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1. INTRODUCTION 

The largest known reserves of uranium are found in sandstone 
deposits, in the form of roll-front, peneconcordant and stacked types. 

Drilling on spacings of between 50 m and 5 m centres is the current 
method of attempting to delineate such ore bodies but because of the 
apparent random distribution of the mineralization there is a large degree 
of uncertainty in these predictions. Even on drilling grids of 3,5 m 
centres the uncertainty in predicting the distribution of stringer ore in 
roll front mineralization is still 100 per cent . (Sandefur & Grant 1980). 

Because of escalating costs it is becoming increasingly less 
economically feasible to delineate bodies of this nature in this manner 

and much more reliance will have to be placed on the geologist's interpre
tation of ore distribution when calculating ore reserves. The grade and 
tonnage of a sandstone uranium deposit can only be calculated with some 
degree of confidence if t he processes forming the ore body are fully 
understood. 

The aim of this review is to examine the factors governing the 
.formation and geometry of a sandstone body, the mobil ity and fixation of 
uranium and to establish criteria which will enab le a more confident 
predi ction to be made of the distribution of sand bodies and the distribution 
of the mineralization within them. 
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2. DISTRIBUTION OF URANIU~l IN THE EARTH'S CRUST 

The relative abundance of various elements in the continental 

crust is shown in Figure 1. Uranium is considered to exist in crustal 

rocks at a level of approximately 2-4 parts per million. Thus while . 

• 10 0 ,. 
10' " f. 
10' 

· 10' ----- M .. 'i 
" C 
• 10' ~ ------- z .. ; Co> 

eo • 10' n, • . 
• 
w 

10' u 
z • a 
z 

10' , . __ .-..... --_ . • • 
10' 

10' L---'-________ -'--__ -' 

10 20 30 40 50 60 70 80 
ORDER Of ABUNDANCE 

FIG. 1. Relative abundance of uranium. 

(after Robertson et al, 1978) 

uranium is broadly distributed in crustal rocks H i s not an abundant 

element . Concentrations of uranium are rare and are distinctly time bound 

as shown in Figure 2. 

There appear to be identifiable geological factors which explain 

these time-rel ated concentrations and in the case of the sandstone deposits 

the physical and chemical environments of formation are the overriding 

factors . A rather controversial theory at present suggests that the marked 

change that took place in the atmospheric conditions of the world around 

2,200 million years ago resulted in the level of oxygen availability being 

reached where the uranium minerals became extremely soluble. (Robertson et 

~., 1978) This period therefore marks the division between the detrital 

uranium-bearing conglomerates and the chemical-bearing sandstone deposits. 

It is significant that all but a few deposits of the latter occur i n rocks 
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of Permian age or younger, thus placing a distinct time boundary on the 

deposits. 

Age dating of uranium deposits has shown a number of deposits to be 
very recent which implies that a continuing process of concentration and 

redistribution is probab ly still taking place. 

Ore deposits of this type are associated wi th continental sediments 

and there are no economically viable concentrations found in sediments of 

marine origin . Sedimentary basi ns in which drainage is relatively closed 

seem particularly favourable. Basins with open drainage to the sea have 
not generally been found to contain uranium mineralization of mineable 

proportions though many small prospects are located in such environments. 

One exception to this is the deposit of South Texas on the open Gul f 
Coast where grades though low, attain economic proportions. 
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3. URANIUM DEPOSITS 

3.1 DISTRIBUTION OF URANIUM DEPOSITS OF THE WORLD 

The world's supply of uranium comes from several sources of wnich 

vein-ty?e, uranIum i'n sandstone and urani urn tn conglomerates contri bute a 

large proportton. The major provinces of Colorado-Wyoming; Witwatersrand; 

Northern TerrHory, Australta; South Australta; and Northern Saskatchewan 

were discovered by .1950 and they constitute 60 per cent of the western 

world's reserves (Bowie 1979). The most important uranium provinces 

discovered since 1950 have been the Blind-River - Elliot Lake field of 

Ontario; the Agades basin, Niger; and Rossing, South Hest Africa. Figure 

3 shows the major urani urn depos i ts and provi nces of the wes tern worl d. 

FIGURE 3. Major uranium deposits and provinces (non-Communist countries): 1, Beaverlodge; 2, Cluff Lake; 
3, Wollaston bell; 4, Elliot Lake/Agnew Lake; 5, Bancroft; 6, Makkovik.; 7, IHmaussaq; 8, Spokane; 
9, Wyoming basins; 10, Uravan; 11, Grants; 12, Texas; 13, Poc;os de CaIdas; 14, Figueira; 15, Salta; 
16, Malarguej 17, Ranstad; 18, Massif Central; 19, Salamanca; 20, Urgeiric;a; 21, Haggar; 22, Agades; 
23, Bakouma; 24, MOWlana; 25, Shinkolobwe; 26, Rossing j 27, Witwatersrand; 28, Singhbhum; 29,Alligator 
Rivers; 30, Westmoreland; 31, Mary Kathleen; 32, YeeIirriej 33, FromejYarramba. 

(after Bowie, 1979) 
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3.2 CLASSIFICATION OF URANIUt<1 DEPOSITS 

Uranium deposits have very varied origins and for this reason are 

difficult to place within the artificial boundaries of classification. As 

a result there are many types of classifications. 

Maucher (1962) lists the more important ones in his book while more 

recent studies have been published by Ruzicka (1971) and Ziegler (1974) . 

Duri ng the 1 as t decade the di s covery of several new types of urani urn 

deposits has led to more revised class ifications of uranium deposits . 

Bailey and Childers (1977) classify the uranium deposits according 

to the principal controls of mineralizat ion which are strata-controlled, 

structure-controlled and intrusive-controlled . This emphasizes observable, 

important differences and similarities with genetic implications and is 

therefore a useful c1 assifi cati on. 

Dah1kamp (1978a) presents a general classification of recognized 

types of uranium mineraHzation by the time stratigraphic relationship of 

host rock to ore emplacement , This comprises sedimentary, intrusive, 

metamorphic, contact metasomatic and supergene deposits. A modification of 

this classification incorporates th e prevalent geological processes 

associated with their formation . Thi s results in subdivisions of the 

previous classification into endogenic, exogenic or a comb ination of both 

processes. 

The majority of classifications differ widely in their choi ce of 

subdivisions but most of them appear to be in agreement when classifying 

the sandstone uranium deposits . Morton (1979) has suggested several 

classifications including one based on the relationship of the various 

uranium deposits to age of unconformities . However, his s impler classifi

cation based on the principal controls of mineralization will suffice to 

place sandstone uranium deposits in context with the other type of uranium 

deposits and wi ll be used here. 
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A. A CLASSIFICATION OF THE PRINCIPAL URANIUM ASSOCIATIONS (after Morton 
1979 ) 

1. SEDIMENTARY-HOSTED U DEPOSITS 

1(i) Placer and modified-placer deposits (I,tI) 
l(ii) Sandstone-, conglomerate- and siltstone- hosted deposits (E,tI) 

l(iii) Pelite-hosted deposits (I,tI) 
l(iv) Phosphorite-hosted deposits (I,tI) 
ltv) Limestone-hosted deposits (E,tI) 

l(vi) Duricrust~hosted deposits (l:) 

l(vii) Lignite-, coal- and caribonaceous-pelite-hosted deposits (I,tI,E) 
l(viii) Diatremic deposits in sedimentary sequences (E) 

2. IGNEOUS-/VOLCANIC-HOSTED U DEPOSITS 

2(i) Plutonic segretation deposits of disseminated, pegmatitic, 
diatremic or vein character (I,E) 

2 (i i) Vol canogeni c-exh al ati ve deposits of dissemi nated-- or vei n
character (l: ,E) 

2(iii) Supergene or deuteri c deposits within plutonic or effusive 
suites (E) 

3. METAMORPHIC-HOSTED AND METAMORPHIC U DEPOSITS 

3(i) Disseminated- and vein-deposits in regionally metamosphosed 
sediments or in volcanic sequence (z,E) 

3(ii) Metatect pegmatitic deposits (z ,E) 
3(iii) 

3( i v) 

3( v) 

3(vi) 

6 = Diagenetic 
I = Syngenetic 
E = Epigenetic 

Anatectic granitoid deposits (I ,E) 
Di at remic deposits in metamorph i c terrains (E) 
Contact metamorphic/metasomatic deposits (z,E) 
Jabiluka type deposits of sub - and supra-unconformity 
types (E) 
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4. SANDSTONE URANIUM DEPOSITS 

4.1 DISTRIBUTION OF SANDSTONE URANIUM DEPOSITS 

Uranium deposits in sandstone are the most important source of 

uranium as they contain 34 per cent of known reserves (Bowie 1979). The 

majority of the urani um occurs in th.e Colorado-Wyoming provi nce of the 

U.S.A. but other significant deposits are those in Niger and South 

Australia . Reserves in the order of 200,000 t U308 could be proved in the 

Agades basin which already contai'ns the Arlit deposit. The Frome Embayment 

province of south Australia has features similar to thE Colorado-Wyoming 

deposits. Uranium deposits also occur in sandstones at Figueira (Brazil), 

Sierra Pintoda (Argentina), Nagalia Basin (Australia), Ningyo-Toge and 

Kurayoshi (Japan), Val Rendena (Italy), Zirovski Vhr (Yugoslavia) and 

Forstau (Austria), the Gulf Coastal Plain (U,S.A.), and others as shown in 

Figure 4. 

TOTAL u- POTENTIAL !MINED. RESERVE) 
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AVERAGE U-GRADE S 515., Ib 
1 YPE OF DE POSH SYMBOL >1\'/. Individual Q'pl)Sil I lJI'anium OIstr l(t ,"",m 15ftondorr 
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"000 
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I I 
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~-I -·--~· .. _= "" f,,--- - ~.~ 
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Fig. 5. Uranium Grade and Potential of Types of Deposits 

(after Dahlkamp 1978a) 
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Dahlkamp (197Sa) presents a summary of grades and contents of the 
va rious types of deposits. (Figure 5) A cumulation of the total reserves 
Figure 6 serves to highlight the potential of sandstone type deposits. 

TYPE OF 
URANIUM DEPOSIT 

SYMBOL 

CONGLOMERATE - TYPE • 
SANDSTONE -TY PE (-

VEINLIKE - TYPE , 
HYDROlHERMAl VEINS .l 

INTRAINTRUSI VE- TV PE • 
CALCRETE - TY PE 0 

BLACK SHALES T 
PHOSPHORITE . 
OTHER URANIUM 

r- 11l. 6. Free \\' o l'!d Ur:lnium H cs(l urc\.'s by Typ~ of nCp,)sit 

(after Dahlkamp 1975a) 

4.2 TYPES OF SANDSTONE URANI~1 DEPOSITS 

).)..\ .=~ OCCUR::"ICES 

CAN!.:>.\., SOul!"! .\FRrCA 

USA, NIGER. GA30N 

AUSiRAUA. CANADA. 
FRA!-.CE 

ZAIR ::, USA, CANAOA 

SOUTHWEST AFRICA. 
( NAt-!IBtA) 

AU~ : RAlIA 

SWE.~EN, USA 
BRA!:L, CA81NDA 

Most classifications are in agreement in subdividing sandstone-
type deposits into peneconcordant (trend) deposits, roll-front deposits and 
stack deposits. The diffuse nature and small scale of these types of 
uranium o\'e deposits contrasts markedly Ivith base metal deposits. 99 per 
cent of the known sandstone deposits of the U.S. A. individually contain less 
than one million tons of ore with less than 3 million pounds of U

3
0
S

. 
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Fig. 7. Types of Sandstone Uranium Deposits 

(a) Peneconcordant- type (i dealised, after Grutt Jr . 1972, Clary et ~.) 
(b) Roll- f ront (idea l ized) 
(c) Stack-type (i dealized, af ter Gang l off 1970) 

(a f ter Dahl kamp 1978a) 

4.2.1 Peneconcordant (Trend) Depos i ts 

These deposits as shown in Figure 7(a) are ep igenetic and controlled 
by lithology. The bodies are flat lying or gently dipp i ng bodies and occur 
mostly parallel with the enclosing strata . Ore deposits .are best developed 
in cross-s tratifi ed medi um to coarse-grai ned arkoses and sands tones . Th e 
depositional environments of the host rocks are mainly fluviatile-stream 
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channels, flood plains and fluvial enclosed alluvial bars but may be of a 

deltaic or lagoonal origin. The mineralization must have closely followed 

sedimentation and can therefore be thought of as an early diageneti c 

phenomenon (Morton 1979). Once the uranium has been precipitated it is 

"locked" into the hos t rock. A very characteri sti c feature is the 

proximity of ore bodies to unconformities. This type of deposit is 

charactedzed by its signi fi cant pyrite content, the presence of vegetal 

organi c matter and of amorphous organic substances. The -vanadi urn 

concentrates are often such that in the U.S.A. they can be mined exclusive 

of the urani urn. 

