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SUMVARY

The Nigerian Younger Granites are significantly enriched in
U. The nediumgrained types are nore enriched in U than the coarse-
grained varieties. It was found that U and Th are well correlated
inthe granites with an average Th:U ratio of 2.9. Both el enents
increase wWith increasing fractionation of the granites, but U
abundance was subsequently greatly nodified by late- and post-
nmagnatic alteration processes. Potash netasomati smwas observed to
be associated with U depletion in the granites. The high U
abundance and its geochenical associations suggests that the
granites forma U province wth the 1likely occurrence of vein-
controlled U nmineralisation in addition to the dissemnated U Sn
m neral i sati on.

Most of the Uin the granites is held in Urich mnerals.
These minerals account for over 80% of the whole-rock U Anpng
these, uranothorite and sone Rare Earth minerals have been
identified, with the possible occurrence of large anmounts of
urani nite. Radioactive accessory mnerals that also contribute to
the whol e-rock U abundances in the granites are, zircon, allanite,
sphene, apatite, monazite, rutile and thorite. Zircon, allanite and
sphene are especially common. Mdst of the U in the near-surface
envi ronment has been renobilised, such that in surface sanples only

only resistate nmnerals are preserved. During weathering, U has



released from U-rich minerals and precipitated as secondary phases.
238 ) .

As a result, the U decay series in samples collected from rock -

rock out crops is in disequilibrium.

The soils associated with the Nigerian Younger Granites are
enriched in U, which is mainly of recent origin. Formation of such
secondary U minerals as carnotite and tyuyamunite in the soil has
occurred during pedogenic processes. Large disequilibrium in the U

; : 238 - ; :
series was observed, with U enriched relative to its daughters.

f 2380 and 234U has taken place.

In addition fractionation o
: 222 :

Soil gas surveys for Rn can be used to locate U in the

bedrock of the Jos Plateau. This is because the very young age of

the 2380 means that it has not had enough time to approach secular

equilibrium with 226Ra. Consequently, most of the 222Rn in the soil

is not supported by the soil 2380.

Kaolinisation in South-West England brought about both
physical and chemical changes to the granites. The processes led to
a reduction in the density of the granites from about 2.659cmﬁ3 to
2.17gcm-3, and also involved the mobilisation of many elements.
Element variation patterns indicate that kaolinisation took place
in two main stages. Hydrothermal circulation is considered to be
the major process involved in the kaolinisation of the granites,

In the main zones of kaolinisation, U is mainly held
adsorbed onto clay minerals with only some U occurring in zircon.

Although the U content of the kaolinised granite 1is still fairly

high, an average of 9ppm, it has been found that kaolinisation



caused a substantial amount of U to be removed, especially that the
altered zones occupy a very large volume. This U could have been
redeposited to form rich ore deposits somewhere 1in the vicinity of
the kaolinised granites. The U presently in the kaolinised granites
is young, precipitated in recent times. It 1s believed that modern
hydrothermal circulation systems believed to be operating in lhe

granites, are responsible for kaolinisation and remobilisation of U

in the granites.



CHAPTER ONE: INTRODUCTION

1.1 Preview

There are more than 100 U-bearing mi;erals, and these
minerals are widely distributed in a varilety of geological
environments. Study of the distribution of U in geological
environments dates back almost to the discovery of radioactivity by
Bequerel 1in 1896. For example, the demonstration of  the
distribution of radiocactive minerals 1in pitchblende by Step and
Becke 1in 1904 (Bowie, 1954). These studies have succeeded in
determining the minerals in which U occurs, and the non-uniformity
of 1its distribution on the Earth's surface and in geological
formations. In the Earth's c¢rust, U has been shown to be
concentrated more in igneous rocks than any other lithology.

In igneous rocks, U has been found to be concentrated more
in the later granitic members of the differentiation series. Recent
studies of distriQution of U in granites have in turn shown that
most of the U is concentrated in accessory minerals such as zircon,
allanite, sphene, monazite, xenctime and epidote. However, in what
are termed 'fertile granites', U 1s found mainly 1in primary U
minerals such as wuraninite. It is largely established that 1in
granites the major rock-forming minerals carry very little or no U.

The occurrence of high levels of U in the Nigerian Younger



Graniteés _was established in 1949 in a study by Mackay. Sporadic
occurrences of U minerals such as pitchblende, wuraninite,
torbernite and autunite in-the granites have been noted, but the
distribution of these minerals within the granites 1s yet to be
established. The only reported information concerns the fact that U
in some locations occurs in pyrochlore. Recent studies of the
radioactivity of the Younger Granites have shown, not suprisinqle
-

that they are highly radioactive. Values of U concentration much
higher than that of an average granite have been confirmed. Indeed,
concentrations in excess of 2% have been determined (Dewu, 1986).
Because of the large area occupied by these granites, and the fact
that a large number of aeroradiometric anomalies have been recorded
in the granites (Dewu, 198B6), further 1investigation of U
occurrences in the granites 1is needed, especially the possibility
of secondary concentrations brought about by lateritic weathering
processes.

In the Hercynian granites of South-West England, the
occurrence of high-levels of U has also been well established
(Basham et al., 1982b). The distribution of U in the granites has
also been extensively studied. U has been found to occur in
accessory minerals similar to those listed for the Nigerian
granites, although in studies by Basham et al. (1982b), the
widespread occurrence of U in uraninite was recognised. Although

some occurrences of U mineralisation are known in the area (Dines,



1956 and Jackson et al., 1982), which suggest a4 genetic association
with extensive kaolinisation in the granites (Durrance et al.,
1982), th; development of these 1s limited in comparison with the
amount of U thought to have been mobilised during kaolinisation.
Again further study of U in relation to alteration of the granites
is required. This ;;, therefore, an 1nvestigation of .U mobility
during lateritic  weathering and kaolinisation of granites

particularly with regard to the processes of alteration and

possible development of U concentration of economic significance.

1.2 Background

To study U mobilisation requires fresh material against
which alteration products can be compared. However, an impgrtant
difficulty occurs when sample collection is limited to within a few
centimetres of the ground surface. This 1s because the U in even
apparently fresh rock could have been greatly mobilised by
processes which are to be investigated. Measurements made on such
samples may therefore not give precise information of the nature of
the U unaltered occurrence at depth. This problem may, however, be
resolved by knowledge of disequilibrium in the U decay series.

In both areas of this &5tudy, low temperature alteration

processes bring about differential mobility of the various

daughters in the U decay series, For example, U occurrences with



disequilibrium favouring the 2380 group of nuclides, i1ndicate

recent U deposition (<106 yrs) must have taken place, but where
disequilibrium favours the daughter nuclides, then leaching of U
must have taken place within the same time frame. In both cases,
with the identification of the process involved, it is possible to
estimate the place of deposition and the possible mode and amount
of transport inv?lved. Another c;use may be the accumulation of
daughter nuclides, more especially caused by Rn. The redistribution
depends on the mobility of the daughter element under the
alteration process involved. By tracing these changes though
materials altered to different degrees 1t is often possiﬁle to
determine the character of the unaltered parent, even though
totally fresh samples may not. be available.

Because water is the main ag®nt of low temperature
alteration, the redistribution of the elements during rock-water
interactions has been extensively studied in previocus work on the
processes of weathering and kaolinisation. Element mobility studies
have been aimed at determining such parameters as the nature of
transport mechanism, deposition conditions and the amount of the
element involved. Methads mostly employed in such studies have
included comparison of the element abundances 1in the ''fresh''
parent material with their abundance in product of the alteration,
and leaching experiments, in which the alteration processes are

simulated in the laboratory. In the former approach, the difficulty
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of obtaining fresh material has been overcome by the determination
of various indices of alteration, to indicate to what extent the
alteration process has operated. In the laboratory simulation of
the processes operative in nature, models which take 1into account

all the various parameters involved have yet to be realised.
1.3 Objective and Scope of the Study

The study thus aimed at investigating the mineralogical
distribution of U in granite, and the mobility of U during low
temperature alteration processes, with partikular reference to
kaolinisation of the granites of South-West England and
lateritization ,of the Nigerian Younger Granites. Also, the effect
of these on the interpretati®n of radiometric determinations was
considered. A combination of geophysical, geochemical and
geclogical methods was employed’in the study.

Airborne gamma-ray surveys of the Jos Plateau in Nigeria
indicated a number of anomalies associated with the Younger
Granites, as previously mentioned. It has long been arqued that
with the similarities that exists between the Younger Granites in
Nigeria and those in Niger, which host a number of important U
deposits, there is every possibility of the Nigerian Younger

Granites hosting U mineralisation of economic importance.

Specialised granites in the complexes of the Younger Granites have



received great attention as regards their U potential. In this
study it was hoped to investigate the mode of occurrence of U in
the different granites in order to specify 1ts mobility 1in the
soil-forming processes which affect these granites,

Kaolinisation in the granites of South-West England 1is also
known to affect U distribution. Of particular interest 1s the
a;sociation of deeply kaolinised zones with areas of low gamma-ray
activity shown by an airborne radiometric survey of the region. In
this study, the mobilisation of U during kaclinisation was
investigated to determine if primary U minerals believed to be the
main host of U in the granites ;erp stable within the hydrothermal
circulation  systems thought to be responsible for deep
,kaolinisation. Knowledge of the distribution of U during
kaolinisation? would also lead to better understanding of the
processes involved.

For the "investigation of deep kaolinisation in South-West
England, samples from the St. Austell granite were preliminarily

‘
investigated to develop methodology. In particular, a kaolinisation
index to form the basis for assessing the degree of alteration was
determined from these samples. A kaolinised zone, Park Pit, on
Bodmin Moor, worked by English China Clays International was then
studied in detail. The pit covered an area of about 1.?.104m2.

