956; Moxham, 1964).

To obtain ore-grade enrichments from such material requires

204,
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a éoncenfration of at least lO2 times. Thus, by employing
a supergenetic cycle, a hydrokinetic enrichment of lO2 times
is all that is required to bridge the gap between the dia-
genetic and supergenetic cycles (Figure III-12). 1In fact,
when coupled with a later supergenetic cycle, a hydrokinetic

2 and lO3 times means that a dia-

enrichment of between 10
genetic enrichment cycle can be bypassed altogether. How-
ever, the use of a supergenetic process requires that the
uranium be temporarily fixed within suitably permeable rocks
at an intermediate concentration of tens of parts per
million. This uranium is then later remobilized and éon—
centrated by downward migrating groundwaters.

The above considerations suggest that the proposed
model has the potential to form ore--that the uranium in
present-day seawater can be concentrated sufficiently by
sedimentary and diagenetic processes to achieve ore-grade
enrichments. However, it is also known that the enrichment
achieved by the sedimentary cycle is highly dependent on
the initial uranium content of seawater. One hesitates to
introduce special considerations when they do not appear
to be required, but there is evidence to suggest that at
least some ancient evaporites may have been precipitated
from uranium-enriched waters. The data presented earlier
in Table III-3 shoﬁ that samples of ancient halite contain
more uranium than their modern equivalents. When plotted
against geologic age, as in Figure III-13, there is a
steady increase in the uranium content of Mesozoic and at
least late Palaeozoic halite. A similar trend is.observed
for the uranium content of anhydrite. It is always possible

that the ancient evaporitic minerals have acquired additional
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uranium during diagenesis, but slightly.enriched seawater

is thought to be a more likely explanation. Such an enrich-
ment might be on a global basis, but a local, near-shore
enrichment due %o a particular source area or to restricted
circulation would be more likely. The Gulf of Mexico, for
example, is somewhat enriched relative to North Atlantic
waters (Rona et al., 1956).

Figure III-14 shows how the uranium content of an
evaporitic residual brine changes with varying initial
concentration, as calculated using the formula given pre-
vioﬁsly. An initial concentration 1.5 times normal seawater
results in a residuval brine content of 127 ppb uranium at

a brine specific gravity of 1.30, compared to 58 ppb when



207.

S00IUM
CHLORIDE

&
Qo
URANIUM CONTENT OF RESIDUAL BRINE

Y T Y ¥ v Y Y v T Y v 400
- é. )
[ o8 =
N 3] o ] ! b
[ 3% g5 ¢ A
g < B ! A Q
- & = g S b Q
3 P « | - O c o Q
OE S3 ©
8§ £ 08 1
— oc £ > _yxﬁg
[ 060 199 33 . ]
X3 ]
1 33 579 1
1-5 4.95 127 " )
. ~
2 66 195 < 3, ]
4
3 99 332 N i

CARBONATES
SUL PHATES
>
O,
S

A l A d Ak I

'll'l""lr."lt'l'l'_""l"

o

g NORMAL o0

3 MARINE ]

g j
X 0-60 |

102 7.06 710 4 118 122 126 130 734

SPECIFIC GRAVITY

Figure III-14, Theoretical uranium content of residual
brines during the evaporation of uranium-enriched and
uranium-depleted seawaters.



208.

normal éeawater is used. In other words, a 50 percent
initial increase produces about a 120 percent increase in
the final concentration. Similarly, a doubling or tripling
of the uranium content of seawater produces concentrations
of 195 and 332 ppb, respectively, as summarized in the table
in Figure III-14, Limitations imposed by the model probably
mean these numbers are slightly wrong in detail, but the
basic trend is clear.

It is readily apparent that slightly enriched seawater
greatly enhances the potential of the model to form ore.
With reference to Figure III-13, it may be significant that
the samples of Upper Carboniferous halite, those most
enriched in uranium, are from the Paradox Basin of the
Colorado Plateau area. If it can be shown that uranium-
enriched seawater was available to and processed by a
particular evaporite basin, the efficiencies required of
the sedimentary and subsequent cycles can be very much
reduced. For example, Figure III-14 suggests that evapora-
tion only to the point of initial halite precipitation may
be sufficient to result in the formation of cre-—-provided
the initial seawater contains three times the normal amount

of uraniunm.