The domi nan tore mi ne ra 1 s occurring in t he reduced zone are 

pitchblende and coffinite which are associated to some extent with 

vanadium oxide minerals. The important uranium mineral s within the 

oxidized zone are carnotite, tyuyamunite or francevillite all of which are 

uranyl vanadates. Accessory elements include Mo, Se, Cu. 

This type of uranium deposit is found mainly in host rocks of 

Tertiary, Jurassic, Triassic and Carboniferous age . The main ore districts 

are the Colorado Plateau, the Paguate-Grants-Church-rock District in the 

U.S.A., the Agades region in Niger, the sub.-Andean zone of Argentina, and 

the Lake Frome embayment in South Australia. Mineralization of this type 

. is also found in the Karoo in South Africa. 

The average uranium content varies between 0,15 per cent and 0,4 

per cent U30S' In plan the ore bodies appear as amoeboid to lenticular

shaped with a lateral extension of several tens to several thousands of 

metres across trend. Thicknesses vary between one and 5 metres and may be 

as much as fifteen metres. 

4.2.2 Roll-Type Deposits 

Roll-type deposits have lithologies and host rock provenances 

similar to those of the peneconcordant type . The ore bodies are epigenetic 

and their formation was controlled by lithology and physicochemical 

processes . 

Uranium mineralization is located along the contact between oxidized 
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and non-oxidized sandstone . This boundary is regarded as the furthest 
downdip or outer penetration front of oxi dizing ground water . A 
characteristic is the interbedding of the mineralized permeable layers in 
impermeable horizons of mudstone and siltstones. 
deposits, the host rocks appear to maintain their 

In contrast to trend-type 
permeability after the 

initial fixation of uranium . This is evidenced by the apparent continu'ing 
process of roll-front generation to present time . 

The ore bodies differ from the peneconcordant-type in that they 
cross-cut the stratificati.on of the host rock and are thus discordant to 
the strata. In cross section, the form of the ore bodies resembles a 
crescent while the . plan view of the form is sinuous . 

The main ore minerals are pitchblende and coffinite while selenium 
in the form of ferroselite (FeSe2) is found enriched on the convex side of 
the roll-front . In addition arsenic, phosphorous and copper seem to occur 
coincidently with uranium . 

Stratigraphically, the roll-front deposits are mainly hosted by rocks 
which are Tertiary, (Paleocene, Eocene in Wyoming; Eocene & Miocene in 
Texas) but they also occur in the Uravan Mineral Belt in Utah & Colorado 
in Jurassic strata . 

The main uranium districts of this type are found in the intra
cratonic sedimentary basins of Wyoming (Powder River, Shirley Basin and Gas 
Hills) and the Texas Gulf Coast, U.S.A. 

Average uranium contents vary between 0,1 per cent and 0,5 per cent 
U30S' The dimensions of the ore fronts in the apex zones are up to 15 metres; 
the widths vary from a few cent imetres to several hundred metres, and the 
strike lengths can be in the order of several kilometres. 

4.2.3 Stack Deposits 

Such deposits are tectonically, lithologically controlled epigenetic 

deposits which occur in rocks of the same type as the peneconcordant and 
roll-front deposits. 
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The diagnostic characteristic of stack deposits is the uranium 

concentration that is in or along fau l t zones with impregnation of the 

adjacent clastic sediments . 

It is generally thought that stacked ore bodies, which appear to be 

less than ten million years old have been formed by the destruction of> 

older (> 100 million years) trend-type ore bodies 

The mai n ore minerals in the reduced zone are pitchblende with 

subordinate coffinite. In the oxidized zone uranyl vanadates are 

present. 

The host rocks are of Triassic and Jurassic age and some are of 

Lower to Middle Proterozoic . 

~lain deposits are found in the Ambrosia Lake/Grants District, New 

Mexico and in the Franceville Basin of Gabon. The average uranium contents 

vary between 0,1 and 0,4 per cent U308• The di mensions of the bodies vary 

between a few tens of centimetres to tens of metres in thickness by 

hundreds of metres in 1 ength . 

4. 3 SOURCES OF URANIUM FOR SANDSTONE TYPE DEPOSITS 

There are at least three possible external sources of uranium for 

sandstone-type deposits. They are : 

(1) ~1agmatic-Hydrothermal Sources 

(2) Leaching of exposed pre-sediment granites and/or 

(3) Leaching of tuffaceous volcanic rocks 

Although the source of uranium for sandstone-types may vary from 

basin to basin depending on the geology of the basin rims, this has no 

bearing on the character of the sandstone deposit . The source of uranium 

in sandstone-type deposits of the U.S. can be explained by any of the sources 

listed above . (Adler 1974) 

There is also the possibility that the uranium was derived from the 

sediments themselves. From studies of Cainozoic Red beds/Walker (1975) 
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suggests that a source for uranium associated with Red beds could be 
unstable detrital silicate minerals such as hornblende, augite, and 
plagioclase which have undergone extensive intrastratal alteration. The 
minerals are potentially important carriers of trace amounts of uranium and 
because they are sufficiently abundant, the cumulative effects of their 
breakdown could result in the release of significant amounts of urafiium. 
Walker suggests that similar conditions of intrastratal alteration and 
release of uranium would have occurred during the history of most of the 
ancient first cycle non-marine Red beds . Diagenetic alteration in these 
ancient Red beds provides intrastratal sources of uranium which would be 
more than adequate to explain the origin of the uranium in associated ores . 
It is therefore inferred (by Wal ker 1975, p 925) that "although extraneous 
provenance areas provide additional sources they are not pre-requisites of 
ore-grade concentrati ons in Red beds." 



- 15 -

5. GEOCHEMISTRY Of URANIUM 

Uranium with its atomic number of 92 is one of the actinide group 
of elements (those with atomic numbers of 89 and above). Of the naturally 
occurring elements actinium, thorium , proactinium, plutonium and uranium, 

only thorium and uranium occur in appreciable quantities in nature . 

(~1c Kelvey et ~. , 1955) 

5.1 CRYSTAL CHEMISTRY 

The oxyphile and lithophile behaviour of uranium in geologic 
processes is governed by its chemi ca 1 cha racteri sti cs, parti cul arly its 
outer electron structure . The electronic configuration of neutral gaseous 
uranium is (Rn) 5f3, 6d, 7s 2, and the common ionic species are u3+, u4+, 

u5+, and U6+. The 5f electrons are those principally involved in chemical 
bonding and in the formation of aqueous ions . In addition to the four ' 
outermost electrons in the uranium atom the two electrons in the inner 
unfilled 5f electron shell can also be valence electrons . Uranium therefore 
also has the possibility of either a pentavalent or hexaval ent state. Until 
recently the pentavalent state was thought to be like the trivalent state of 
uranium and only obtained under laboratory conditions. (Seaborg & Katz 
1954) The hexavalent state of uranium is very stable and is found in over 
.two-thirds of the hundred or more minerals in which uranium is a major 
(> 1 per cent) component. 

5.2 MINERAL CHEMISTRY OF URANIUM 

The uranium atom,despite its 92 electrons has a radius of 1,38A which 
is essentially the same as tungsten and molybdenum. Its ionic size is 
1.05A. U4+ which is the most abundant uranium species in nature has a 

radius of about O.97A . The combination of the relatively large size and high 
charge probably accounts for its very limited substitution in the structures 
of the common rock-forming minerals . 

The calcium ion with an ionic radius of O,99A is the only abundant 
cation with a similar radi us , so that U4+ does occur in some calcium
bearing minerals, notably sphene, apatite and fluorite. Its absence in 
other common calcium minerals - anorthite, calcite, and gy psum for example, 
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is probably due to the discrepancy in charge . 

The U4+ oxide (U4+02) is very slightly soluble in water. The 

dissociation constant for the reaction 

U4+0
2 

+ 2H20 -+ U4+ + 40H- is only 10-52 at 250 C at 1 

atmosphere pressure and is not affected to any extent by increases in 
temperature up to 1200 C. This great stability of U4+02 under reducing 
conditions probably accounts for the preponderance of uraninite as the 
primary urani urn ore mi nera"l in the majority of urani urn deposits. 

U4+ also shows a limited amount of substitution for other tetra
valent compounds such as zirconium, tungsten and molybdenum . The 
discrepancy in radius (Zr = 0,79; W = 0,70; Mo = 0,70A) is such that 
there is only a small percentage of uranium in minerals containing these 
elements" The only element with a tetravalent cation essentially 
identical to U4+ is thorium so that there is extensive isomorphism between 
uranium and thorium silicates. U4+ generally occurs in a whole series of 
complex tantalates, niobates, and various rare-earth oxides and phosphates 

where it may substitute for rare-earths, calcium, niobium or tantalum. In 
these cases the uranium amounts to up to 20 per cent of the mineral with 
the maximum uranium content being 40 per cent in brannerite (U, Ca, Fe, Y, 

"Th)3(Ti, Si)5016' 

Uraninite is easily oxidized and destroyed on weathering but most 
of the other U4+ minerals are not. Presumably, continued oxidation of the 
U4+ ion in fairly pure U4+02 to the hexavalent state is permitted by the 

removal of friable and soluble oxidation products whereas in those 
compounds in which U4+ is a minor substituent it is protected from attack 
by the surrounding unoxidizable ions. In general, the U4+ tantalates, 
niobates and phosphates are durable and highly insoluble as well as resis 
tant to oxidation, so that they are found in clastic sediments . 

In systems where oxygen is a major component, hexavalent uranium is 
found to be closely associated with two oxygen ions forming the very stable 

6+ ++ divalent uranyl ion (U O2) UkKelvey, et~., 1955) 

The (U6+02)2+ ion is so stable that it can be considered a complex 
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ion like NH4+ and maintai~s its identity through various chemical 

transformations from solutions to solid and vice versa. (Mc Kelvey et al., 
1955). Un·like the spheroidal tetravalent uranium, the divalent uranyl 
group is "dumb-bell shaped" with the two oxygens ions on opposite sides of 

the uranium atom. (Figure 8) 

T. 
3.4.4 

1 
FIG. 8. The uranyl ion:. 

(after McKelvey et ~., 1955) 

It should be noted that the uranyl ion is an entirely different 
chemical species from tetravalent uranium . 
differences being that uranyl compounds are 

One of the most important 
much mo re soluble than the 

tetravalent compounds. Although most of the uranium minerals contain 
hexavalent uranium these are found in the zone of oxidation and it is most 

probable that most of the uranium in the crust occurs below the zone of 
oxidation in the tetravalent state. 