For the study of the Nigerian Younger Granites, the Jos-

Bukuru complex was sampled. This is an area with good exposure, and
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no apparent mass movement of the soil. Many of the rock types of
the Younger Granite complexes are exposed at a number of locations.
In addition, the area was convenient for radiometric surveying.
However, within the the Jos - Bukuru complex a great deal of
tin mining has taken place. Also the tailings left after the
initial mining operations are now being reworked. These factors

complicated the selection of specific sites for investigation.

1.4 Location, Geography and Climate

The Jos - Bukuru complex is one of the Younger Granite ring
complexes on the Jos Plateau. Its relation to the other
domplexes is given in Figure 1.1, The Bodmin Moor granite is one
of the major intrusions of Hercynian Granite 1in South-West
England. 1In the Jos Plateau, the specific area of work is east
of Bukuru, between 8° 56' and 8° 59'N, and 9% 43* 20'' and
9°. This is one of the major areas of tin production on the Jos
Plateau, with important mines at Delimi and Rayfield. The northern
and north-eastern parts have good outcrop and there is presently no
major mining activity, except for the mine at Delimi. Small-scale
mining is, however, common in this area as well as elsewhere on the
Jos Plateau, with local open-cast mines along decomposed mineral

veins. Around Rayfleld laterite has been extensively mined for
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FIGURE 1.1 Location of the Jos - Bukuru complex

(From Kinnaird, 1981)
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building material. Tndeed, in the ground east of Rayfield the
scenery has been completely transformed by these operations, with
large areas excavated to great deptg. In the south, around Sabon
Gida, alluvial deposits along the Bukuru river are still being
mined, and a hill near Kuru is being worked for tin. Within the
area, there are not many major roads, but there.is a good network
of minor motorable roads mostly made for the mining operations.
Small streams exist in the area, the most notable being the Bukuru
R%yer, which passes through Bukuru, and the Forum River, which has
been dammed at Buga da gindi. The area around Bukuru is mainly flat
with ocassional hills rising above the surrounding plateau. Many of
these hills provide large areas of rock outcrop. The hills at Shen,
Du, and Sabon gari are at 120m, 90m and 250m above the surrounding
plain, which itself stands at 1280m above sea level. To the north-
east, an almost continuous hill reaches from Laminga up to Maijuju.
In the north of the area rise the Shere hills, which forms the
highest points on the Jos Plateau at an elevation of 1840m. These
are defined by ver;‘steep slopes down the surrounding plain.
Because of 1ts altitude, the climate of the Jos Plateau 1is
mild for a tropical region. The change 1in temperature in
approaching the region from the surrounding areas 1is quite
dramatic. The average annual temperature is about 220C, with
temperatures falling as low as 5°C in the coldest months of

December to February. Rainfall'averages 1387mm, second only to the
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Mambila-Plateau in Gongola, in the Northern part of the country.
The rainy season usually starts much earlier, and ends later than
in the other parts o% Northern Nigeria. Some precipitation even
during the dry months, 1s not uncommon.

Although rainfall 1is plentiful, there 1s a general absence
of trees on the Plateau. Vegetatlon on the Jos - Bukuru complex is
mainly grasses with scattered shrubs, especially on dissected hilly

-

outcrop. Trees are mainly restricted to areas around dwelling
places, where mango trees and forestry plan;ations have been
developed. However, very little of the area is farmed because of
the hardness of the ground.

The Bodmin Moor granite is one of the major intrusions of
Hercynian Granite in South-West England, the others being Dartmoor,
Carnmenellis, St. Austell, and Lands End. It covers an area of
about 200km2 and contains major china clay producing areas. Park
Pit, investigated in this study, 1is situated at the southern edge
of the pluton. Tecgether with Stannon Pit, the only other pit being
worked presently, it produces about 200,000 tonnes of china clay
per annum (Bristow and Exley, 1988). Surrounded by farmlands, there
is a general absenc; of outcrops around the Pit.

The climate of South-West England 1s mild compared to other
parts of Britain with warmer summers and winters. Snow fall during

the winter is generally restricted to high ground. The influence of

the sea and the elevation of the moors produce localised climates,



with particularly high rainfall, strong winds and a wide
temperature range experienced by much of the granite areas.
Rainfall averages 1016mm annually in the low-lying area, and 2032mm
on high Dartmoor (Edmonds et al., 1975). Temperatures range from
-5%C in January to 22°C in the summer months.

Natural J;getation is largely determined by éoil type and
the weather conditions. Trees are confined to valleys, while in
much of the intervening ground the vegetation is characterised by
heather, bracken, gorse and tough grasses.

The high rainfall with very little evaporation provides
conditions for abundant surface drainage in the form of rivers and
streams. Major rivers include the Fal, Fowey, Warlegan, and De
Lank. The large amount of surface drainage provides the area with
an abundant water resource. Most public supplies are taken from

surface waters, with reservoirs created along many of the major
)

rivers.

1.5 Geology of the Areas

The Jos - Bukuru complex lies 1in the northern part of Jos
Plateau and forms one of the post-orogenic intrusions of the
Younger Granites. The geology of the complex 1is shown 1n Figure
1.2. Most of the rock types of the Jos Plateau are represented in

this complex. The Younger Granites are dated as Jurassic, with an
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age of 161Ma years for the Jos - Bukuru complex (Kinnaird et al.,
1985) .

The major events associated with the emplacement of the
Younger Granites are believed to have taken place in three separate
cycles, each cycle beihg responsible for certain pulse of igneous
activity. The first cycle is the emplacement of an early granite
" porhyry, typified by the Neil's valley porphyry and the Naraguta
porphyry, and some rhyolite. The second intrusive cycle of activity
emplaced the early granites, as shown in the Kuru, N'gell and Jos
biotite granites, and the riebeckite granitgs. The third cycle saw
the emplacement of the main granites, typified by the Delimi, Sabon
gida, Bukuru and Rayfield-Gona biotite granites, and the Vom
microgranit;. These three cycles are believed to have been preceded

|
by a phase of emplacement of ring dykes. The distribution of
these dykes has been used to delineate the tectonic history of the
Younger Granites. The occurrence of the rhyolite is restricted to
the northern erd of the complex, while the porphyrys are confined
to the western edge of the intrusion (Sheet 168: Naraguta).

The main part of the complex consist of biotite granite and
biotite microgranite. The biotite granite is generally coarse-
grained and contains many quartz veins with a dominant north-south
trends. Pink feldspars with a diameter of about lcm or more are

common in the exposures around Laminga and Rayfield. This lithology

is the most affected by weathering. The other rock types, notably
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-

the Shen hornblende-fayalite granite, which 1s best exposed at
Shen, are medium-grained and show more resistance to weathering
-the large hill at Shen extending for about 5km with no sign of
decomposition, and its contact with the surrounding plain is
generally steep. The granites of this cycle are found associated
with dykes, especially at Delimi and between Tin-Tin and Dogo na
Hauwa. Generally these dykes are doleritic and are usually steeply
dipping (Macleod, 1977). The later intrusive events  produced
important mineralisation, as shown by the association of columbite
and cassiterite mineralisation with the biotite granites and the
biotite-microgranites. The qpssiterite mineralisation occurs 1n
veins and stringers embedded within the granites. These veins are
found to contain a wide spectrum of ore minerals. In addition to
the wvein mineralisation, the granites are also enriched with
disseminate® ore minerals. These form concentrations with tin
minerals in the decomposed granites. The richest concentrations of
cassiterite have been observed to occur towards the roof of the
intrusions, with the highest concentrations being found in the most
shallowly eroded intrusions. Two processes are believed to be
responsible for the  mineralisation: (1) late-stage magmatic
dissemination, and (2) hydrothermal circulation. Pastor and Turaki
(1985) identified hydrothermal quartz-sulphide-cassiterite and
quartz-wolframite-cassiterite veins occurring as fissure infillings

in the biotite granites. Moreover, where hydrothermal process are
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extensive, vein deposits of Sn, Zn, W, and Nb with Cu, Fe, Bi, U
and the Rare earth elements have been recognised (Kinnaird, 1985).
This hydrothermal activity has also been found to be responsible
for the concentration of ore minerals in the albitized granites., In
the biotite granites, evidence of hydrothermal alteration includes
greisens and quartz veins with halos of kaolinised channels (for
example, in the area around Buga da gindi).

Bodmin Moor forms one of the surface expression of the
granite batholith which underlies much of South-West  England
(Figure 1.3). The batholith, believed to have been emplaced during
the Variscan orégeny, has been dated at 290-280Ma. The tectonic
events that operated during the orogeny are believed to be largely
due to north-south compression. This produced northward transport
of nappes over the southerly dipping thrusts. Unroofing of the
batholith exposed the individual granite plutons. The granites have
been classified into six main groups (Exley and Stone, 1982; Exley
ét al,, 1983). The six groups are (1) basic microgranite (type-A),
(2) coarse~-grained megacrystic biotite granite (type-B),
(3) fine-grained biotite granite (type-C), (4) megacrystic Li-mica
granite (type-D), (5) equigranular Li-mica granite (type-E), and
(6) fluorite granite (type-F). The granites typified by the type-B
shows much textural variation even within single intrusions but
generally they are much coarser than the other granite types.

Differences are also noted in the sizes and concentrations of
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megacryst among the various granite intrusions in the region. The

-

Bodmin Moor granite is composed wmainly of type-B. Post-magmatic
events have played a great role in the mineralisation observed in

these plutons. These events are believed to have taken place in

" !

stages, each stage contributing to the evolution of the province.