9.3 Ore-Forming Capacity

Considerations of the capacity of the model to form
ore will be based on the Paradox Basin evaporites and over-
lying Colorado Plateau uranium deposits. This area is
particularly suitable for such an undertaking because both
the evaporites and the ore deposits have been the subject

of extensive exploration and study.
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The volume of halite within an evaporite basin provides
perhaps the best means of determining how much uranium may
have been enriched by evaporitic differentiation. Using
a brine specific gravity of 1.30 as the point of reference,
approximately 81 cubic kilometres of seawater were required
for each cubic kilometre of halite precipitated. Eighty-
one cubic kilometres of normal seawater contain approxi-
mately 267 metric tons of uranium. During the precipitation
of the salts, about 39 percent of this uranium was incor-
porated into the carbonates at a concentration of 2.2 ppm,
9.1 percent was removed by anhydrite at 0.3 ppm, 9.7 percent
by halite at 0.012 ppm, and 42.2 percent--112.5 metric
tons--remained in solution at a concentration of 0.06 ppm.
Thus, for each cubic kilometre of halite precipitated from
normal seawater evaporated to a specific gravity of 1.30,
some 112.5 metric tons of uranium, or 133 metric tons of
U308’ remained in solution in the associated residual
brines. In terms of miles, 555 metric tons of U308 is
calculated to have remained in solution for each cubic mile
of halite precipitated.

The areal extent and thickness of the evaporites of
the Paradox Basin has been presented earlier in Figure
III-9. The isopachous lines stop at 3000 feet because of
tectonic disturbances involving the thicker portions of
the evaporitic units. However, the evaporites are estimated
to have originally been about 7000 feet thick (Hite, 1961),
of which about 70 percent was halite (Stewart, 1963).

A simple caléulation reveals that the Paradox Basin contains
approximately 3600 cubic miles (15,000 cubic kilometres)

of halite. .Much of this halite may have been precipitated
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from brines which never reached a specific gravity of 1,30,
but the presence of vast quantities of potash salts indicates
that much higher salinities were commonly achieved.

. The residual brines originally associated with 3600
cubic miles of halite should have confained a total of
approximately two million metric tons of uranium oxide.

To put this figure into perspective, the entire world's

past production plus presently known reserves of low-cost
uranium, in all types of deposits, amount to only 1.2

million metric tons. As of January 1971, production plus
low-cost reserves within the Uravan Mineral Belt, the

Lisbon Valley district and White Canyon-Monument Valley

areas totalled some 81,000 metric tons of U508 (Grutt, 1972).
This represents 4 percent of the uranium which is calculated
to have been contained within the residual brines of the
Paradox Basin. Thus, - for example, the uranium ore discovered
to date and depicted in Figure III-9 could be accounted

for if 50 percent of the total volume of residual brine

was retained within the basin on burial, and if 8 percent

of the uranium present in this volume of brine was sub-
sequently fixed as ore. It is felt that an overall
efficiency of some 4 percent is certainly not an unreasonable
figure.

Unlike the situation with regard to ore-forming potential,
the capacity of the model is not particularly dependent on
the extent to which seawater is evaporated. This is because
the chlorides remove very little uranium from solution.
However, ore-forming capacity is highly dependent on the
uranium content of the initial seawater. In the example of

the Paradox Basin, an efficiency of 4 percent is required
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if normal seawater is used. Vhen seawater is enriched in
uranium by a factor of 1.5, the amount of uranium oxide in
the.brines associated with each cubic mile of halite increases
from 555 to 1220 metric tons (292 metric tons per kmB), and
the overall efficiency required, again with reference to
the Colorado Plateau area, falls to 1.9 percent. When the
uranium content is doubled or tripled, the corresponding
figures are 1870 tons (450 tons per kma) and 1.2 percent,
or 3180 tons (765 tons per kma) and 0.7 percent respectively.