In solids, the other atoms tend to arrange themselves around the uranyl 
structure so as to "key" the urani um into a layer structure. The compounds 
are of the general type : 

M 2+ 1 t d' 1 . h K+ N + C 2+ M 2+ C 2+ e are monova en or 1 va ent catlOns suc as ,a, a , g or u . 
R5+ is either v5+, As 5+, or p5+. The stable group in the solid is the 

(( U6+02) (R5+04)) -1 complex, which forms a continuous layer structure. The 
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~1e+ or Me2+ is much more loosely 

a base exchange reaction without 
structure. 

held so that it can be added or removed by 
. 6+ 5+ -1 destroYlng the (( U O2) (R 04)) 

The uranyl ion does not bind strongly with most anions and hence 
forms few insoluble solids. Morever, the few insoluble compounds that 
are formed are not combinations with the major rock-forming elements but 
with elements AS, V and .p which are not abundant in natural waters . 

5.3 THE CHEMISTRY OF URANIUM IN AQUEOUS SOLUTIONS 

Uranium's tendency to lose its valence electrons is indicated by the 
following ionization equations whicn give the energy released when uranium 
metal dissolves in water (Mc Kelvey et ~., 1955) . 

Umetal U3+aq + 3e 6F = -124.4 kilocalories 

Umetal U4+aq + 4e 6F = -138.4 kil oca 1 ori es 

Umetal + 2H2O (U6+0
2

)2+ + 4H+ + 6e 6F = -123,0 kilocalaries 

+ U and 2+ U are unknown in aqueous solution. 

U3+ can be obtained in the laboratory but is extremely unstable with 
respect to the liberation of hydrogen from water it appears that the U3+ ion 

is unimportant in nature . 

U4+ is stable under reducing conditions or in sedimentary 
environments in which organic material is preserved. 

The U4+ ion in aqueous solution is oxidized easily to the uranyl 
ion (U6+02)2+ rather than to U6+ as shown in the reaction 

The general relations between tetravalent uranium compounds and 
hexavalent compounds is aqueous solution are shown in Figure 9 where the 
stability fields of U4+ and U6+ oxides are plotted as a function of pH and 

oxidation potential. 
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Flc. 9. Stability fields of U"O, and UHO,(OII),. Superimposed contours show 
equilibrium nctivity of U H and (U··O,),2 ions. 

(after McKelvey et ~~" 1955) 

The activity of the U4+ ion, vlhich is an approximate measure of the 

dissociation of uraninite, is extremely small even in solutions of pH 3, 

The activity of the (U0
2

)2+ ion on the other hand is appreciable (> 10-
5

) 

at pH 5. 

No effective complexes of U4+ are known so that the activity of the 

ion is probably an index of the stability of uraninite \.hereas the uranyl 

(1102)2+ ion is strongly complexed by sulphate and carbonate and the 

act ivity shown is probably il small fraction of the total solubi l ity. The 

~,lJlp h'lt." complex is liJrgely non-ionized (U0
2

) (504) whi l e the carbonilte 

fnons LWJ comp l ~xes r 1J
6
+o() (C0

3
)=j) and [( U

6
,OZ) (CO:;)? (11?O)?r? 
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In a closed chemical system the oxidation potential may vary with 
composition, temperature and pressure of that system .. pH and oxidation 

potential (computed as Eh) have therefore been used to indicate the 
stability fields of uranium ore minerals (Miller 1958); Hostetler and 

Garrels 1962; Rich et ~., 1977). The most recent work is by Langmuir 

(1978), who. studied the thermodynamic properties of dissolved uranium· 
species and uranium minerals. Solution-mineral equilibria were computed 
and used to define the conditions under which uranium derosits are likely 
to form. 

The application of the stability constant data shows that the 
uranium in natural waters is usually complexed not only with carbonate, 
which was generally accepted as the only complex but also with hydroxide, 
phosphate, fluoride, sulphate and perhaps silicate. These complexes 
greatly increase the solubility of uranium and the mobility of uranium in 
surface and ground waters. 

The relative importance of these complexes has been examined by 
compari ng the amountsi n natura 1 water that contain typi ca 1 concentrati ons 
of the complexing ligands . 

From the thermochemical data several diagrams of distribution of 
the various complexes versus pH have been constructed. Figure 10 indicates 
the wide range of ph conditions under which uranium can remain in solution 

.... 100 • ,. 
~ U02 (HP0 4 )2 
~ 

W 
80 

'" " 
~ 

60 U02 F + 

~ 
<5 40 uo;+ 
C 

~ 20 
vOz so: Q 

U02HPO~ . 
,; 
~ 

2 4 6 10 
pH 

Fig. 10 Distribution of uranyl complexes vs pH for some typical ligand concentrations in ground 
waters of the Wind River Formatioll al 25 C. pco . = 10 - U aIm, rF = 0.3 rrm. to = 10 rpm. 

2:S04 = [00 ppm, IP04 = 0.1 'ppm. rSi0 2 = )0 rpm 

(after Langmuir 1978) 
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if complexed with either fluoride, phosphate or carbonate. Uranyl silicate 

complexes are unimportant . 

The results show that in typical ground water concentrations fluo
ride complexing is dominant below pH4 whi le the most imnortant uranyl com
p 1 exes a re formed wi th phos pha te and ca rbona te unde r nea r neutra 1 and 
alkaline conditions respectively. The converse also applies in that the 
precipitation of the fluoride ion as fluorite can reduce the U4+ mobility 
and so lead to the precipitation of uranium or coffinite nearby. 

Langmuir also shows that at a common ground water sulphate level of 
100 ppm, U02S04 may be a significant species up to pH 7 (Figure 11). 

" . u 
• 20 

Q. 

uO z SO~ 

• 6 
pH 

B 

Fig.II Distr ihution of urnnyl·hydroxy and sulfate com
plexes vs pH al 25 C wil h LU = IO - M M. and 

ESO. _ 1O - JM (IOOppm). 

(after Langmui r 1978) 

There is controversy concerni ng the nature and stability of uranyl 
hydroxy complexes but the majority of workers show the significant species 

. 2+ + 2+ + in hydrolysis reactlon to be U0 2 , UOZOH, (U02)2(OH)2 and (U02)3(OH) 5. 
The amount of dissolved uranium present as well as temperature affects the 
importance of these complexes (Figure 12, p 22). 

Figure 13 on page 22 shows that the uranyl carbonate complexes are 
the major species in pure water down to pH 8 under a ground water CO 2 -2 0 -3 5 pressure of 10 atmospheres and 25 C and down to pH 5.8 at 10 . 
atmospheres. With increasing temperature, the carbonate complexes decrease 
in importance relative to the hydroxyl complexes to such an extent that the 

uranyl carbonate complexes are minor species at all pH's. 
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(after Langmuir 1978) 

Distribution of uranyl-hydroxy and carbonate 
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(after Langmuir 1978) 
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5.4 FIXATION OF URANIUM 

Studies of the chemistry of uranium in aqueous solution show that 

uranium is easily transported in various solutions under a range of pH 

conditions, but there is much that is not understood. The fixation of 

uranium is however even less well understood . 

Although uran-ium is extremely mobile in the oxidized texava1ent 

state it can be precipitated as an arsenate, phosphate or vanadate (Mc Ke1vey 

~~., 1955) in arid climates . Likewise, uranyl silicates, carbonates and 

su1phates form by dessication and are relatively stable at the surface. 

Uranium reduction and precipitati on or uranOU5 silicate or oxide requires an 
external agent, generally organic material. 

on clay 

1977) , 

Reduction by iron, sulphur oxidation in limestone and adsorption 

are thought to be minor factors in the fixation of uranium. (Gabel man 

although, in the Beverley deposit of the Lake Frome Embayment, the 

uranium is reported to occur as finely divided uraninite thought to have 

been adsorbed on clay (DECO 1980). 

The exact mechanisms of reduction and fixation by organic matter 

have been investigated (Moore 1954, Breger & Deu1 1956) but are still not 

' very well understood . Experi ments were conducted to determine the relative 
ability of various types of carbonaceous materia'[ and other substances to 

remove uranium from solution . These are summarized in Figure 14 on page 24 . 

Furthermore, metamorphism of subbituminous coal to bituminous coal 

.cou1d destroy the organic compound important in extracting uranium. The 

anthracite and graphite are somewhat better extracting agents than bituminous 

coal and there is the possibility that the further metamorphism has created 

the ability to remove uranium by ionic absorption. 

Lovering (1955) examined many uranium-bear ing samples from 

localities in the western U.S.A . and concluded that the uranium is fixed by 

adsorption. The adsorption theory is supported by the fact that all of the 

materials found to be radioactive, are precipitated i n a colloidal or very 

fine-grained state . Rankama and Sahama (1950) mention that soluble uranium 

compounds are strongly adsorbed on the hydroxide ge l s of irons, manganese, 
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~16% 
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Fi g .. 14 Percent uranium extracted by coal and other materials from uranyl 
sulfate solutions containing 200 parts per million uranium 

(after Moore 1954) 

More evidence is emerging which suggests that a common mechanism of 
uranium concentration is by initial sorption of uranium complexes onto 
ferric oxyhdroxide, manganese oxyhydroxides, titanium oxyhydroxide, zeolites, 
clays, organics etc ., followed by a latter reduction of U6+ to U4+ by mobile 
reductants such as H2S, CH 4, HS, H2. (van der Weijden and Langmuir 1976) . 

There are two groups of natural organic compounds found in rocks; 
the petroleum group and the humate group. The latter are derived by the 

breakdown of plant material and are very important in the capture or 
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precipitation or uranium from solution in both surface waters and under
ground aquifers. In some deposits such as the Ambrosia Lake District, 
New Mexico,the uranium in the deposits is insignificant in contrast to 
the amount of organic material present. 

Humic materials and rel ated organics could be important in the' 
fixation of uranium in several different ways (Morton 1979) . They could 
act as adsorbents or chelating agents in which case the effect would be a 
surface sorption or chelation of uraniferous ions onto humates etc. In 
the case where there is a .di rect reacti on of the urani um salts with humi c 
acids (HA) the following generalized process occurs. 

If the humic materials act as direct reductants the uranium salts 
coul d react in aqueous envi ronments to preci pitate urani nite as fo 11 ows 

OR 

In some cases the organics would act as indirect reductants by 
acting as nutrient for bacterial colonies . H2S would be generated by the 
reduction of ground water sulphates which would initiate the precipitation 
of urani nite. 

U0 2(s) + HF + S(s) 

Humic acids have an extremely variable molecular weight (1000 -
10 000) composed of about 56 per cent Carbon, about 34 per cent Oxygen, 
about 6 per cent Hydrogen, about 3 per cent Nitrogen and 1 per cent 
Sulphur. They have a variety of organic complexes that can partake in 
electron sharing with water-borne ions such as UO~+ ; U02(OH)+; 

U02(C03)2H202- etc. The process of chelation or ion exchange will occur 
in this manner and will also be a function of pH. 
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Gruner (1956) proposed a multiple migration -accretion mechanism for 

the reconcentration of uranium in sands tone . This mechan i sm has become 
accepted as the mechanism by which unoxidized uranium concentrations 
migrate slowly down the palaeos lope by means of constantly repeated oxidation 

and reduction in favoura bl e aquife rs. 

The concept developed by Gruner (1956) was supported by Stockey 
(1968) . He recognized that uranium ore bodies in the Shirley basin, U.S.A . 

were on the margin of an extensive body of sandstone which was oxidized, 
whereas the ore bodies and· the adjacent and equi valent sandstones were 
carbonaceous and pyri ti c. Stockey developed the "geochemi ca 1 ce 11" 
concept described by Rackley (1972) for processes occurring as oxygenated 
water invaded the reduced, carbonaceous and pyritiferous sandstones. The 
term appears to have been accepted by most since it is very applicable to 
the dynamic system with advancing oxidizi ng fronts coupled with marked 
Eh, pH, mineralogical, chemical changes and micro-organisims. 