¢

In the early stagesg, hydrothermal activity was mainly associated
{

with magmatic fluids. This has been identified as being responsible

for sheeted veln deposits. This stage was characterised by
. P . '. &)

mineralising solutions of temperatures of about 350 € and

salinities in the range of 19 to 27 eg. wt% NaCl (Alderton, 1978;

Shepherd, et al., 1985). Feollowing this was an extended pericgd of

hydrothermal mineralisation by fluids derived mainly from meteoric

water. For these circulation systems episodes of enhanced mantle
heat flow were supplemented by a continuous output of radiocgenic

heat from the granites themselves. This activity is believed to

have started_%p the Permian and may still be operational (Durrance,

1983). It is this ongoing circulation which is thought to be
responsible for the origin of the deep kaolinisation deposits in

the region.
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1.6 Uraniferous Mineralisation assoclated With the Nigerian Younger

Granites,

U in the Nigerian Younger Granite have often been associated
with pyrochlore. This mineral is found widely distributed in the
riebeckite granite and related rock types in the ring complexes
other occurrences of U in a number of localities associated with
the Nigerian Younger Granites have also been reported. The earliest
note of the occurrence of radioactive minerals associated with the
Nigerian Younger Granites was the in investigation of Mackay
(1949) . The ‘author described the widespread  occurrence of
Th-bearing minerals, chiefly thorite, uranothorite, monazite and
orangite. Thorite was found to be associated with columbite 1in
these granites with abundances increasing towards the ro;f zones of
the granites. Large concentrates of thorite are obtained as a by-
products of tin mining. It was found that although the thorite
recorded in the granites is not U-rich, U follows Th 1in its

Y
distribution in the granites.

Mackay (1952) investigated the occurrence of U in the
albite-riebeckite granites, and found U to be concentrated in
pyrochlore. The albite-riebeckite granites, carry this mineral in a
large proportion, but there is a general absence of thorite and

monazite. Mackay's report, based on investigations of occurrences

in the Kaffo valley, Dorowa, Teria and Kigom Hills albite-
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riebeckite granites, noted an average U content of 0.012% 0308' In
the pyrochlore the U average 1is 3.1% U308'

U in the Nigerian Younger Granites occurs in both primary
and secodary U minerals. On the Jos Plateau, later mineralisation
mostly occurs in the albite-riebeckite granites, although
occasionally some is found in the biotite granites.

Recently, identified minerals containing U include
uraninite, torbernite, autunite, thorite and minerals typical of
the accessory phase in a granite, such as monazite, xenotimf,
allanite and =zircon. Pyrochlore was found to be exclusively
associated with the albite-riebeckite granites, where it occurs as
common accessory. Beer (1952) has described the occurrence of
pyrochlore in the Nigerian Younger Granites. Although not one of
the primary U minerals, pyrochlore jhas been found to contain U as
one of its major constituents. The occurrence of wuraninite in a
pegmatite associated with greisen . at Saiya Shokobo has been
reported by Kinn?ird (1985) . Similar pegmatites occur on the Jos
Plateau. Where they are found below the zone of weathering, the
occurrence of uraninite may be widespread. Elsewhere, in the old
basement rocks, vein-controlled U mineralisation has been reported.
Oshin and Rahman (1986) described the occurrence of pitchblende,
tobernite and autunite along silicified fault zones., In addition,
abundant occurrences of thorite, zircon, monazite and xenotime as

accessories containing U and Th in substantial amounts, in the
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biotite granites, and fergusonite ih the hornblende granites, have
been reported. In the Bauchi plains around Gombe, the Nigerian
Uranium Mining Company (NUMCO), a subsidiary of the Nig;rian mining
coorporation (NMC) was engaged in the exploration for U deposits

which might have an origin in the Younger Granites.
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CHAPTER TWO: RADIOELEMENTS IN THE NATURAL ENVIRONMENT
2.1 Introduction

The Earth's Crust contains most of the elements of
importance to Man and much is‘ accessible with the present-day
technology. An understanding of the mechanisms by which elements
become concentrated in the Crust is important if exploration is to
be successful at a time when the less easily discovered deposits
are to be found, However, for this, it is important to make some™
assessment of the initial composition of the Earth. In this
Chapter, the original element abundances and distr;bution are
considered together with the mechanisms of differentiation that
have operated since the Earth was formed.

’

Many attempts have been Qade to determine the original
abundances and distribution of the elements in the Earth, but our
understanding is still hazy. Partly this is because there is still
no universally accepted view on the }ormation of the planets,
However, the nequf cold accretion theory has wide and popular
acceptance among many in that field of study. Within the context
of this theory, the nearest to the possible composition of the
Earth at the time of its formation that we can get is the
composition of the meteorites. But this is not without problems

because the meteorites themselves have different compositions. Thus
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the choice of meteorite tvype is very significant. Another approach
which can be used is the coﬁ%osition of the outer atmosphere of the
Sun as given by absorption lines in the solar spectrum. Urey (1968)
has discussed arguments regarding this subject, but most workers
are content with assuming that the. class of meteorite known as
carbonaceous chondrites are close to the composition of the
primitive solar nebula from which the Earth accreted. However,
even these meteorites are deficient 1in the lightest volatile
elements that must have had high abundance in the nebula. The most
important control in redistributing elements in the Crust is
excercised by the geochemical properties of the elements. Certain
elements have been recognised as preferentially forming bonds
with 02. These are known as lithophile elements and comprise most
of the rock~forming minerals in the Crust. Strongly lithopﬁile
elements which are also incompatible (that is they are not an
essential part of the main rock-forming minerals) tend to become
concentrated in the end-products of magmatic differentiation -
granites. Thus U and Th in igneous rocks are found mainly
concentrated i? granites and granite-related materials because they
are both strongly lithophile and highly incompatible. Other events
which have been found to redistribute the elements in the Earth
Crust are weathering and the transport and deposition of sediments,
and deep hydrothermal circulation.

In the second part of the Chapter, the natural occurrence of

the radioactive elements, and the physical and chemical properties
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of the three most important radicelements 1in the crust, are
discussed. Taking- into consideration the age of the Earth and half-
lives of the radicnuclides produced by the supernova event that
preceded the formation of the Earth, most can now be said to  be
extinct or in quantitiEF not measurable with the present
instrumentation. However, the presence of these nuclides cah be
inferred from the abundances of the stable daughters  which were
produced. It appears that they were very significant in generating
heat to drive the chemical differentiation mechanisms operating in
the early history of the earth (Durrance, 1986). Today most heat
for these mechanisms comes from the three major radioelements. An
excellent review of the nuclear properties of the elements has been
made by Hyde et al. (1971).

2.2 Naturally Occurring Radioelements

There are over twenty naturally occurring radioelements in
the Earth's Crust. All of these contribute to the natural radiation
environment, so ®hat for very detailed analysis and interpretation
of radiometric data their effect has to be taken into account.
However, most of these elements have radiocactive isotopes which are
rare, have very weak radioactivities, or both (Table 2.1).
Therefore, for exploration purposes, they are not considered

130

important. For example, the abundance of Te in the crust is only

about 0.017ppm, a concentration much below the limit of detection



Table: 2.] BAverage crustal abundance of natural radioelements,

Nuclide Decay mode 1:1/,2 Isotopic abundance Crustal abundance
years (%) , {ppm)

238y o 4.47.10" 99.28 4

2350 ...-a | 7.13.108 0.72 ) - 0.03

23204 a 1.39.10%° 100 14

40y (3 and KC 1.39.107 3.8 25900

20954 a 2.7.10%" 0.2 0.2

187 e 8 4.10%¢ <0.01 l0.0(}1

17614 and ke 2.2.10%° 0.02 0.08

1504 2 2.10%° 1.34 ' 24 .

1476 o 6.7.10" " 1.06 : :7

1384 Band k¢ 1.1.10° 0.02 | 18

1305, g 1018 <0.017 0.002

129, 3 1.72.10° - | :0.'01

123y, 6 »1013 0.01 0.2

N3y 8 6.10" 0.10 | 0.1

87k 8 6.15.100° 33.42 . - 120

>Bni >107? 54.21 80

20y B'and k¢ >10%° .41 110

*8ca 10M 67.16 536300

f
.
Crustal abundances based on average concentration of elements in

the Earth’s Crust by Mason (1960).
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of most of the analytical instruments currently available. Only the

X 4 - .
232Th; 238U and 2350 decay series and DK are of importance in

exploration.
In addition, some transuranic elements also may be naturally

present in the, Crust, but this is not certain., The possibilities

include 239Pu, 244Pu, 237Np and 247Cm. The chance of natural 239Pu

is slim, to say the least, but Levine and Seaborg (1951) claimed to

239Pu in some U ores. They attributed the formation of

this nuclide to neutron capture by238U. But this alone will not

have found

give the 239?u abundance reported, other reactions of the heavier
elements may also be involved, or its original amount 1s much more
than is thought to be the case. In most of the ores in which it was
reported higher values than neutron capture reactions by 238U would
account for. Cherdyntsev et al. (1965; 19%7) also reported 239?u in
groundwaters and volcanic rocks and estimates by Diamong and Barnes
{1956) showed that some 2¢4Pu may still be present. Intensive
search for these nuclides with the modern analytical techniques and
instruments may show some natural existence of these elements, but
this is very 7Unlikely to be on a major scale. However, the
important thing to understand is that even if these nuclides are
extinct, their effect is still very much around, and may in some
way affect the accuracy of measurements of the natural radiation
environment. For example, 239?u and 247Cm decay to 2350 and 1if
present in uraniferous ores at the time the ores were formed, will

23
have produced an anomalous 5U:238U ratio. in alpha-particle



29

studies also, the presence of 247Cm, which has been suggested to
have been present 1in very old Rare Earth Elements (REE) minerals
(Hyde et al., 1971), would produce apparently sStrange activity

ratios.

-

Other radionuclides are contjinuously produced 1in nature.