9.4 Conclusions

The proposed model appears to have both the potential
and the capacity to form sandstone-type uranium deposits.
Using normal seawater, it is felt that uranium can be con-
centrated sufficiently by means of a sequential combination
ofrsedimentary, diagenetic and hydrokinetic enrichment
cycles. In some circumstances, a later supergenetic cycle
may also be required to achieve ore-grade enrichments. Even
if not needed for purposes of additional concentration, near-
surface, supergenetic processes may substantially alter
the style of mineralization as a result of remobilization
of the metal. With regard to capacity, an overall efficiency

of less than five percent appears to be sufficient.
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10. CONCLUSIONS

The proposed model suggests that uranium for some
saﬁdstone—type deposits was derived from marine evaporites,
and that highly saline brines were the ore-forming fluid.
Considerable thicknesses of halite are required if reason-
able ore-forming efficiencies are to be assumed; thousands
rather than hundreds of feet of salt would be requifed.

It is equally important that the evaporites be overlain by
oxidized sediments which were able to effectively channel
escaping formation brines during burial and compaction.

There are a number of obvious areas where future
research should be directed. It is predicted that suitable
brines should contain in excess of 0.1 ppm uranium. In
order to confirm the validity of the model, more chemical
analyses of evaporite-derived formation brines are required,
and seawater should be evaporated experimentzlly in the
laboratory to more fully investigate the sedimentary and
diagenetic enrichment cycles. Because the initial uranium
content of seawater appears to strongly influence the final
uranium content of the brine, it is important to know, both
for exploration and resource appraisal purposes, whether
ancient seawaters were enriched ih the metal. The available
daﬁa suggests that Late Palaeozoic seawater may have been
slightly enriched relative to present-day values. Porosity
reduction and de-watering of evaporites during burial and
compaction are also important but largely unknown factors.

With regard to the uranium deposits of the western

United States, the proposed model is thought to be applicable
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in the Colorado Plateau and Texas Gulf Coast areas, but
not, at least based on present evidence, in Wyoming.
Similarities in chemical composition, ore mineralogy and
ore grade between these districts might be explained by
the fact that the fixing mechanism in each case was the
same, that is, reduction precipitation. Thus, ore-~forming
fluids of quite different sources and compositions might
produce broadly similar deposits. In other words, the
same net éaught the same type and size of fish.

The Maritime provinces of Canada constitute another
region where it is felt the model is valid. 1In that area,
very considerable thicknesses of Lower Carboniferous
evaporites, some of which have formed salt domes, are over-
lain by thousands of feet of red sandstones, conglomerates,
siltstones and shales. Radiometric anomalies and scattered
uranium minerzlization are known to exist, and the region
seems destined to become a uranium-producing area.

The Zechstein evaporites of Permian age underlying
northern Germany, the North Sea and parts of eastern England
were also a likely source of uranium-bearing brines. In
this case, the Triassic sandstones of east Yorkshire and
the English [Midlands would appear to be suitable uranium
host rocks. Groundwaters taken from Triassic aquifers in
the Midlands are reported to be enriched in uranium and,
on lithological and geochemical grounds, the area has been
designated as favourable to the occurrence of uranium
deposits (Ostle, 1970).

Another large area which has probably not realized
its full potential as a uranium-mining district is the

Gulf Coast Basin of the southern United States and Mexico.
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Thought should also be given to the potential role of the
exceedingly thick (1-7 km) and areally extensive halite
deposits that are currently being discovered on the floors
of young rift oceans (Kinsman, 1975).

The empirical model, unlike the more rigid theory,
is constantly changing and evolving as new data are made
available. The proposed model allows a number of pre-
dictions to be made which can be easily tested by laboratory
experiments or by observing the state of affairs in nature.
It will be interesting to see the extent to which it is

confirmed or modified as a result of further research.
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