Some workers (Granger and Warren 1969) have tried to find a process 

which does not rely .on bacterial action to establish a reduction barrier but 
Rackl ey favours uranium precipitat ion reactions to be biochemically 
controlled as shown in Figure 15. 
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A feature of the geochemical cell is the metal zonation that 

occurs. A knowledge of these relations can be useful in determining the 
configuration of an are body from drill hole information. The characteristic 

zoning is shown as follows (Figure 16) . 

t .~_. , ,, ,,,, 

Fig. 16 . Characteristic zoning of (A) 
uranium, (8) molybdenum, and 
(C) selen ium in leading edge 
of geochemical cell. 
Intensity of hachuring is 
relative indication of 
concentrations which may 
range from traces to a few 
percent on same front . 

(after Rackl ey 1972) 

Gabelman (1977) states that "there is little real evidence for 
significant migration of primary ores after their initial deposition" (p 76). 
Radiometric dating of some Wyoming "Roll-deposits" (Harshman 1972) suggests 
that emplacement and migration of the primary ores were not continuous 
processes. It appears that there is no real evidence of mineralization in 
the last 10 million years . Most deposits are on average in equilibrium 
which means that if migration is constant, the entire body must have moved 
as a closed system unit with no loss or gain or uranium to the surroundings. 
Gabelman therefore feels that the roll-front mechanism which is seen as a 
concentrating mechanism of uranium is not valid. He continues to quote 
further evidence for epochal rather than continuous migration by citing 

cases in Wyoming where "closed examination of the roll-fronts revea l no 
evidence contrary to an interpretation of exhausted motion or supply rather 
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than frozen motion. All these interpretations are permissive". (Gabelman 

1977, p 76). Gabelman appears to be the only one who disputes Gruner's 

mechanism and his reasons for dOing so appear to lack sufficient evidence. 

Robertson et ~., (1978) feels that the effects of natural 
e 1 ectrochemi ca 1 phenomena may be of great s i gnifi cance in the concenfration 
of uranium. They apply this mechanism to palaeosurface veinlike deposits 
but the mechanism could be applied to sandstone uranium deposits. It has 
been shown that uranium minerals are highly soluble in surficial and ground 
waters under oxidizing conditions. The uranium exists in the hexavalent 
form in solution with its positively charged ions constituting a weak 
electrolyte. Currents and potential differences have been observed where 
natural conductive features enable the high Eh conditions of the oxygenated 
environment to be linked to the low Eh conditions which exist at depth. It 
is suggested that natural electrochemical systems exist wherein precipi
tation of dissolved uranium will take place at locations where there is a 
coincidence of uranium-bearing solutions with appropriate natural electrodes . 
This situation is summarized in Figure 17 where the deposition 
of uranium occurs through a plating cell action. It is suggested that metal 
was extracted from source rock and transported in stream and ground water 
into the area of influence of a plating cell where concentration could take 
place. 
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(after Robertson et a 1., 1978) 
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6. SANDSTONES 

The formation of sandstone uranium deposits is closely related 
to processes forming the host rock . An in depth study of the generation of 
sandstone bodies is therefore necessary before discussing the factors 
directly affect ing the grade and tonnage of a uranium deposit. 

6.1 DEFINITION OF SANDSTONE 

There are many ways of defining a sandstone but the most satis
factory defines sand as an unconsolidated sedimentary deposit of clastic 
particles that vary i n size between 0,0625 mm and 2 mm and which are 
derived through mechanical or chemical weathering of source rocks. A 
sandstone is the consolidated rock equivalent of a sand (Chilingarian & 
Wolf 1975) . 

6.2 CLASSIFICATION OF SANDSTONES 

For a classification of sedimentary rocks to have any practical use 
it should be based on easily observable, genetically significant variables 

that can be subjected to quantitative analysis (Pettijohn et ~., 1972) 
Generally, the composition and grain size are regarded as the most important 

'criteria. There is a tendency for workers to use triangles to represent 
their classifications but there is no reason to limit the number of main 
variab les to three and Pettijohn has developed the tetrahedron for 
classifying sedimentary rocks (Figure 18 on page 30). 

In the case of the subdivision of sandstones, which have already 
been defined according to grain size, the important criterion is the end 
member mineral composition . Most of these classifications are based on 
tha t of Krynine (1948) and Pettijohn (1944) in which the major constituents 
are plotted at the apices of a triangle (Figure 19 on page 30). Figure 20 
on page 31 shows four of the more widely used triangles . 

One approach to the subject of classification much used for 
carbonate rocks but not normally used for sandstone, is factor analysis. 
(Blatt, Middleton and Murray 1980) . This numerical technique identifies 
groups of variables and combines them into a few "fa ctors" thereby 
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Fig. 19 . Triangular (three-end-member) classification of 
sandstone . ((Left) Krynine (1948); (Right) 
Pettijohn (unpublished chart, 1944).) 

(after Krumbein & Sloss 1963) 
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Fig. 20. Some triangles in common use for the classification of 
sandstones . The terms wacke or graywacke are used 
when the sandstone contains a signifi cant amount of 
clay matrix, commonly 10 or 15 per cent. 

(from Blatt, t1iddleton & Murray, 1980) 

objectively identifying those "end members" most important for classification. 

This technique has been applied in an attempt to relate chemical composition 

of sandstones to the tectonic setting in which they are formed. Mathematical 
analysis led to the definition of the chemical "end members" shown in 

Figure 21. This subdivides sandstones as follows: 

(a) Eugeosynclinal sandstones (mostly greywackes) 
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Chemical composition of sandstones in relation \0 tecton ic setting. 

(after Blatt, Middleton & Murray 1980) 

(b) Taphrogeosynclinal sandstones - arkoses deposited in deep fault basins 
on the craton. 

(c) Exogeosynclinal sandstones - lithic sandstones forming part of the 
clastic wedges spread out over the edges of cratons from sources in 
peripheral folded mountains. 

The arkoses are distinguished from lithic sandstones by their 
generally lower ratio of iron and magnesium to potash. Although this is 
partly related to diagenetic factors it is also related to source. Arkoses 
are usually derived from plutonic rocks of roughly granitic composition and 
these rocks are themselves relatively rich in potash and low in ferromag
nesium components. Because of known transitions in mineralogy and tectonic 
setting there is a transition in chemical composition between arkoses and 

lithic sandstones . 

Arkoses and greywackes are also clearly defined in this classification. 
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The former have less i ron and magnesium refl ecting the effect of source 
with most of the difference related to the ferrous rather than the ferric 
i ron content. 

A chemical classification of sandstones has been devised by Pettijohn 
~~., (1972) in which the general geochemical behaviour of the elements is 
taken into account. It shows the relationship between elemental composition, 
mineralogy and rock type. The classification differentiates mature and 
immature sandstones by using the ratio of Si 02 to A1 203 ra ther than by 
using either of them individually. The mature quartz-rich sandstones there
fore have high Si 02/A1203 ratio's by virtue of the absence of alumino
silicates, either clays or primary silicates . 

The differences between alkali-metal rich and alkali-metal poor 
sandstones can almost equally well be taken as corresponding to a maturity 
index defined in chemical compositional terms, as shown in Figure 22 . 

• 1.0,---------------, 

q, .0.5 .. « ... .. \ :1 

i · 0K~~~tkl/' 
~ 
o 
~ -us 

,.::-" ", ~I\" , . 
>"': .. / • <J 1 . 

/ .... ~~) I Ct:, <{, 
..... \ CD I ~ -, • QUARTZ 

:;:) I . J: I . 

/: \ \ ~ t 
. \ ' Ill, ' \ 

ARKOSE \ U') I 51\\ . ARENITE 

\ \ ·1.0 , ., ' . ' 
0.5 1.0 1.5 20 2S 

Log (SiOz' Al z0 3) 

Fig. 22. SiD2/AI20S versus NszO/K20 ratios of sandstones. Stipple outlines area of 
most analyses. Contours (heavy lines) show values of log [(SiOz + AJ203)f(Na20 + 
K20)1. Analyses drawn largely from Pettijohn (1963). (After Pettijohn et aI., 1972 ,) . 
.. . (p. 62) 

Pettijohn et~., (1972) suggest the need to discriminate between 
the original detrital components, those introduced as cements and those 
produced by post-depositional metamorphism or weathering. They classify 
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sands on the detrital composition into terrigenous, carbonate and 
pyroclastic. Terrigenous sands are those derived from outside the basin 
of deposition by erosion of pre-existing crystalline, volcanic and sedi
mantary rocks and are deposited mainly by water. Carbonate sands are 
virtually all deposited in marine waters and comprise mainly skeletal 
grains, ooliths and detrital carbonate . 

Pyroclastic sands are those derived directly from volcanic explosion 

such as ash, lapilli and bombs. They may be deposited on land or in water. 
In nature there are gradations between these three types of sands . 

Thi s revi ew wi 11 concern itself with the terri genous sands . 

Pettijohn et al., classify terrigenous sandstones as follows so 
that it is appropriate for both ancient and modern sands. They use the 
framework grains of quartz, feldspar and rock fragments of sand size and 
then incorporate the amount of matrix within the sand. Sands with less 
than 15 per cent matrix are termed arenites while those with more than 15 
per cent matrix are termed wackes. A sand with less than 5 per cent matrix 
and 95 per cent quartz is termed a quartz arenite as shown in Figure 23. 

Sl!dimentory ~I!IQmorphic 

Fig. 23. Classification of terrigenous sandstones . (Arter Pettijohn cl nl., 1972, n~. fi · 3, 
p. 158; mod ified from Dott, 1964, fig. 3; courlcsy of Spri nger' Verlag, New York .) 
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This classification of terrigenous sandstones is the most suitable 

for thi s revi ew and termi no logy used in the text wi 11 be based on thi s 
classifi cation. 

6.3 FACTORS GOVERNING SANDSTONE GENERATION 

The generat i on of a sandstone is the result of a complex interrela
tionship of four variables; source, climate, tectonics and depositional 
envi ronment. (Figure 24) 

1. Nature of source rock (igneous, metamorphic, and/or sedimentary). 
2. Topographic ex pression and relief of source area (high or lo w , slope characteristics, 

etc.). 
3. Distribution of tectonic elements over source and depositional area (platform versus 

geosynclinal). 
4. Intensity of tecLonism in each tectonic eleme nt (slow to rapid subsidence or uplift, or 

stable). 
5. Geo logy agents which weather, transport, and' distribute sediments (e.g., arid versus 

humid weathering; slow versus fast transportation in suspension and by saltation and 
traclion; sorting; abrasion; and turbidite versus slide deposition). 

6. Patterns of environmental elements in the deposit ional area (e.g., presence or absence 
of lagoons, shelf, and delta). 

Examp le (numbers correspond to those above): 

"- 5, 5d 
Sea Ltvel 

Riytr 
6, Syslem 

6b S, , 
" '" .. 6' 

" 
;:: plutonic, contact-me~amorphic. and sedimentary source rocks; 2 = mountain; 30 "" 

geanticline (:: mountain source); 3b :: geosyncline; 40:: very active uplift; 4b :: very act ive 
suhsidence; 50 = ice; 5b = water and wind; 5c IE water waves, currents; 5d :: slides and 
turbidity currents; 60 = coastal plain, with or without a delta; 6b "" marine shelf ; 6c = 
barrier reef or sand bar; and 6d = deep basin. 

Fig. 24. Factors determing character of sedimentary rocks. 