These include those formed by the decay of naturally fissionable

nuclides such as 2330 and 235&, and those resulting from cosmic-ray

induced reactions. The latter are mainly produced 1in the high
atmosphere by spallation reactions with atmospheric Ar (Adams and

Gasparini, 1970). They include >°Na (t, ,,=2.62yrs), 24%a (t) =

/2 /2
38 . 39 : 38
14.96h), c1 {tl/z = 37.29min.), ~Cl (ty 1 55.5m1n.),. S
(t. .=2.87h), %1 (t. _=31.99min.), 'Be (t., =53.6d) and °°al
1/2 °* ' 1 7 e “he /2
(t1/2-7.4.105yr5} with their half-lives t1/2 as shown in the

brackets. Occurrences of rthese nuclides 1in rain water have been

reported by Perkins et al. (1965). |

2.3 Primordial Element Abundance and Distribution
v

The concensus view about the formation of the planets is the
cold accretion nebula theory. In this the material making up the
Earth is believed to have existed in a cloud of gas and small
particles called the Primitive Solar Nebula. The Earth came into
being as a result of the accretion of some of the particles in
this nebula. The composition of these particles (planetesimals) is

believed to be given approximately by that of the carbonaceous
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chondrites, as noted previously. This is because this class of

meteorite shows no sign of chemical differentiation, apart from

loss of very light volatile elements, and has a chemical

composition which corresponds closely with that of the Sun's outer

atmosphere (the Sun also having formed by accretion from the

Primitive solar Nebula) . (Brown and Mussett, 1981). Elements in the
56

Primitive Nebula up to Fe are believed to have been formed by

fusion reactions ‘in stars much larger than the Sun. But beyond

-

56Fe, the heavier elements must have formed only when large amounts

of energy were available -~ during a Supernova event. In this
process the synthesis of the heavy elements would have been less
likely as atomic weight increased. The age of.meteorites is in the
order of 4600Ma, which is taken to be the age of the Earth.
Chemical fractionation and the redistribution of the
elements may have started even during the accretion of the Earth.
Kohman (1961) thought the ea¥liest separation of the elements was
the differentiation of the volatiles from the non-volatiles when
the Earth came into being as a planet. This is the hetrogeneous
model for the formation of the Earth. In contrast, Urey (1968)
believed that_!ha Earth was initially homogeneous and that it has
been differentiated entirely since its formation. This is the
homogeneous model for the formation of the Earth. The concensus
currently favours the latter model, but which i1s correct is largely
immaterial to the formation of the Crust - both models suggest that
the Crust formed by differentiation of the earth after it had

developed a Core and Mantle.
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2.4 Origin of Granites

Patterson et al. (1955) have shown that U 1s mainly
concentrated in the top few kilometres of the Earth's Crust. Within
this =zone it 1is believed that at least 90% of the Earth's U 1s
located. It is no coincidence that this part of the Crust is
predominantly qranitié {Mason, 1958; Adams, 1962; Paldevart, 1955).
The fact that a large prgportion of the U in granites becomes
mobilised during alteration leads to the formation of U ore bodies.
Therefore, it is impossible to overemphasise the importance of the
U in granites in any discussion of the geochemistry of U. Clearly,
alse it is very important to consider how granites are formed.

Below the Earth's crust, the Core and Mantle make up about
90% of the Earth by volume. Whether separation of the core and the
Mantle occurred after accretion of the earth as a whole, is
immaterial to this discussion, but it 1is clear that this process
predated the origin of the Crust - today we can see the evidence
of new Crustal rock; forming from the Mantle below active mid-ocean
ridges. Hargraves (1976) postulated that in the first billion years
of formation, the Earth segregated the bulk of the Crust and
hydrosphere. The Archaen appears to have been characterised by
small, vigorous convection cells in the Mantle, but from the

Protozoic a system of convection and plate movement similar to that
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of the present-day, has been operating.

Two ideas for the origin of granites have been proposed: the
magmatic origin, in which granites result fro; the differentiation
of a more basic magma, and the non-magmatic origin, in which
granites result from the transformation of the host rocks by
partial melting. It is now generally accepted that the origin of
granites can be either of these processes: it 1is a matter of
investigating the total geological setting to determine the origin
of a ﬁarticular granitic mass. Essentially then we are dealing
either with granites derived by fractional crystallization of basic
magmas originating in the Mantle, or by melting of pre-existing
Crustal rocks. Because of these different origins it 1s very
difficult to discuss, in general terms, the occurrence of U 1in
granites, However, it has been largely established that the Mantle
is generally deficient in U relative to.the Crust which, therefore,
means that granites which are derived directly from the mantle will
be deficient in U relative to granites derived from the Crust.
Nevertheless, even for granites originating in the Mantle, the
fractionation and consolidation which occurs during ascent of the
magma means that U should be enriched in the late differentiates.
Thus there will be a decrease of U with depth in these granites.
For granites whose origin is by melting of Crustal rocks, the U
abundance will depend both on the U content of the parent rock and

the mode of crystallization.

The two types of granites have been labelled by Chappel and
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white (1974) as I-type (for those derived from mantle material) and-
S-type (for those derived from crustal material). It has been
observed by Pitcher (1979) that Sn mineralisation 1is associated
with S-type granites, while porhyry Cu mineralisation is associated
with I-type granites.

It must be emphasised, however, that the origin of a
particular granite may not be easy to ascertain due to the
interaction between the Mantle and the Crust. Of importance here is
Crustal contamination of mantle-derived magmas during their ascent.
Fyfe (1978) concluded that most granitic rocks are the result of
reworking of the Crust and extensive dilution By mant le-derived
material (which is itself often contam?nated by subducted Crustal
components). Thus for any discussion of the distribution of the
elements in granites to be meaningful, each granitic body has to be

consid?red individually. SASHIM 1BRANM LiERARY
|.f|":r.‘..-"- " N .-.‘.\\.'::iSlT\

L] ARGA N.UCKIA .

2.5 Abundance and Distribution of U, Th and K in the Crust

The importance of U, Th and K in contributing to the total
heat budget of the Farth is generally recognised. Indeed, the heat
engine of plate tectonics is thought to be mainly fuelled by energy
supplied from the decay of these elements. Knowledge of the
distribution of U, Th and K in the Earth is thus important for more
than just exploration purposes. Moreover, the fact that these

elements are a source of heat means that both direct and indirect
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methods can be employed for the determination of the abundance of
the radioelements within the Earth's Crust. For example, gamma-
ray spectrometric determinations on the Earth's surface, and
borehole samples, have been used to determine their abundance and
distribution, while heat flow studies Eave been used 1in some cases
to develop composition/depth models for the heat-producing
elements. Clark and Turekian (1979) used heat flow data to show
that a layer which permits transfer of heat, but not the transfer
of the heat-producing elements, exists in the mantle.

Average crustal abundances for U, Th, and K have been
reported. Methods of determination were essentially based on two
approaches; straight averages derived from analysis of samples from
the continental crust and the weighted values based on geochemical
models of the evolution of the Crust, Mantle and the Core, One 1in
the latter category is-the recent andesite model of Jaupart (1985).
In the straight averages category, the methods of computation used
by different workers can significantly vary. In the earlier
methods, for example that used by Washington (1924), values were
obtained by takihg averages of analytical data from common rocks.
Vogt (1931), on the other hand, derived the average abundance of
the elements in igneous rocks by using published average values,
and weighting them in proportion to their relative abundance in the
Crust. This approach at least took 1into account the effect of the
abundance of the crustal rocks on the averages, which was not

considered in the earlier study. Subsequently, average crustal
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abundances were obtained by taking averages of a mixrture of granite
and basalt Vinogradov (1962) used a ratio of 2:1 for granites and,
but Taylor (1964) used a ratio of 1:2. These authors obtained
values of 3ppm, 8ppm and 2.50% for U, Th and K, and 2.7ppm, 9.6ppm
and 2.09%, repectively. The idea of considering only granite and
basalt for the coméosition of the Crust was based on the reasoning
that other materials (sedimentary and metamorphic rocks) were
derived ultimately from igneous rocks, In the andesite model,
Jaupart (1985) considered that andesites, believed to be derived
from the mantle subduction zcnes, provide the - best average
composition of crustal rocks prior to internal differentiation. He
reported values of 1.25ppm, 4.80ppm and 1125% for averade abundance
of U, Th and K in the Earth's Crust based on this approach.

Another geochemical method 1s the Crust/Mantle model for

’

which the process of.e%olution of the continental Crust from the
Mantle forms the basis. In this approach, it was envisaged that the
continental Crust grows at the expense of the Mantle, which becomes
depleted in those elkments preferentially located in the
continental Crms'.twl (Jaupart, 1985). Using an initial Mantle
composition obtained from meteorite studies, together with a
depleted Mantle composition obtained from direct analyses, the
evolution of the Crust and the Mantle were then modelled to give a
crustal composition of 1.30ppm U, 6.10ppm Th and 1.70%K.