(after Chilingarian & Wolf 1976) 

When other processes such as diagenesis interact, the evolution of 
a non-carbonate sandstone appears as follows: (Figure 25) 
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Voh::onlc 
rocks 

"" 
VOLCANISM 

Fig. 25 Provenance and evolution of the noncarbonate sands. (After Pettijohn et a1., 
1972, fig. 6-1, p. 176; courtesy of Springer-Verlag, New York.) 

6.3.1 Source 

The source material of a sandstone determines the composition of the 
sandstone and hence its physical and chemi cal characteristics . These in 

. turn govern the sandstone's potential as a likely host for uranium . 

The composition of the sandstone i s i mportant from the physical 

aspect in that it affects the response to compacti on and hence affects the 
poros ity . 

Source wi 11 determi ne the type of sediment transported whi ch, as 
will be shown, will affect the morphology of the channels. 

Most "sandstone" urani urn deposits are hosted in arkoses wh i ch, 
according to the source materials hypothes i s are products of granite 
terranes. 

In addition to supplying the const i tuents for t he host rock it is 

thought that source rocks supp ly uranium for concentration into deposits . 
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The stability and reactivity of the minerals of the source rocks 

determine which mineral will be modified by selective weathering. 

The source will also affect the pH of the ground water which will 

affect the mobility of the elements. 

6.3.2 Climate 

Climate is indirectly involved in a variety of ways in sandstone 
generation. In addition to determining the type of weathering that the 

source rocks will undergo, climate plays an important role in channel 
morphology . The amount of rainfall will affect the discharge rate and the 

type of vegetation will govern the bank stability of the river. The marked 
effect of vegetation on bank stabilization has been shown by D. G. Smith 

(1976) where non-vegetated sediment can be 20,000 times less stable th an 

banks containing 16 - 18 per cent by volume of plant roots. 

The climate governs the type and amount of organic material that 

will be deposited within the sedi ments and also the mode of preservation 

of the organics . Under humid climatic conditions, chemical erosion is 

dominant. The high water table allows the preservation of organic 

materia l within the reducing ground waters, which resul ts in upland bogs 

. and fluvial marshes. During arid conditions however, the limited nature 
of biogenic activity will restrict the formation of reduced organic-rich 

fluvial sediments . 

Climatic factors also have a strong control on the mobility of 

elements in ground waters, since mobility depends on the acidity and the 

ratio of oxidizing to reducing ground waters in the zone of weathering. 

(Figure 26, p 38). 

Under humid conditions the metals will remain dispersed within the 

sediments as organometallic complexes and the high runoff will mean that a 

significant proportion of the ions liberated during chemical weathering will 

be transported by surface waters . During arid conditions the low nature 

of the ground water table enables significant leaching of uranium to occur 

within the oxidized zone. 
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Fig . 26 Relative mobilitie s ur the clemen ts in the secondary environment. From 
An d rews-junes ( 19611 J. 

(in Levinson 1980) 

Climate determines the type of weathering to which the source rocks 
wi,ll be subjected and therefore affects the composition of the sandstone. 

6. 3. 3 Tectonics 

Tectonism is the pri mary cont rol of sandstone petrography since 

without earth movements, sedimentation would cease . It also governs source, 
local climate and environment of deposition of a sand body. Tectonic uplift 

governs the relief and hence the rate and depth of erosion . This in turn 
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affects the volume and to some extent the kind of detritus transported to 

the site of deposition. Tectonism also indirectly controls which types of 
rocks will he subject to erosion. If erosion is only to a shallow l evel 
only sediments or perhaps extrusive volcanic rocks are likely to be exposed, 
whereas with deep erosion, coarse-grained feldspathic igneous or meta
morphic rocks are made available. Tectonism therefore governs whether 
uraniferous source rocks will be exposed to weathering or not. 

Tectonic uplift, if great enough, clearly modifies the climate in 
the source area, although -it appears from several studies that climate 
does not really have an effect on the petrography of sandstones. Relief is 
probably more important than climate from the point of view of the 
weathering of source rocks, for with high relief mechanical rather than 
chemical weathering prevails. It has been shown that sediments of a hot 
humid climate can also be feldspathic and that relief rather than climate 
actually controls feldspar content. (Gibbs, 1967) 

Uplift creates a gradient down which detritus moves but although it appears 
that transportation is only a minor factor in sandstone petrology, the 
action of high-gradient streams may impart a character to the texture and 

composition of the sands . 

Although basin subsidence and tectonic uplift are not necessarily 
coupled together because in some cases the source area is far removed from 
the depositional basin , they do interact. The relationship of tectonism 
to sedimentation (sedimentary tectonics)is crucial since it is the ratio of 
sediment input to the basin capacity that broadly controls the depositional 
facies in the basin. An alluvial fill occurs when there is a large input 
into an area with inadequate subsidence. Minimal input produces a starved 
basin. The sands deposited in these differing environments will therefore 
be dissimilar in their structure and organization and to some extent unlike 
in their petrology. 

Tectonism mainly determines the rate at which sedimentary particles 
pass through the depositional interface (Krumbein & Sloss, 1972). With 

rapid passage the particles are buried and protected from the environmental 

agents . A slow rate means that the particles lie at the depositional 
interface long enough to be thoroughly sorted and completely modified in 
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accordance with the physical and chemical processes of that environment. 

The rate and conditions of deposition also control the porosity 
of the sediment and the state of preservation of t r apped organic material . 

Tectonics also plays a role on a smaller scale in governing tne 
location and morphology of the depository and hence the sites for uranium 
mineralization . Depositional patterns in the Middle and Upper Jurassic 
rocks of northwestern New Mexico show that this area was affected by an 
increase in tectonic activity at the same time that the orogenic activity 
to the south and west produced the clastic fans of the Morrison Formation 
(Huffman & Lupe, 1977). During Morrison deposition the broad features such 
as basins were masked completely by the rapid influx of sediments. At the 
same time a number of smaller structures were quite active and these 
exerted a marked influence on the sedimentation. 

When the uranium occurences in this area are plotted they appear 
to be related to the linear thickness trends of isopach maps and it is 
thought that these trends represent persistent palaeostream channel systems 
and that the locations of the systems were controlled to some extent by 
the small anticlinal structures that were active at various times during 
the late Jurassic and re-activated during the Laramide orogeny . 

6.3.4 Depositional Environment 

The depositional environment has a direct bearing on the size, shape 
and th ickness of the sand body. The environment also determines the 
regional distribution of the sandstones, the relationships with the 
bounding lithologies, the grain size distribution, and the mineralogical 
composition. 

The sedimentary structures formed under the varying conditions also 
affect the permeability and porosity of the sandstone . The sedimentary 
environment will determine the biologi cal activity and therefore the amount 
of organic material that will be trapped within the sediments. It will 

also determine the sites for accumulation of the material . 

Sandstone uranium deposits are found developed in fluvial, deltaic 



- 41-

and lacustrine sand bodies but because the majority of dp.posits are found in 
fluvial sandstones, only the flow processes, sedimentary structures, and 
facies related to fluvial environments will be discussed . 

6.3.4.1 Sand Deposition in the Alluvial Environment 

The key to the understanding of most ancient alluvial deposits is 
the origin and physiography of the modern alluvial flood plain (Pettijohn 

et 'al., 1972). 

The overriding factor in the generation of the flood plain 
morphology appears to be the variation in the hydraulic geometry of the 
river. In their paper on "River Channel Patterns", Leopold and Wolman 
(1957) conclude that any river contains straight, braided and meandering 
features over a very short distance and that each occurs in nature through
out a whole range of discharges. Their observations indicated that braids 
tend to occur in channels having certain combinations of values of flow 
factors and that meanders occur in different combinations. The straight 
channels can occur in either. Truly straight channels are not common in 
aggrading rivers and are therefore of little importance f rom a sedimento
logical point of view. 

Eight or more variables are involved in the morphology of a 
stream channel. These are discharge, amount of sediment load, caliber of 
load, width, depth, velocity, slope and roughness. Each of these factors 
varies as a continous function within certain limits so that there is a 
"continuum of natural stream channels having different characteristics that 
are reflected in combinations of values of the hydraulic factors", 
(Leopold & Wolman, 1957, p 73). 

The factor having the largest range of values is discharge, for in 

natural channels it can vary from ° to 10,000,000 c . f.s . Load which is 
expressed as concentration by weight varies from nearly ° to about 
500,00 ppm. Caliber of load expressed as median grain size may vary from 
a value near ° to 3 m boulders . Width of natural channels varies between 

a few centimetres to 6 km, mean depth from Onto30 m, mean velocity from 
near 0 to 7m/sec., slope from near ° to 1,0 and roughness expressed as 
the dimensionless Darcy - Weisbach number from 0,001 to 0,30. 
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Combinations observed in nature are far more restricted than the 

permutations of the values of the eight variables. Leopold and Wolman 
state that to their knowledge for example, rivers capable of discharging 
more than 1 million c.f.s. do not have slopes in excess of 0,0009 and 

usually less than 0,0002. 

The magnitude and character of the runoff are functions of climate 
and lithologi c factors all of which are independant of the channel system. 
The amount and distribution of rainfall is determined by the climate while 
the topographical and lithological character of the drainage basin help 

determine in conjunction with vegetation not only the characteristics of the 
runoff but also the load of debris delivered to the channel system. Both 
the quantity and nature of the load are directly related to geological 

factors. 

Generally the shape and pattern of the channels are governed by 
the water and debris but the modifications to the channel are affected by 
processes within the channel itself . 

Channel width which is primarily determined by discharge in con
junction with the resistance of bed and bank to scour, increases rapidly 

relative t o other changes. 

The roughness of any reach of a channel is controlled by the 

geological charact er of the bed material supplied by the drainage basin. 
Although abrasion and sorting may modify the material on the bed, the rock 
ch aracter partly dete~lines the extent of such modification. The roughness 
may be primarily grain roughness. Alternatively, owing to the size 
distribution of the part icles,the depth of the river and other factors, 
the roughness may be due to the configuration of the dunes, ripples or 

waves into which the particles on the bed arrange themselves. 

Schumm (1972) found during his studies of the effect of the 
variation of discharge and sediffient load on a stream's channel width, depth 
and sinousity that as discharge (Q) increases, there are proportional 

increases in channel width (W), depth (0), meander wave length (1) and a 
decrease in channel gradient (S). This can be summarized as Q Ol W ~ 1 
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Work by Schumm (1960) has shown that downstream changes in width 

and depth of a stream channel are greatly influenced by sediment type. A 
weighted mean percent silt - clay content (M) in the channel and banks of 

stable alluvial stream channels is used to describe the physical 
characteristics of the sediment. In this case, silt-clay is defined as 
alluvial material < 0,074 mm in size. As the percentage of silt and clay 
in the banks and channel increases, the shape of stream channels expressed 

as a width - depth ratio (F) varies according to the equation 
F ~ 255 M- 1.08 . (Figure 27) Neither mean annual discharge nor the mean 
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Fig. 27 . Percent silt-clay in channel p21'i
meter versus channel width-depth 
ratio. (after Schumm, 1960) 

annual flood Significantly affects this relation in spite of the importance 

of discharge to the absolute width and depth of a channel. 

Schumm's conclusions were that as M increases downstream along a 
given river, the depth increases more rapidly and the width less rapidly 
with discharge than if M was constant . As a result width/depth ratio 

therefore decreases . Converse ly as ~1 decreases downs tream, the depth 



increases less rapidly and the width more rapidly with discharge than if M 
was constant . This results in an increase in the width/depth ratio. 
Unstable channels may be recognised by changes in wi dth/aepth ratio. In 
general, aggrading channels have a higher width/depth ratio than indicated 
by M; whereas degrading channels have a lower width/depth ratio than 

indicated by M. 

M is calculated as follows 

M - - Sc x W + Sb x 2D 
W x 2D 

in which Sc is percentage of si lt and clay in channel alluvium 
D is channel depth 
W is channel width 

In a study of five semi-arid valleys Schumm (1972) shows the 
importance of the physical properties of the sediment in determining stream 
channel shape. A comparison of the data fron) each area demonstrated that 
in a drainage channel composed of fine- grained, highly cohesive sediment, 
deposition occurs on the sides of the channel as well as the channel floor . 
The result is a reduction in the channel width/depth ratio across an 

-aggrading reach. Vegetation seems to aid deposition by its rapid growth 
on recently deposited fine alluvium, but it is not the initial cause of 
aggradation. Bank caving yields only small amounts of sediment and caved 
blocks are often nuclei for deposition along channel sides because of 
their resistance to disintegration. 

Gradient shows an inverse relation to weighted mean percent 
silt-clay for small streams of low annual discharge. 

It is suggested that the relation between channel shape and silt
clay can be used as a criterion of channel stability because aggrading 
channels generally plot well above the wi dth/depth, silt-clay regression 
line, whereas degrading channels plot well below the line as shown in 

Figure 27. 

Schumm also observed that the type of sediment in the load has a 
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marked effect on channel morphology . A significant increase in ratio of 

bed load to total sediment load (Qs) increases the channel width, meander 
wave length and slope but decreases its depth and sinuosity (P) where P is 
the channel length/straight line distance between two points . 

In this case therefore Qs ~ ~ 
D P 

One can see from the above relationship that the width/depth 
ratio of the channel is an .indication of the sediment load. Sand-carrying 
streams therefore have greater width/depth ratio ' s than those carrying 
predominantly silts and clays. Schumm estimates that for : 

(a) bedload streams WID > 40 
(b) streams with 5 - 20 per cent silt & clay WID = 10 to 40 
(c) suspended load streams WID < 10 

These may be summarized in Figure 28, a diagram modified after 
Schumm by Long (1978). 

Channel Type Bedload Mixed Load Suspended Load 

Channel 
Q; shape -c -------- - ~ , 

~ 

c width 10 depth 
~ 60' 1 25' 1 8 ' 1 .c ratio 
u 

.! 
Channel til » ;; ~ j '" pattern 

.~ --------
(J) 

SINUOSITY 1.0 1.1 1.4 1.7 2 .5 

~- ~ A ~ ~ -~ D.c Patterns ;;c 
-~ 
~.c 

::I;u 
alluv ial I.n alluv ial plain anastomosing 

S ill+clay in the <5% 5-207. >207-channel peri meter 

Fig. 28 Morphology of principal river types, as a function of their sediment load (modified from 
Schumm. 1968). 

(after Long 1978) 
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River Types 

Knowledge of the characteristic morphological and sedimentary 

features of different river-types is necessary if one is to evaluate the 
uranium potential of a sand body. It is important to determine the river
type from the sediments so that the shape of the sand body and any 
extensions may be predicted. At the same time an idea of the porosity and 
permeability can be gained, a feature vital in the formation of uranium 
deposits . 

Based on the work of both Leopold and Wolman (1957) and Schumm 
(1963, 1968), Miall (1977) had produced a classification of river types 
(Figure 29) . 

meondering 

braided 

Fig. 29 . . Principal river types. 

(~liall 1977) 
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o bar sur faces covered 
during flood stages 

Table 1 on page 47 shows the pertinent characteristics of the four 
ri ve r types . 

The emphasis has been placed on two major types of ri vers in the 
past; braided and meandering, but the observation of Leopold & Wolman (1957) 
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suggesting a continuum of stream types in now being accepted . Nevertheless, 
the majority of studies at present are related to these end members although 
the more recent papers are reporting examples of intermediate types of rivers. 

TABLE 1 

Classiric~lion or ri \:.:"~":::'YPC::"=--______________________ ~ ___ - ___ -

Bed load per- Width/ Ero~ive behaviour Depositional 
Type MorpholOIiY Sinuo$ity Load type 

cent (of total depth behaviour; 

Brlliclcd 

~inllie channels 

two or more 
ch~nn('1s with 
haTS "ne ~mall 
i~lan(h 

:> 1.3 

< 1.3 

Slr"i~ht sin\!lc ch~nn~\ with < 1.5 
pools nnrl rimes, 
IJ\randl'rin~ lhalw('~ 

,\llll.'tHmn~inc two or mMC ch:mn~ls :-2.0 
wilh J ~r,,('. ~ l~hJt i~!~nds 

(after Miall 1977) 

load) ratio 

suspension < 11 «. 
0' 
mixed load 

bedload >11 >,. 

suspension, < 11 «. 
mixed or 
h<,uload 

su~p('n$ion < 3 <1. 
Jn~d 

ell:,,""el incision, point-bar 
mpander formation 
widening 

channel widening chann el 
agrraclation. 
mid-chann el 
bar formation 

minor channel sidc·chnnnt'] 
wideninG" ann bar formation 
incision 

slow ml':mdcr slow bank 
widening accrl't ion 

In support of the continuous spectrum of fluvial types, Miall (1977) 
quotes parts of the Donjek River in the Yukon as showing braided channels 
within the course of a meandering river. The Endrick River in Scotland is 
another example of a high sinuosity, bed-load stream which contains extensive 
gravel point bars (Bluck 1971). Vegetation has been shown to be effective in 

stabilizing banks (D. G. Smith 1976) so that where the banks are stable, the 
braided pattern is restricted. This factor could account for the features in 
the Donjek and Endrick Rivers . 

Braided Rivers 

Studies of the Donjek River (Williams & Rust 1969), the Platte River 
(N. D. Smith), the South Saskatchewan River (Cant & Walker 1976), the 
Kicking Horse River (N. D. Smith 1974) and others have revealed the following 
characteristic features of braided rivers. Studies by Doeglas (1962) and 
Williams & Rust (1969) are significant because they describe abandoned
channel deposits. 

Braided rivers are characterized by a series of broad, shallow 
channels and bars formed under periods of variab l e discharge. They are 

characterized by high width/depth ratios (> 300), steep slopes and generally 
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low sinuosities. leopold & Wolman (1957) showed empirically that braided 

and meandering streams can be distinguished on the basis of slope and 

discharge according to the equation (Fi gure 30) ; 

where S = 

Qb = 

slope 

bankfull discharge in m3/sec 
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Fig . 30 . l eopold and Wolman's (1957) plot of 
bank-full discharge and channel slope. 
line separates field of braided pat
terns from meandering ; straight chan
nels occur on each side of li~e . 
(Schumm, 1977) 

For a given discharge braided streams occur on slopes that are 

steeper than that in the equation while meandering rivers occur on flatter 

slopes. 

Braided streams consist of a series of rapidly shifting channels and 
mid-channel bars. In some cases the stream bars may be stable enough for 

vegetation to become established and islands to form . 

Th e deposits of braided streams are normally coarser than those 

deposited by other river types and contain mainly sand or gravel . In most 

examples a s i ngle dominant channel can generally be distinguished within 

the overall braided pattern, althoogh i n some sections there are several 

principal channels (Rust 1972). 
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; There are three main types of bars found in a braided stream 

environment. They are: 

(a) longitudinal - comprising crudely bedded gravel sheets; 

(b) transverse to linguiod - consisting of sand or gravel; and 
(c) point or side-bars formed by bedform coalescence and chute and swale 

development in areas of low energy. 

Figure 31 summarizes the principal bar types 
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Fig. 31. Principal bar types. 

(after Miall 1977) 
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Longitudinal bars are most commonly formed in gravel load streams 
(Rust 1972, N. D. Smith 1974) and develop as shown in Figure 32 on page 50 
They are generally lozenge-shaped in plan, tapering off downst ream, and are 
elongated parallel to flow direction. They are bounded by active channels 
on both sides and may therefore have eroded margins . Bar length may extend 
up to several hundred metres although these are thought to represent 
coalesced bars. The coarsest material is concentrated along the central 
bar ax i s (Boothroyd & Ash l ey 1975) and the grain size normally di minishes 
upwards and downstream (N. D. Smith 1974). The sedimentary structures with i n 
a bar comprise massive or poorly developed horizontal bedding (N. D. Smith 

1970) possibly resulting from transportation in planar sheets in very high 

flow regimes. 

Linguoid and transverse bars are most typical of sandy bra i ded 
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(after Miall ,1977) 

rivers and have a characteristic rhombic or lobate shape. The upper surfaces 
dip gently upstream towards the preceding bar while the downstream surfaces 
terminate in sinuous avalanche-slopes. The bars vary in width from a few 

metres to 150 metres and have lengths of up to 300 metres . Linguoid bars 
generally occur in trains in an out-of- phase relationships with one another 
which results in the convex front of a bar tending to advance into 
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the space between the two preceeding bars. (Collinson 1978) 

Descriptions of transverse bars (N. D. Smith 1971) indicate that 
they are generally similar to linguoid bars except that they have straighter 
crests. They may represent coalesced linguiod bars or solitary bars that 

extend completely across a channel or the space between obstructions such 
as trees or bushes (Miall 1977). 

Point bars, side bars and lateral bars which are all genetically 
similar form in areas of relatively low fluvial energy. Examples of this 

type of setting would be the i nside of a meander where the main current 
strength is diverted against the opposite outer bank. They also occur in 
braided streams such as the Kicking Horse River (N. D. Smith 1974) and the 
Endrick River (Bluck 1976). The details of pOint bar generation will be 
dealt with under meandering rivers since the point bar is a major 
characteristic of such rivers. 

Braided Stream Facies 

Many of the individual sedimentary features that occur in a braided 
stream environment also occur in other fluvial situations but the various 
combinations of facies are evidence of a braided stream environment. These 
are summarized in several type sections from various rivers. The 
lithofacies code (Miall 1978) includes the following shown in Table II on 

page 52. 

Three main parameters affect the nature of braided river deposits, 
channel depth, bedload grain size and discharge (amount and variability). 
From the profiles that have been studied there appear to be four main ways 
in which these parameters combine to produce a given sedimentary succession. 
Various other type-profiles have been added to these four and more are 
expected if there is a spectrum between braided and meanderi ng streams. 

Each model has a hypotheti 'cal vertical sequence which appears to 
typify the interpreted depositional environment. 

The Scott-type is characterized by small-scale gravel-sand cycles 
of waning-flood origin and represent proximal, gravelly rivers. (Figure 33) 



FACIES CODE 

Gm 

Gt 

St 

Sp 

Sr 

Sh 

Se 

Ss 

Fl 

TABLE II 

LITHOFACIES AND SEDIMENTARY STRUCTURES OF 

MODERN AND ANCIENT BRAIDED STREAM DEPOSITS 

(Modified from Miall 1978 Table I) 

LITHOFACI ES SEDIMENTARY STRUCTURES 

massive or crudely bedded horizontal bedding 
grave 1 imbrication 

gravel, stratified trough crossbeds 

sand, medium to very coarse, solitary (theta) or grouped 
may be pebbly (pi) trough crossbeds 

sand, med i um to very coarse, solitary (alpha) or grouped 
may be pebbly (omikron) planar crossbeds 

sand, very fine to coarse ripple marks of all types 

sand , very fine to very horizontal lamination, 
coarse, may be pebbly parting or streaming 

lineation 

erosional scours with crude crossbedding 
i ntracl asts 

sand, fine to coarse, may broad , shallow scours 
be pebbly including eta cross-

stratification 

sand, silt, mud fine lamination, very small 
ripples 

INTREPRETATION 

longitudinal bars, log 
deposits, sieve deposits 

minor channel fills 

dunes (lower flow regime) 

linguoid, transverse bars, 
sand waves (lower flow 
regime) 

ripples (lower flow regime) 

planar bed flow (lower and 
upper flow regime 

scour fi 11 s 

scour fi 11 s 

overbank or waning flood 
deposits 

en 
N 
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SCOTT - TYPE 

Gm 

minor s, 
chonnel 

Gm 

S, II bar- edge 
sand wedge Gm 

S> I G_ 

debris flow 
dep~si! 