It 1s clear from the values guoted above that a wide

variation exists in the average crustal abundances obtained from



the different methods. If other elements are considered it is found
that this variation is especially true for the trace elements in
general (including the REE). Average abundances must, therefore,
only be used for general discussion of the overall amount of the
radiocelements in the Crust, rather than as a guide to their true
concentrations. Moreover, the proportion of the Crust made up of
the individual rock types are merely estimates which crustal model
was used greatly affecting such estimates. Ranges of values, rather
than overall crustal averages for the different rock types, may be
more useful in any consideration of element abundances. In Table
2.2 are given average values for U, Th and K in various rock types.
It can be seen from this Table that both U and Th are concentrated
in igneous rocks. Thus U in common crustal rocks ranges from
0.001ppm to 7.15, Th from 0.004ppm to 13ppm and K from 0.83\'to
4.5%,

Many studies of the depth distributions of the radiocelements
in the Crust have been carried out, but there seems to be no commo#
view of the naehre of these distributions. Thus, while Lambert and
Heier (1967) reported a downward decrease of radioactivity with
depth in the  Australian Shield, Jaupart (1985) suggested an
increase with depth. Divergent as these views may be, it is
generally agreed that U has its greatest abundance in the upper
part of continental Crust (Rankama and Sahama, 1949; Patterson et

al, 1955).
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Table 2.2: Average crustal abundance of U, Th and K

Rock type U (ppm) Th (ppm) K(%) Reference
ultrabasic 0.001 0.004 0.0004  TW
Basalt 0.83 5.0 - RS
1 4 0.83 TW
Intermediate 2.61 9.97 - RS
3 13 4.8 Tw
Acidic - 13.00 . 2.59 RS
3 ) 12.75 3.36 TW
Igneous 4 11.5 2.7 RS
2.6 13 3.36 G
Sedimentary 7.15 - - RS
1.91 5.6 1.35 TwW
note: s

RS: Rankama and Sahama (1949)
Tw: Turekian and wedepohl (1961)
G : Green (1959)
. Averages for sedimentary rocks by TW were obtained by
average concentrations in slates, sandstones, carbonates

and clays.
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2.6 Geochemical Controls on the Abundance and Distribution of U, Th

and K. : : o

2.6.1 Radicactive Properties

2.6.1.1 Syséematics of Nuclear Decay

In addition to the naturally cccurring radicactive elements,
other known elements normally stable undergo change from natural
nuclear interactions in the Earth. Radicactive decay is the
transformation of an element into a new product by the emission of
a particle, either a beta-particle or an alpha-particle, which may
be accompanied by emission of eléctromagnetic radiation. The

k!

potential for such decay of an element is determined by its

nuclear structure. In this Section the concept of nuclear

stability, and the wvarious decay modes 1in radiocactivity, are

\
I

discussed.
S !
The basic unit carrying the identity of an element is the
atomic nucleus. The nucleus is made up of neutrons and protons
{nuclecns) bound together by a very strong short=-range force
{the strong nuclear force). A nucleus is characterised by its

charge number 2, which is the number of protons it contains, and

the mass number A, which is the sum of the number of neutrens and
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the protons. The binding enerqgy B, of the nucleus is defined as the
energy required to break the nucleus into its component nucleons.
This 1s related to the difference between the mass of the nucleus
and the sum of the masses of the constituent nucleons am, by:
B = amcz,

where ¢ is the velocity of 1light. Plots of the average binding
enerqgy, D/A (referred to as the binding fraction), against the mass
number A, show clear fe;tures which are related to the energies in
the radioactive decay processes (Evans, 1955). 1In the lighter
elements, where A<28, variations are observed, such that nuclq}
where A is a multiple of four have higher binding energies than
where A is not a multiple of four. This reflects the stability of
the alpha-particle (which has a mass number of four). For A>28, the
binding energy/mass number relationship follows a generally smooth
curve. '

The process of radioactiv; decay is a consequence of the
instability of a nucleus. Each decay process is determined by the
energy involved in the emission of a ' particular particle. This
energy, referred to as the separation energy Sb' is defined as the
energy required to s;barate the particle from the nucleus. Sb for a
particle is given by:

s, = (M 1 -M(N,2)]c”
where Mr is the mass of the residual nucleus after separation of

the particle of mass M, (Eisenbud et al., 1967).

b
Among the lighter elements, the stability of the nuclei in
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their ground state is exclusively dependent upon the process of
beta decay. This process involves the emission of either a negative
or a positive beta-particle from the nucleus, or the capture of an
orbital electron by the nucleus. These changes alter the atomic
number Z by +1. For the conservation of energy, mementum and
angular momentum of the residual nucleus, the process 1is believed
to be accompanied by the emission of particles called neutrinos. A
neutrino has zero rest mass and is chargless. It possesses only an
angular momentum. These processes are represented by:

X(A,2) —PX(A,2-1) + F +v, )

X(A,2) ——DX(A,Z+1) + 6* +v o,
and X(A,2) ——DX(A,2+1) +vy,*
respectively. The process of beta emission determines the stability
limits for nuclei throughout the periodic table (Ivanovich, 1982).
Beta decay lifetimes are a sensitive function of spin and parity
changes between the Vinitial and final states of the nuclei. They
also depend on the available enerqgy. For a large spin change and
low enerqgy, the half-life becomes so long that the nucleus appears
to be stable to beta decay.

In beta stable' elements, more especially those among the
heavy elements, other modes of decay decay operate which are
independent of the beta decay process. Important among these decay
modes 1is alpha emission, the ejection from the nucleus of two

4
neutrons and two protons bound together as a He nucleus.

Theoretically, alpha emission is possible for any nuclei 1in which
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the sum of the binding energles of the weakest two protons and
two neutrons 1s less than the binding energy of an alpha-particle.
Alpha-particle emission process is, infact, possible for all nuclei
with A above 90. But, because of the potential barrier that must be
overcome, the rate is usually very slow. Alpha emission only
be;omes significant when a positive binding energy difference of
several MeV is present. Based on alpha decay theory, Hyde et al.
(1971) estimated the minimum detectable alpha activity to be a
transition with a half-life of 10]8 years.

The relationship between alpha decay energy and atomic
number reveals certain regular trends. It is found that the alpha
decay energy of beta stable elements increases as 2 increases
towards 2=92 (U), and this trend reverses as Z becomes large (Z>92)
(Burcham, 1963). Generally, the alpha decay energy increases with 2
at constant A for all nuclei. Similarly, fog constant Z, the alpha
energy decreases with an increase in A. However, irregularities are
observed in some regions. For example, for elements with A<128 the
alpha decay energy increases with an increase in A. Also, at 2Z=84
the decay energies become much lower than expected. These
variations are associated with the closure of a neutron shell at
N=126 and a proton shell at Z=82, respectively,

Alpha decay half-lives are pronoucedly dependent on the
alpha decay energy. The lifetimes increase with decreasing decay

energy, thus 232'l"h. for example, with an alpha energy of 4MeV has a

half-life of 1010 years, while 212?0 with an alpha energy at 9MeV
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has a half-life of 3.10#? seconds. For individual nuclides, the
half-life - energy relationship shows regqular behaviour. Such
relationships are usually more pronounced for even number-even
number nuclear transitions.

The ejection of.an alpha-particle may leave the residual
nucleus in any one of the several excited states. Each of these
states 1s characierised by different energies and a different
p;obability of occurrence. De-excitation to the groundstate occurs
by gamma-ray emission. In some cases this may be accompanied by

beta-particle emission decay. An example of alpha emission is given

by: >

281, = 2 i

The alpha energy and the excited states of the 224Ra are shown
in Table 2.3. As can be sten, alpha decay processes may be
accompanied by the release o©of more than one energy of alpha
particle. Thus there can be a fine structure in the alpha-energy
spectrum. Usually in reporting alpha energies, the energy of the
alpha decay with the highest intensity is quoted.

The second type of structure exhibited by alpha energy
spectra is associated with long range alpha-particles. These are a
group or groups of alpha-particles of considerably longer range
than the main group of particles which occur in certain alpha

transformations. They are believed to be produced by disintegration

of the excited state of the 1initial nucleus rather than the
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Table 2.3: Fine structure alpha-particle emission in the transition

232Th-——¢gzaﬂa.

Group Alpha energy Abundance Excitation energy

(MeV) (%) (MeV)
O& 6.084 27 0
Ob 6.044 70 0.040
a, 5.762 1.8 0.328
a, 5.620 0.1 0.472
C!a 5.601 1.0. 0.492

After Burcham (1963).
s :
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daughter nucleus, as 1s the case for the fine structure. The
process is often associated with a population of highly excited
nuclei and beta decay processes. The decay of excited states to the
groundstate proceed by alpha emission in addition to gamma

emission. Such mechanism are fully discussed for the nuclide 21281

by Evans (1955). i

After the emission of beta and alpha particles during
radioactive decay the daughter nucleus may be left in an excited
state. The excited nucleus gives up this energy in a variety of
ways, and returns to the groundstate. This transi;ion commonly
involves the emission of electromagnetic radiation in the form of
gamma-rays. The emission of gamma-rays follows, in most cases,
shortly after the primary radioactive decay. However, delays of up
to an hour in gamma emission are known to occur 1n certaln nuclei.

Those nuclides ‘which exhibit this phenomenon are referred to as
nuclear isomers, for example, I37mBa, where the letter m following
the mass number indicate an isomeric nuclide (Adams and Gasparini,
1970). Nuclear 1isomers represent unstable excited states of the
atoms involved, bupﬁthey have similar chemical properties to those
of unexcited atoms. Measurements have shown that the half-lives
involved in the emission of gamma-rays are much shorter than those
for the emission of either beta or alpha particles. Indeed, many
gamma half-lives are only in the order of 10_13 seconds (Halliday,

1950). These half-lives are a function of the transition energy,

the nuclear spin charge and the atomic mass of the nuclei
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undergoing ~ the transition: half-life increasing with a decrease in

the spin charge.

Although most excited nucleil return to the groundstate by
gamma-ray emission, examples occur where both beta and alpha
emission compete with gamma emission to the extent that
de-excitation 1s dominated by particle emission. The emission of

long range alpha-particles 1in the decay of 212?0 and Po well

illustrate the process.

In addition to the decay modes discussed above, another type
of instability exists in the heavy nuclei. In this, decay occurs
by spontaneous fissioh, the nucleus dividing into two or more
fragments. This 1is accompanied by the release of a considerable
amount of e;erqy. For the heaviest nuclei, an excitation of the
nucleus by a few MeV can produce fission. However, the potential

barrier impeding fission is high, so that the probability of

occurrence in nature is very small.

2.6.1.2 Radicactive Decay Series

All the naturally occurring isotopes of U and Th exhibit
.

the emissions described above. 238U and 2350 are the naturally

occurring U 1isotopes and each form a decay series ending in a

206 238

stable Pb isotope, Pb and 207Pb, respectively. U gives rise
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to the longest decay series, involving twenty daughters of ten
different elements, with eleven alpha-emitting and eleven beta-

emitting nuclides. It forms the main constituent of natural U, with

an abundance of 99.27%., The decay of 235U involves fifteen

daughters, consisting of eleven different elements. Eleven of the

nuclides are alpha emitters and seven beta emitters. The 232Th

decay series supports eleven daughters of nine different elements,

with six which are alpha-emitters and five beta emitters.

238 238 a3

In the U decay scheme, U decay to 4Th by alpha

emission with an energy of 4.196MeV (Durrance, 1986). This forms
the energy of the main group with an abundance of 77%. Other alpha
energies associated with this tra;sition are 4.147MeV and 4.038MeV
with abundances of of 23% and 0.23%, respectively. The transition

has an alpha half-life of 4.51.109 years corresponding to a

specific activity of 738.6 disintegrations per minute per
h

milligram. The transition 185 also accompanied by the emission of
gamma-rays with an energy of 0.048BMeV (Hyde et al., 1971). The

decay series is shown in Figure 2.1,

4 i 2
The daughter nucleus, o Th, decay by beta emission with a

v
half-life of 24.1 days (Knight and Machlin, 1948). The beta decay

is accompanied by gamma-rays of energy 0.03 to 0.09 MeV. 234Th

decays principally to 234?5, but 0.14% of its disintegration
" : 4

produces an isomeric fOrm 23 mPa. 98% of the 234Pa decays directly

234 i :
to groundstate U. This transition 1s characterised by a

continuous beta spectrum with a high end-point energy of 2.3MeV
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FIGURE 2.1 The U decay series (After evans, 1955)
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4
{Hyde et al., 1971). The transition of the isomer, 43 mPa,

characterised by a complex spectrum of beta, gamma and electron

conversion energies, which make study of the transition extremely

difficult. The various decay schemes for this transition have been

reviewed by Hyde et al. (1971). Of importance is the fact that the
.

transition involves the emission of gamma radiation in the range

0.044 to 1.85MeV, which 1s within the range of measurement of

gamma-ray spectrometers used in environmental studies. Also,

because these are all short-lived nuclides (234Pa, tllzne.? hours,
234m .
Pa, t1/2'1'13 minutes), they take only about three months to
. . ) . 238
achieve secular equilibrium with U.

2340, the fourth member 1in the series 1s a beta stable

nuclide. It decays by alpha emission with a half-life of 2.48.105

years. The main group of alpha-particles (72%) have an enerqgy of

4.774MeV. The second group, with an energy of 4.717MeV, makes up
28%. Baranov et al. (1960) reported another group with an abundance

of 0.37%. Gamma-ray groups of 53keV and 11BkeV have also been

reported. Its long half-life and alpha emission energy make 234U an

important and useful nuclide in 2380 series disequilibrium

investigations. Fractionation of the 2340 from 238U in nature, is
widely reported (Chapter 7).

The immediate daughter of 234U is 230Th, another alpha-
emitter in the series with a half-life of 8.0.104 years. Its decay

scheme is largely well established, with four alpha groups clearly

identified with energies and intensities of 4.682MeV (76%),
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4.615MeV (24%), 4.476 (0.12%), and 4.,437MeV (0.03%) [(Ivapovich,

1982). Its decay is accompanied by Jlow-intensity gamma-rays. 230’rh

decays to 226&&. Its alpha decay scheme is summarized 1in Figure
2.2 (Hyde et al., 1971). As can be seen, the energy of the main
alpha group, with ar abundance of 94.5%, has been determined as
4.781MeV. The transition involve four groups of alpha-particles at

4.781MeV, 4.59MeV, 4.340MeV and 4.191MeV, with intensities of

3

94.45%, 5.55%, 7.10 "% and 10~3t, respectively. The transition with

an alpha energy of 4.598MeV involves gamma-rays of 1B6keV. These

form the most prominent gamma radiation, but other low intensity
226
gamma-rays were reported by Stephens et al. (1957). Ra decays to

a gaseous daughter, 222Rn, with a half-life of 1622 years.

2340, 230Th and 22685 are the longest-lived nuclides, apart

from %380. in the 238U decay series, and so take a considerable

time to approach secular equilibrium. The time needed for 2340,'the

longest-lived daughter, to reach equilibrium with 2330 determines

the secular equilibrium time for the 2380 decay series, as a whole,

which is 1.66.10% and 1.08.10° years for 99% and 95% equilibrium,

-

respectively.

222Rn decays by alpha emission with a half-life of 3.825

days. The predominant group with an approximately 100% abundance,

has an enerqgy of 5.486MeV. Another group with an enerqgy of 4.983iMeV

at approximately 8.0.10°°% has also been observed. This is

associated with a gamma-ray deexcitation emission of 512keV

{Madansky and Rasetti, 1956). 222Rn's small half-~life mcans that it
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takes a relatively short time to reach eguilibrium with its

immediate parent, 226Ra.
222Rn decays to a short lived daughter, 213?0. This, in
turn, mainly decays by alpha emission to 214Pb. The alpha energy is

6.11MeV and a half-life of 3.05 minutes, However, 218?0 has a

branched decay, so that 0.02% decays by beta emission to 218At
(t1/2=2 seconds), which then decays by alpha emission to 214Bi.
214

Pb decays by emission of beta-particles to 214?0 with successive

beta emission to 21431. B

21481 decays largely by beta emission with an end-point
energy of 3.26MeV. It is also associated with a low intensity alpha
emission (0.04%). The beta transition involves numerous energetic
beta-particles and de-excitation gamma-rays. Sixty gamma-ray
f#nergies, with more than forty above 1Mev, have been reported (H;de

et al., 1971). Gamma-ray spectrometric determinations of U employ

measurement of one of these high energy gamma-rays, the 1.76MeV

peak. Its beta decay daughter, 214?0, decays by alpha emission to

210Pb, with the very short half-life of only 1.64.10~4 seconds. Its
210 g g 210

other decay daughter, T1, also decays to this nuclide, Pb, by

beta emission.
210 ; z ) ) )

Pb is a beta-emitter with a half-life of approximately 22
years. Branching with an alpha decay mode has been reported by
Nurmia et al. (1961). The alpha decay mode with an abundance of
1.8.10‘31 involves an alpha particle with energy of approximately

3.7MeV. The alpha decay daughter is 2°6Hg, which is a beta-
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emitter,

?loBi, the beta decay daughter of 2]0Pb, is a beta-emitter.

Approximately 100% decays in this mode with a half-life of 5.02

days. However, an alpha decay mode was reported by Broda and

Feather {1947). In this branch, it decays to 206Tl, the same

daughter as produced by ZOGHg. Isomerism in 21081 has also been

-

reported. This is discussed in detail by Hyde et al. (1971).

210?0, the daughter of 21081, is beta stable. Its decay is

characterised by a single alpha group with a half-=life of 138.4

= 0
days. It decays to the stable Pb 1sotope, & 6Pb.

The 2380 decay series can thus be conviniently subdivided

into group of nuclides, where successive members rapidly come into
238

equilibrium with their parents. The nuclides derived from U down

to 23‘?& fbrm a group in this division, where 234Th and 234?&
: T, R 2 ;

rapidly attain equilibrium valuves. 234U, 30'I'h and 226Ra are in

groups of their own, because of their long half-lives. The nuclides

derived from 2263a down to ?JOTJ are all short-lived and can form a

group on their own division, with the daughters rapidly coming into

h
equilibrium with the parent 2269&. The next group comprises the

21 ZIOBi 210P

nuclides from on to , and 0. As will be discussed

later, disequilibrium arises within the series because natural
processes separate the different chemical and physical properties

of the nuclides.

The other important natural decay series are due to 232?h

and 235U. The 2327h is summarized 1in Figure 2.3, and Table 2.4
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Table 2.4: 232Th decay series.
Nuclide Symbol half-life
energy
(MeV)
Thor ium 232Th 1.39.1010y 4,007
3,952
3.882
Radium 228Ra 5.75y
Actinium 228Ac 6.13h
Thorium 228, 1,913y 5,421
" 5.338
, 5.208
5.173
5.137
Radium 2240, 3.64d 5.684
v I , 5,447
Radon 220Rn 55.6s 6.é96
. 5.761
Polonium 216?0 0.145s _ A 6.777
Lead 212Pb 10.64h )
Bismuth 2123i 60.5m 6.09
o 6.05
Polonium | H2p 1.04.10 s 8.780
Tha;iium 208, 3.1m
Lead 208Pb - stable
From Ivanovich and Harﬁon (982} .
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Radiation Alpha-particle

abundance energy

i
i
i

(%) (keV)
76

24

2110

0.03

94.5

100

100

580
30 2250
70

100

1800

beta-particle

abundance

(%)

100

100

comp]

100

100
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while the 2350 series 1s summarized in Figure 2.4, and Table 2.5.

These decay schemes are fully discussed by Evans (1955), Lederer et

al. (1967), Lederer and Shirley (1978), Hyde et al. (1971) and

Ivanovich (1982). Important features of the 232Th series are the

prominent, high-energy gamma-rays produced by the decay of 208'I‘l.

T ; : ; 232
This is used for the gamma-spectrometric determination ®f Th.

Except where natural fission reactions have occurred 235U occurs
) ; . 238 . )
in constant proportion with U in natural U. Because of its low
abundance, 0.72% of natural U, and low specific activity, it 1is the
less important isotope in most investigations of natural U.

Another naturally occurring nuclide of importance in the
. R ) . 40 40
natural radiation environment 1s K. K forms 0.0118% of
naturally occurring K. It decays to 40Ax by electron capture with a
half-life of 1.30.1010 years (Adams and Gasparini, 1970). It also
has a branched decay, with beta emission to,40Ca, with an intensity
of 89%. The electron capture transition leaves the 40Ar in an
excited state which de-excites to ground state by gamma-ray
emission with an energy of 1.46MeV. This 1s wused 1n the
determination of K in gamma-ray spectrometry. The decay scheme 1is

shown in Figure 2.5.