Gm 

S. 

Gm 

G' 

Gm 

S, 

superimposed 

"" 
bars 

s, 

Gm 

s· 

s' 

s' 

DONJEK -T YPE 

minor 
channels 

major 
channel 
or 
channel 
system 

Fig . 33 . Vertical profile models for braided stream deposits. Facies 
code to left of each column is given in Table II. Arrows 
show small-scale cyclic sequences . Conglomerate clasts are 
not shown to scale . 

(after Miall 1978) 

The Donjek type (after the Donjek Ri ver descri bed by Wi lliams & 
Rust 1969) contains various scales of fining upward cycles. The thicker 
cycles are thought to represent sedimentation at different topographic 
levels within the channel system or succession events of vertical aggradation 
followed by channel switching . It contains signi fica nt proportions of both 
sand and gravel and is therefore more distal than the Scott - type . 

The Platte-type (after the Platte Ri ver described by N. D. Smith 

1970, 1972) reflects sedimentation in very shallow r i vers or those without 
well developed topographic differenti ation . There is a lack of cycl i city 

and a dominance of planar cross bedding . (Figure 34) 
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PLATTE-TYPE BIJOU CREEK-TYPE 

superimposed 
linguoid 
bars 

longitudinal 
bar 

So 

S' 

S< - .-:' -

S. 

-

I 

I 
I 

I 
t 

I 
I 

superimposed 
flood 
cycles 

5 

m 

0 

Fig. 34 . Vertical profile models for braided stream deposits . 
facies code to left of each column is given in Table 
II . Arrows show small-sclae cyclic sequences. 
Congolomerate clasts are not shown to scale . (after Miall 1978) 

The Bijou Creek-type (Mc Kee et al., 1967) represents the deposits 
of ephemeral streams characterized by catastrophic floods . A proximal 
sandy braided stream deposit occuring in areas that lack gravel supply . 
The most characteristic feature of the Bijou Creek model is the evidence 
it contains of high energy flow conditions, represented by dominantly 

planar stratified sand . Examples of this type of deposit are rare. 

The Donjek model was evolved by Miall (1977) to include most types 
of cyclic gravel dominated braided river deposits but recent work by 
Cant (1978) and others show that sand-dominated cycles are equally common. 

The South Saskatchewan River (Cant & Walker 1976) is sufficiently well 
documented to be used as a model (Figure 35) . Here, fining upward 
sequences are inferred to develop by aggradation of deep channels and multi-



- 55 -

storied "sand flats". Miall states that such sand-dominated cycles are 

common in the geological record. 

" 

S. SASKATCHEWAN-TYPE 

Fig. 35. 

major 
channel 

compound 
bar 

Vertical profile models for braided stream deposits. Facies 
code to left of each column is given in Table II. Arrows 
show small-scale cyclic sequences . Conglomerate clasts are 
not shown to scale. 

(after Miall 1978) 

Ancient braided stream deposits have only been identified in a few 
cases of which the most convincing are in the Triassic of Nova Scotia (Klein 
1962) and the Tuscarora Sandstone of Pennsylvania (N. D. Smith 1970). The 
deposits in the Witwatersrand Basin also represent braided stream 
environments (Pretorius 1975; Minter 1978). 

In his description of the Durance River in France, Doeglas described 

the channel-fill deposits as coarse-grained, with channel or cross-bedded 

lamination in the upstream portions of abandoned channels and as fine
grained, silty and rippled in the downstream portions of abandoned channels. 
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Meanderi ng Ri vers 

The sedimentology of the meandering river system has been 
investigated intensely with major contributions coming from studies of the 
Lower Mississippi (Fisk 1944, 1947), the Klaralven River, Sweden (Sundborg 
1956), the Red River (Harms , Mackenzie & McCubbin 1963), the Brazos Riv~r 

(Bernard & Major et 2l., 1963), the River Endrick (Bluck 1971), the Lower 
Wabash River (Jackson 1976a, 1978) and more recently the Beatton River in 

British Columbia (Nanson 1980). 

Meandering rivers generally occur in coastal - plain areas updip 
from deltas and downdip from braided streams. They are characterized by a 
single channel stream which is deeper than the multi-channel braided stream. 
Meandering streams usually have a wide range in discharge extending up to 
flood stages for a short time once or twice a year. The meandering channel 
is flanked by natural levees and point bars and migrates within a zone
about 15 to 20 times the channel width. 

The meandering stream is characteri zed by; the point bar, abandoned 
channel, natural levee and floodbasin. The nature of each of these and their 
interrelations are summarized in Figure 36 on page 57. 

Only two main types of sand bodies are associated with a meanderi ng 
stream: the point bar sands and the abandoned channel fills. The point bar 
sands which occur in the lower portion of the sequence constitute at least 
75 per cent of the sand deposited by a meandering stream. Coalescing 
point-bar sands can actually form laterally extensive sand bodies interrupted 
only by the "clay plugs" found in parts of abandoned meander loops or in 
the last channel position of meander belts which have been abandoned 

abruptly. (LeBlanc 1972) . 

The f l ow processes involved in meandering streams have been reviewed 
extensively by Leopold et~., (1964) and Allen (1965). Since this work in 
which they deduced that the meandering form superimposes a non-uniform 
velocity pattern on the flow system (Figure 37), work by Bluck (1971), 
Sundborg (1956) and Jackson (1978) and others has shown a more complicated . 
model. 
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Fig . 36 . Characteristics of meander-belt and floodplain deposits. 

(after Potter 196 7) 
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FIGURE 37. Flow pattern in a meandering river channel (From Allen, 1965; 
after Leopold et ~., 1964) . 

In Allen 's model the higher velocities of flow are confined to the 
thalweg of the channel while the lower velocities appear to be characteristic 

of point bar zones. The revised thinking shows that the flow velocity changes 
in a downstream direction from high to low and back to high, as a 
reference flow line through a deeper thalweg over a point bar and through 
the next thalweg downstream. This results in the direction of sediment 

transport following the flow lines of stream channel flow instead of 
laterally across the flow . The point bars in this situation build by 
elongation in a downstream direction similar to an enlarged longitudinal 

bar. (Figure 38, p 59) Lateral accretion as shown by Allen still occurs 
but now results in the accretion of a continuous series of longitudinal 
bars. 

The most important processes in sedimentation in the meandering 
river are related to channel migration which occurs in response to bank 
caving and point bar accretion. The process of bank caving occurs most 
rapidly during falling f lood stages when currents of maxium velocity are 
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FIGURE 38. Bar head of typical point bar, River Endrick, Scotland, 
showing direction of sediment movement, and orientation of surface and 
internal directional structures (From Bluck, 1971). 

directed against the concave bank . Bank caving occurs at maximum rates in 
-bends where the bed and bank materials are very sandy . Deposition occurs 
on the inside portion of the bend at the same time as bank caving is taking 
place on the outside bend. (Figure 39) 

r-----""---------------------

, lANk CAVING 

11·0 J ~J , 

BANK 
CAVlNG 

FAlUNG flOOD STAGE 

POINT'BA~ 
AC CRETION 

Fi g: 39. -Areas of bank caving and point-bar accre tion along a menndering channel. 

(after LeBlanc 1972) 

A' 
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Bank caving and point-bar accretion result in channel migration and 

the development of the point-bar sequence of sediments. (Figure 40). 

~·~ 'u·' . , ' I , 'I ii, 
I 

71 ·0363 ·' 

A A' 

------------~ 

Fig. 40 . -Development of point·bar sequence of sediments. 

(after LeBlanc 1972) 

The point-bar is probably the most common and easily identifiable 
environment of sand deposition. 
by the channel depth. LeBlanc 
Mississippi that are 45 m thick 

The thickness of this sequence is determined 
quotes point-bar sequences along the 
while medium-sized rivers such as the 

Brazos River of Texas has 15 metre thick point-bar sequences. 

The process of channel diversion and channel abandonment is another 
characteristic feature of meandering streams. There are two types of 
diversion and abandonment; the neck or chute cutoff of a single meander 
loop; the abandoment of a long channel segment resulting fr.om avulsion. 

The abandoned meander loops become filled with sediments, the 
character of which depends on the orientation of the loop with respect to 
the direction of flow in the new channel. Meanders oriented with their 
cutoff ends pointing downwards are filled predominantly with clays whereas 
those oriented with cutoffs pOinting upstream contain mainly sand and silts. 
(Fi gure 41). 

NECK CUTOFF 
• 

CHUTE CUTOFF TYPES OF CHANNEl FIllS 

• 
Fig. 41 - Channel diversion, nbnndonmcnt, nnd filling as a result oC neck anti chute cu loffs. (a fte r L e8 1 a nc 1972) 
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Fig. 42. -Major channel diversion and abandonment 
of a meander belt. 

(after LeBlanc 1972) 

The character of the sediments which fill long channel segments 
is governed by the manner of channel diversion. Abrupt abandonment during 
a single or few floods, results in the very rapid filling of only the 
upstream end of the old channel, thus creating a long sinuous lake. T~ese 

long, abandoned channels fill very slowly with clays and silts transported 
by flood wa ters . (Fi gure 42) 
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Fi g. 43-variations in character of abandoned channel 
fill typical of meander bells. 

(after LeBlanc 1972) 

If the channel abandonment takes place over a period of time a very 
gradual deterioration of the channel occurs. Diminishing flow therefore 
transports and deposits progressively smaller amounts of finer sand and 
silts. (Figure 43) 

Meandering Stream Facies 

The basic facies for meandering stream deposition is an upward 
fining sequence. (Figure 44) 
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Figure 4.4 . The basic fining-upward unit of meandering-stream deposition. 

~,'- '_ ._--' 
- ' -'- -'-'-

(from ~'lattews 1974) 

Sharp contact, begin next unit 

Poorly sorted so ndy silt and clay, highly organic, 
burrowed, and mottled if deposited in a 
generally humid climate ; mudcracks and 
evaporite minerals if deposited in a generally 
arid climate. 

Con tact highly variable; discontinuous cross 
stratified sand lenses common. 

Fine sand to silt 

t Small scale high-ongle cross-
I s tratifica t ion 

Gradat ion 

Low - angle or horizontal 
st ra ti ficat ion 

Medium scale high -angle cross
stra tif ieot ion 

Grovel and coarse sand 

Sharp basal contact 

.JacksulI (1978) tentatively indentifies five l ithofacies classes of 

,!p.ande;-'ing stl'c'ams : muddy fine -grained st reams; sand-bed streams, with 

.:'des t fi ne IIlen,i: e;o; sand-bed $ creams without mud; gravel ifel"OUS sand- bed 

streams and s t ;"2amS w'th COilr'se gravel and littl e sand. The last three 

,~las sesinclude vital features which have in the past been thought to typify 

non-meandering streams. 

Jackson ( 1978) in his studies of Holocene meandering streams 

observed the "bewildering variety of features in the streams (running) 

contrary to nearly all the widely accepted criteria for meandering streams" 

p544, Features such as disch arge rates, sand/mud content, load are 

seen in contradi ctory setti ng s with a meanderi ng sys ten! . 

facies relationships which depart from the fining upward 

River Endrick and Wabash River and Puerco River. 

There are als o 
model such as the 
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In conclusion he states that only a few criteria may be broadly 
re 1 i ab 1 e in di fferenti ating between meanderi ng and non-meanderi ng ri vers 

(a) Low palaeocurrent variance of imbrication of large pebbles and 
cobbles is expected in low sinousity streams . 