ST AT .
ity e, ] L S ¢

WL Ll ¥ S Y
2.7 Chemical Properties of U ARIA ”':Céb\ "'w:RS{Ty

U is a member of the actinide group of elements, the

heaviest naturally-occurring elements in the cosmosphere. All U
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Table~2.5:
Nuclide
Uranium

Thor 1um

protact.

Actinium

Thor ium

Francium
r

G

Radium

i
Radore—-

Bismuth
Polonium

Lead

Bismuth —lﬁ_

polonium

Thallium —

B

Lead

From

AstTtine

3 .
5U decay series.

symbol half-life

2350 7.13.108y
231Th 25.64h
231Pa 3.43.10€y
227

2 Ac 22y

227

Th 18.17d4
223Fr 2lm

223Ra 11.684

1

2 9At g.9m

2lan 3.92s

21531 8m

21556 1.83.10 s

2112b 36.1lm

211Bi 2.16m

211Po 0.52s
7

20 Tl 4. 79m
7

20 rh stable

Tvanovich and Harmon (1982).

§7

Radiation

e ——

Alpha-particle peta-particle
energy abund. energy abund.
{MeV) {%) (keV) (%)
4.391 57
4.361 18
4.1-4.6 25
300 100
5.050 11.0
5.016 <20
4.999 25.4
4,938 22.8
4,724 Bg.4
4.949 48.7 46 100
3,937 36.1
4.866 6.9
4,849 5.5
6,036 23
5.976 24
5.755 21 _3
5,340 5.20 1150 100
5.745 9.1
5.714 53.7
5.605 26.0
5.538 9.1
6.28 100, energy
6.813 8l unknowh
6.547 11
6.419 8
| - enerqgy
7.384 100 unknown
I
'i 13585 92.4
i 951 1.4
i 525 5.5
' 251 0.7
6.617 83
6.273 17 energy unkn
7.434 29
6.895 0.5

1440 100
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FIGURE 2.5 dDK decay scheme (After Adams and Gasparini, 1970)
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isotopes are derived from the parent nuclides 238U, and 235U which

are sufficiently long-lived to have survived since the formation of
the Earth. Both are electropositive and tend to form strong 1onic
bonds, but a number of compounds in which they form covalent and
semi-metallic bonds, are known. Both can exist 1in the +2, +3, +4,
+5 and +6 oxidation states, but the most important of geochemical

interest are the +4 and +6 states, The four oxidation states of U

are represented as 553,'5f2, Sfl and 5f°, with ionic radii of

=10 10 10 10

1.03.10 'm, 0.93.10  'm, 0.89.10  m and 0.83 ", respectively.

U in aqueous solutions is determined to a great extent by

the redox potential of the environment:

U +1-8v : u3+-'|'—Ql55L{> U4+ -0:58 U02+
N\

-0»32:\\ -0.06y

2+
UO2

(Latimer, 1952). In solution, the four oxidation states occur as:

+ .
+3 u3 ¥
+4 Ud+
+5 1}02+

24
+6 UO2

. )
with red (U3+J, green (U +) and yellow {002+J colours (Cordfunke,
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1969). Both the 3+ and Uo2+ are unstable in solution, with the

former able to reduce water and librate H2, according to the
equation:

20°" 4 2H,0 ——p 20t 4 H, + 200
The latter is only stable within a very narrow acidity range around
pH2 (Katz and Seaborg, 1957). The U6+ in solution readily combines
with two oxygens to form the uranyl ion {0022+).

In geochemical processes, the behaviour of U 1is largely
determined by the +4 and +6 valence states. The uranous and the
uranyl ions are the most stable in aqueous solutions. The ur;nous
ion, Ud+, is readily oxidised to the uranyl ion in the presence of
oxidising agents. Garrels (1955) found that this reaction is

’
. . L .
greatly increased in the presence of metallic ions such as Fez and

b J
Cu2+, which probably explain the association of U with Fe in
hydrothermal deposits. The +3 state occurs in a large number of
soluble hydroxides. Its high charge and small }adius enable it to
combine in a number of complexes. These complexes are pH-dependent.
It forms both cationic and anionic complexes. In alkaline media,
uranyl di-carbonate and uranyl tri-carbornate are readily produced.
Other complexes include uranyl sulphates, phosphates, chlorides,
fluorides, nitrates, vanadates, arsenates and molybdates. It also

forms organic complexes with C and gives rise to a number of

soluble hydroxides.
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The geochemical behaviocur of U 1s governed to a great
extent by the ability of the lower valence states to be oxidised
to the wuranyl ion, which is a very mobile 1lon in a variety of
natural environments. For example in weakly acid solutions it is
very mobile; but it is also mobile in both alkaline and neutral
media in the presence of carbonate ions.

During magmatic processes, U in the +4 state subsitutes for
Th, and both elements are involved in substitution reactions with
the REE during the crystallization of igneous rocks. These
substitutions also extend to some of the major elements, “such as
the substitution of Ca by U, and to some extent Th, in apatite and
fluorite {Altschuler et al., 1958). However, in.the late stages of
the evolution of magmas, when oxidative processes become dominant,
U4+ becomes oxidised to the U6+, thereby increasing the solubility
of U. This resuits in fractionation of U and Th.

hJ

The solution chemistry of U, as described above, determines
its behaviour in weathering and other low temperature alteration
processes within the Earth's érust. Primary U minerals, mostly
precipitated in the hexavalent state, are easily oxidised by

Y
surface and groundwaters, especially in the presence of complexing
ligands. Thus the mobile uranyl ion is produced which is easily
removed 1in solution. Thus rocks become leached of their U during
weathering. The released U can then be precipitated in the

hexavalent state when conditions become reducing, or fixed as

adsorbed ions onto Fe, Mn or Al oxides, organic matter or clay.
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These precipitative processes provide rich local concentrations
which may form secondary U deposits. Secondary U minerals, such as
gummite, schoeeckingerite, tobernite, carnotite, autunite,
zippeite, tyuyamunite and uranophane, contain U in 1ts hexavalent

state (Boyle, 1982).

2.8 Interpretation

The discussion given above highlights some aspects of the
complex behaviour of U in the natural ‘environment, and the
processes which could affect its abundance. Although the time of
formation of the elements may not have direct relevance to element
abundances in the Crust, the segregation of the Crust from the
Mantle is, clearly, very significant. For U this process led to an
enrichment in 'the Crust relative to the Mantle. The segregatiocn
process was also such that U will be more abundant in the
continental Crust which lies close to the surface of the Earth.
Average values fa} the crustal abundance of U should, therefore,
take into consideretion these variations. At present, average
values are more likely to be averages for a limited layer of the
Crust rather than the average for the entire Crust.

The radicactive and chemical properties of U give rise to
great mobility of U 1imn the environment. For example, its

radiocactivity produces heat which can drive hydrothermal convective

circulation cells that oxidise and mobilise the U, or the
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radicactivity can destroy the crystalline structure of minerals,
thereby making them more easily leachable by solutions circulating
in the environment. Radiocactive decay can also lead to the loss by
recoil of individual atoms. Moreover, the daughters of U produced
by radiocactive decay may have different chemical properties. If
fractionation of these daughters takes place a great deal can be
discovered about active processes in the environment. Finally, the
large ionic size of U means that it is difficult to be incorporated
into the major rock-forming minerals of the Earth's Crust. Thus it
is present either in its own "minerals, which are rare because of
its low concentration, or it becomes concentrated, by diadochic
substitution of the.REE in accessory minerals. The significance of

these aspects of the geochemistry of U are discussed 1in the

following Chapters.

-
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CHAPTER THREE: ALTERATION OF GRANITE - HYDROTHERMAL AND WEATHERING

PROCESSES

3.1 Introduction

Apart from the biosphere, the crust is the most active
part of the Earth. ‘Here heat from deep in the earth, groundwater
solu%ions and the weather are all operative. Earthquakes, both
natural and manmade, open fractures and aid vigorous intera?tion
between rocks and groundwaters. Also, Man acts to affect the crust
in many ways, but especially in removing somer components and
replacing these with materials that can be out of chemical
equilibrium with their surroundings.

Granites, being the largest constituent of the continental
crust, are greatly affected by ghe processes of change experienced
by the c¢rust. On exposure, or 1in the shallow subsurface, they
become prone to the hazards of - this environment. Hard and
impermeable as they may appear to be, they are altered with time.
In some cases they are changed beyond recognition; in others they
retain their texture and appearance, but develop a new mineralogy,
as in the kaolinised granites of South-West England. Alteration may
be local, but in some instances a whole pluton may be affected.
There is also abundant evidence that changes at great depth also

occur in granitic bodies. In particular, hydrothermal ore bodies
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can be formed throughout the post-magmatic history of granites,
depending on the thermal evolution of the area in which they are
emplaced.

Granites alter to different end-products depending on the
alteration agency involved and 1ts duration, as well as the actual
character of the granite 1itself. This Chapter discusses the
alteration of granite with particular reference to hydrothermal and
weathering processes, The most important agent in such alterations

is water.
3.2 Hydrothermal Alteration
3.2.1 Introduction

The action of hydrothermal fluids in granites has been well
documented. Especia}ly, hydrothermal movement has been found to be
responsible for the concentration of a great number of minerals in
economic quantities in ore deposits. There are many hypothesis
regarding the action of thermal fluids in granites, particularly
those with a non-magmatic origin. These fluids derive their
constituent elements by leaching of either the host rocks of the
granites or the granites themselves. Numerous ore deposits of
hydrothermal origin are known. Most are believed to have bheen

formed by convective circulation systems. In the granitic batholith

of South-West England, Moore (198B2) proposed that polymetallic

-
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veins assoclated with post-magmatic hydrothermal events were
deposited by several generations of single-pass convection systems.
He noted that the vein systems are similar in shape and size to the
individual convective cells in modern thermal fields.

Recent studies indicate the development of active
Hydrothermal convective cells in radiothermal plutons as means of
explaining certain aspects of the distribution of radiocelements and
heat flow 1in plutonic environments. For example, Fehn et al.
(1978), Heath (1982), and Durrance et al., (1982).

Although knowledge of the detailed chemistry of solutions
involved in hydrothermal activity is still hazy, studies over the
last few years have shown that the most important sources of these
solutions are: (1) waters from a consolidating magma, (2) connate
water, and (3) meteoric water. Either separately or mixed together,
these could have been heated by the cooling of a pluton, by thermal
activi&y in the mantle, or by heat due to the decay of
radioelements in the rocks.

In'any discussion of the operation of hydrothermal systems
in granite it is important to consider the source of the solution,
it's movement through the granite, and the physico-chemical

conditions which control the changes it brings about.

3.2.2 Sources of Hydrothermal Solutions

As noted previously, there are basically two sources of
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hydrothermal solutions: waters from the consclidation of a magma
and groundwaters in the surrounding crust. The latter waters may be
connate or meteoric. The source of such solutions, for any
particular area where hydrothermal activity is found to have
operated, may be obtained from oxygen and hydrogen isotopic studies
of the fluid inclusions in the minerals produced by the activity.
Identification of the source helps elucidate the nature of the
solution/mineralisation processes which have acted and the dynamics
of the system.

Hydrothermal soiutions of magmatic origin are thought to be
mostly the result of the expulsion of excess water during the
cooling and crystallization of magma in the upper crust. Other
sources of magmatic solutions which are more remote, such as the
lower crust and the mantle, have also been invoked by some workers
(Evans, 1980). Both the gquantity of the solution which is
available, and its chemistry, must necessarily depend on the nature
of the source. In very acid and very alkaline igneous rocks, which
originate from magmas rich in water (Hatch et al., 1972), for
example, the quantity of water that is released by crystallization
is much greater than that released during the crystallization of
intermediate rock types. These waters will also be rich in K+. The
influence of the hydrothermal water will also depend on how far it
travels from its source. In cases where precipitation from these
solutions takes place in the i1mmediate environment of the source,

the products are likely to be quite different to those which form
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far into the host rock. This 1is because interaction between the
solutions and the host rocks will progressively change the
chemistry of the solutions. Concomitantly, thé nature of the host
rock alteration which occurs, will also change.

Previously, because of the close association of hydrothermal
activity with igneous bodies, magmatic fluids were believed to be
the only important source of hydrothermal solutions. However, with
new evidence of hydrothermal activity much younger than the period
of intrusion, and isotopic data, other scurces have to be 1invoked,
Among these is connate water, which is water trapped in sedimentary
host rocks at the time of deposition. This water may be driven out
of the rocks by a rise in temperature (Armstead, 1978). The amount
of such watey available for alteration/mineralisation will depend
on how much water has been trapped during sedimentation. Because
most connate water is lost during compaction of the sediments,
connate water as an important source of hydrothermal fluids is
restricted to a limited depth range.

Today, meteoric water 1is considered to be the most important
source of hydrothermal solutions. The driving force for convective
circulaticn can be any thermal event: either a nearby igneous body,
enhanced mantle heat flow, or heat from the decay of radicelements
in upper crustal rocks. Clearly, the vigour of the driving force
depends, in part, on the amount of heat available. However,
convective circulation also depends on the properties of rocks

through which the  water passes - particularly its fracture
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permeability. Also, the chemical conditions prevalent in the
environment will determine the nature of the
solution/mineralisation process. Rain water , for example,

percolating through soils rich in organic matter will have great
complexing capacity, and will be able to carry along with it a
great qunﬁtity of ions. i

In the tropics, the amount of water percolation may be very
small, but extend well below the surface. This 1s due to
evaporation and the fact that the water table will probably be at
great depth. Therefore, waters finally reaching the circulation
system below the water table will probably carry great amount of
dissolved ions. Conversely, in humid climatic regions large volumes
of water from the surface percolate through the subsurface, to join
the circulation system in a shallow water table. 1In these
conditions there will be much less concentration of dissolved ions,
Therefore, once the solutions become part of the circulation
system, these properties become important in determining the nature
of the alteration/mineralisation produced.

For any one alteration/mineralisation event, it is often
very difficult to abscribe a particular source for the hydrothermal
fluids. To a large extent there is mixing between waters of
magmatic origin and those with a connate or meteoric source, and
between connate and meteoric waters. However, 1in other cases the
origin can be be traced to a particular source. The granites of

South-West England, for example, are generally believed to
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originate from a magma with a limited water content (Stone, 1975)
and, therefore, any large-scale hydrothermal alteration/
mineralisation must have hiad a water source other than magmatic,
The fluids responsible for the large kaolin deposits, which‘ are
believed to be largely of hydrothermal origin, must have been
meteoric. Indeed, Sheppard (1977) recognised meteoric water as
being responsible for most of the metalliferous deposits of South-
West England. Durrance (1983) also concluded that although all
sources of groundwater have had their influence at different
periods in the hydrothermal circulation and mineralisation observed
in the granites of South-West England, metecric water 1is involved

in modexn hydrothermal convective circulation systems, .
3.2.3 Hydrothermal Convective Circulation Systems in Granites

Fluid movement in granite can occur 1in a variety of ways.
Surface water, for instance, percolate through pores and along
grain boundaries in granites to join groundwaters at depth.
Conversely, groundwater from depth can rise to the surface via
fissures and fractures in the granites. However, to explain certain
aspects of hydrothermal activity, mass movement of fluvid, mainly
water, has to be invoked. The hydrothermal movement of fluid in

granite can be viewed as mass flow which might have been developed
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over a considerable per iod of time. In +his Section, the transport
ofﬁhydrothermal solutions +hrough @ granitic medium will be briefly
aiscussed, but it must always be Dborne IDn mind that the most
important constraints are the permeability of the medium and the
physico-chdmical properties of the fiuid. Indeed, 1t has Deen
obsexrved ¢hat for convective hydrotherma] ciiculation, the most
jmportant 1imiting factor in groundwater flow is the permeability
of the rock (Durrance, 1983) . A possible mechanism by which

movenent takes place in a hydrothermal system in a granite with

limited permeability, is advanced pelow.
3.2.4 permeability and Fluid Movement in Hydrotherma] Systems

A hydrothermal system ig made up‘of two components, namely the
fluid .and medium through which the f£luid moves, %nd poth 1mpose
their constraints on the system as @ whole. The ability of a rock
to allow che movement of fluid ¢phrough 1t is expressed ac 1ts
permeability, a property which is dependent oD the void spaces and
their interconnections in the rock matrix. Therefore, any
discussion of the flovw of & mass of fluid, such as 1% encountered
in a hydrothermal gystenm, must take into account this property- In
fact, 1t iy regarded a% ecsential 1n all free—oonvection models
descyibind hydroihetmal systems {Fehn et al., 1978: Durrance, 1983;
Heath, 1982} Tc consider the different aspects involved 1D

hydrotherma] activity. the uystems, could be approximated to either
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a pipe or set of pipes, or as diffuse flow 1n an extensive medium
(Elder, 19B1). Each of these approximations can be used to explain
the behaviour of certain hydrothermal phenomena. For example, the
pipe approximation can explain the great majority of hydrothermal
mineralisations and wall rock alterations, while flow 1in an
extensive medium may explain the .vast areas of kaolin deposits
which are encounted in South-West England. However, in both cases
the flow of fluid is governed by Darcy's Law which, in 1it's

simplest form, can be written as:
q = ~(k/m).(dp/sds)

where dp/ds is the pressure gradient, k the permeability of the
medium, m ¢the viscosity of the fluid, and g is the average rate

of flow.
T

The general process involved in hydrothermal systems is the
heating of water at depth, which then causes an upward flow due to
buoyancy. A model, such as 1is shown in }igure 3.1, can be used to
discuss the flow of fluid 1n an extensive medium. Here the
variables are, permeability (k), conductivity {km]. saturated water
water density (p), coefficient of expansion (7Y ), specific heat
capacity (C), and viscosity (V). The whole system is subject to an
acceleration due to gravity {(g). These properties are sufficient to
describe any aspect of the system (Elder, 19841). To explain the

development of convective fluid movement, consider a mass of
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FIGURE 3.1 Arrangement for study of free convection in
hydr0therma] systems in a porous medium

(Afrer Elder, 1981)
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relatively cold water incident on the heater; this becomes heaéed
and rises by buoyancy, thus producing a vertical jet of rapidly
moving fluid. As this plume or jet rises it spreads only a little.
However, as it reaches the upper surface, it spreads out over the
surface = and therefore cools. The theoretical tempeyature
distribution in such a model has been computed by Elder (1981), and

I

is shown in Figure 3.2,

At the surface, provided it 1s permeable and recharge can
occur to keep the system flowing, discharge will occur if the
pressure over part of the surface 1s lowered. The consequent flow
is thus made up of flow due to the discharge and the flow due to
the free convection in the medium. Hydrothermal discharge systems
manifest themselves on the surface as hot springs and geysers. The
character of the discharged fluid is greatly modified in the
surface zzne (which extends to depths in the order of 100m),
because of interaction with the surrounding rocks. Where discharge
is not possible, free convection may persist until the heater
becomes cold, but if discharge occurs then flow becomes dominated
by the pressure difference. Taking the effect of discharge alone,
the volumetric discharge, Q, is proportional to the pressure change
dP, in a volume V of the confined fluid (Elder, 1981), such that;

oo v 73) . @arp)

where V  is the volume of the confined fluid inside which the
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FIGURE 3.2 Temperature distribution in free convection model

(After Elder, 1981)