(b) Exceedingly coarse gravel (> 0,5 m long axis) is diagnostic of a 
very proximal non-meandering stream . 

(c) Substantial mud content in coarse member, thick fine member and 
asymmetric channel fills with much mud are strongly indicative of a 
meandering stream. 

Visher's idea of vertical profiles (1965) appear to have potential 
as a means of identifying facies and hence environments, but Jackson (1971) 

mentions that the major assumption made is the preservation of the complete 
sequence. He suggests that one should consider more thoroughly the style 
and potential of preservation of characteristic sedimentary features. The 
fact that not all of a vertical sequence will be preserved in nature and 
that deductions as to the nature of the sedimentary environment have to be 
made on the remnants of sequences is also stressed by Jackson. 

-6.4 FACTORS AFFECTING THE POTENTIAL OF A SANDSTONE AS A URANIUM HOST 

I~ addition to the factors that interact in the generation of a 
sand body there are those factors which will determine whether (assuming 
the availability of uranium) a sand body has the potential for hosting 
uranium. 

6.4.1 The Composition of Sandstones 

The composition of the sandstones is important from several aspects 
with regard to its ability to host uranium. Sandstones which host uranium 
generally have an arkosic composition in which quartz, feldspar and rock 
fragments occur in roughly equal proportions . These are supplemented by 
clays, iron oxides, organics and sulphides which vary in content as well as 
origin. 
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The quartz content will determine the sand's response to compaction 

and hence affect the porosity of the sandstone. If the rock has a high 
quartz content its response to compaction will be minimal and the original 
porosity is li kely to remain. 

The feldspar content also governs the response of the rock to 
compaction . Both quartz and feldspar are susceptible to authigenesis and 
these new mineral overgrowths will reduce the porosity of the rock . The 
breakdown of feldspar under weathering conditions will result in clays which 
have different effects on the pore spaces of the rock. Depending on the 
type of rock fragments these will affect the porosity in much the same way 
as quartz and feldspar . 

Because of the size and shape of clay minerals, they tend to occur 
interstitially between the larger grains and thus reduce the porosity. In 
addition to physically reducing the porosit~ clay minerals could by virtue 
of their chemistry affect the permeability of the rock. 

Fine grained clay which is found in sandstones as the essential 
constituent of matrix and argillaceous rock fragments includes all major 
groups of clays, i.e . the kaolin group (kaolinite, dickite, halloysite), 
the micas (muscovite, illite, glauconite), the montmorillonite or smectite 
group (montronite, saponite etc . ), the chlorite group and the mixed-layer 
group (corrensite etc . )(Grim 1968). The division of clay minerals into 
various groups is primarily on a structura l rather than a c.ompositional 
basis . The structures of these groups compri se units of alumina octahedra 
and silica t etrahedra, each of which forms sheets in the a - b crystallographic 
plane (Figure 45 on page 65) . 

The structure of the clay minerals is basic to the concept of ion 
exchange, whereby cations in the interlayer positions may equilibrate wi th 
the external environment, e . g. if a sodium montmorillonite is placed in a 

calcium-rich solution it will become a calcium montmorillonite . The extent 
of exchangeability is greatest for the montmorillonites, intermediate for 
the mixed layer illite and chlorite groups and l owest for the kaolinite 

group . Exchange takes place over long periods of time so during transport 
the clays will behave as stable detrital minerals but during processes 
taking millions of years such as diagenesis, all parts of the clay mineral 
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Mineral and Chemical Composition 
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structure may react with the environment. 

Work by Schmidt - Collerus (1976) and van der Weijden and Langmuir 
(1976) on the adsorption of uranium by various sorbents suggested that clays 
are relatively unimportant as concentrators of uranium. Some typical 
enrichment factors values (the weight of sorbent U per weight of sorbent 
plus U divided by the weight of dissolved U per weight of solution) are as 
follows: 

amorphous Ti(OH)4 8 x 104 8 x 106 

amorphous Fe+++ oxyhydroxides 1.1 x 106 2.7 x 106 

peat 104 - 106 

fine-grained natural goethite 4 x 103 



phosphorites 

montrnori 11 oni te 

kaolinite 
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Unfortunately not enough is known of the detailed mechanism of 

uranyl sorption from natural waters onto specific sorbents to allow 
accurate prediction of the role of sorption in low temperature sedimentary 
environments. 

Although clay minerals show a low uranium enrichment capacity, they 
could by virtue of their chemistry retard the flow of cations through an 
aquifer all owi ng the urani urn to react with other sorbents . A porous sand
stone aquifer with a si gnifi cant amount of argi 11aceous matri x woul d act as 
a semi-permeable membrane . Excessive negative charges on the surfaces of 
the clay particles are essential to produce the membrane effect, which 
increases with the increase in ion exchange capacity of the clay. 
Interaction between the cations in solution and negative sites on the clay 
platelets slows the transport of the cations through the aquifer. 
Uncharged molecules such as H20, H4Si04 and H2C0 3 however pass relatively 
easily through such membranes. In some cases silicates other than clay 
minerals can act as semi-permeable membranes . The vanadium-rich micas in 
some Colorado Plateau uranium deposits where there is little clay or 
organic material have set up an Eh front that had induced coffinite 

precipitation. 

Pyrite is the most comnon sulphide found in sandstones . Most of it 
appears to be diagenetic though certain Precambrian deposits e . g. 
Witwatersrand gold and uranium deposits, contain detrital rounded pyrite 
grai ns . Pyrite is geneti ca 11y re 1 a ted to one amorphous form of Fe S called, 
mackinawite which is found in modern sediments under reducing conditions. 
Fe S forms first by the bacterial reduction of sulphate in sea water and 
during early diagenesis is converted to pyrite . Pyrite in sandstone is, 
if it is not detrital, indicative of at least local reducing conditions. 

Because the pyrite that is formed diagenetically is commonly found 
in rounded aggregates it is not always easy to distinguish it from possible 

rounded detrital grains. 
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Oxidation of diagentic pyrite within the sediments results in a 
steady supply of sulphate which can be reduced by sulphate-reducing bacteria 
that consume organic material trapped in the sediments as a source of energy. 

Organic matter in sandstone is a biochemical product characteristic 
of the envi ronment and has a 1 ways been extensi ve ly altered by di agenes·i s. 
The varieties of organic matter in sandstone range from oil and gas to 
solid particles of high carbon content. 

The organic compounds in sandstone are derived by the breakdown of 
plant and animal tissues in the sedimentary environments. Later the 
decomposition products may be dissolved, transported and reprecipitated 
during stages of diagenesis. The existence of organic matter is obviously 
the result of either high organic productivity in comparison to the 
oxidative breakdown of such organic material or to the presence of particular 
biological entities that are highly resistant to oxidation. 

Sandstones in general are characterized .by very small amounts of 
organic matter « 0. 1 per cent) as opposed to shales and limestones. The 
organic matter that is native to sandstones is dominantly detrital since 
the presence of oxygen and the high permeability of the sand promotes 
oxidation of much of the organic matter. 

6.4.2 Porosity and Permeability 

Two other factors which determine whether the sandstone will be a 
good host for uranium mineralization are the relative porosity and 
permeability of the sand body. 

Absolute or total porosity is the percentage of all void space in 
a sand, whether the pores are connected or not, whereas effective porosity 
is the percentage of interconnected pore space. They are represented as 
follows: 

= (bulk volume -
P t ( 

solid volume 
solid volume) x 

) 100 
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and Effective Porosity as 

= (interconnected pore volume) x 
( bulk volume ) 

100 

Effective porosity is generally what is measured. 

Studies have been carried out in order to approximate porosities 

found in granular materials but the abundance of grains of mixed sizes, 

non spherical framework grains, the filling of pores by cementation and 

interstitial clay, minimizes the significance of these studies. Compaction 

and cementati on can reduce poros i ty from 50 per cent or more in modern 

sands to virtually zero in quartzites and other holocrystalline s ands tones 

(Pettijohn ~t al ., 1972). However, as cementation increases, particularly 

silica cementation, fracture porosity is likely to increase with respect 

to intergranJ1ar porosity, because the sandstone is more brittle and thus 

fractures more readily. Figure 46 shows the relationships of texture to 

Fig. 46. Rock interstices and the rplation of rock texture to porosity . Diagram showing 
seven-! ty~('<; of rock intcrsli~~' aud the relatioll of rock texture to porosity. A. Well
. orled sedimentary d· 'posit having high porosity; B. poorly-sorted sedimentary deposit 
havi: .•. ! low poros ity ; C. weli-:>ort(>d ::;etiimentary deposit consisting of pebbles that are 
th f!ms(>Jves porous, so that th p depos it as a wh ole has a very high porosity; D. well-sorted 
sedimentary deposit the porosity of which has been uiminished by the deposition of 
mineral matler in the interstices; E. rock rendered porous by solution; F . rock rendered 
porous by fracturing. (After Meinzer, 1923, fig. 1; courtesy of U.S. Geol. Surv., Wash ., in: 
Tolman, 1937, fig . 24, p. 98. ) 

(after Chilingari an & Wolf 1976) 
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porosity. The effects of depth compaction on porosity will be covered in 
a separate section . In work on relatively well sorted quartz sands and 
sandstones Maxwell (1976) concludes that reduction of initial porosity is 
also favoured by increasing overburden pressure, high temperature, greater 
age, moving formational water. 

Experiments by Maxwell (1976) show that the porosity of sedimentary 
rocks tends to decrease with increasing age and depth of burial. Shales 
lose water and compact regularly and readily during burial but sandstones 
behave much less predictably particularly at shallow depths . Laboratory 
determinations of the crushing strength of quartz suggests that porosity 
might persist to very great depths. 

Other experiments have shown that the solubility of quartz in water 
increases as temperature and pressure increases and that the crushing 
strength decreases greatly with rising temperatures in the presence of 
water solution. Natural sandstones should therefore compact and lose 
porosity with increasing depth and rising temperature. 

Permeabi 1 i ty 

Permeability or hydraulic conductivity (K) is a measure of the 
. ability of a sandstone to transmit fluids . It is defined as a constant of 
proportionality for the laminar flow of a particular fluid in a particular 
porous substance by Darcy's equation: 

Q = KA (dp) 
CaT) 

where Q = volume of transmitted flow per unit time 

A = cross sectional area 

dp/dl is the dimensionless hydraulic gradient (change of pressure in 
flow di recti on 1) 
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Thus the rate of flow is directly proportional to the cross- -
sectional area and the hydraulic gradient. This property is dependent on 

the fluid as well as the pore system and the di rection of permeabil ity 
measurement in the medium. It is therefore a vectorial property in 
contrast to porosity. 

Speci fi c permeabil i ty, k, is a measure of permeabi 1 i ty dependi ng 
only on the medium and is defined as 

Q -
k a ?f 

..IV 
dp 
dl 

where ~ is the specific weight of the fluid (weight per unit volume as 
opposed to density which is mass per unit volume) 

.,tV is the vi scos i ty. 

Specific permeability is measured in darcies. It can be thought of 
as the characteristic pore area controlling flow. 

Among the rock properties affecting permeability are grain size, 
sorting, orientation, packing of framework grains, cementation and bedding. 

Orientation and packing of the framework grains of a sandstone appear 

to have a weak control on permeability in the plane of the bedding and a 
much stronger control in vert ical sections parallel to sand> transport 

direction (Mast & Potter 1963). 

Duri ng depos i ti on, framework sand grai ns accumul ate with thei r long 
axes parallel to current flow and imbricated up current 150 _180 from the 

depositional interface. This imposes a form of anisotropy on the pore 
system in the plane of the bedding . Bedding also has the same effect as 
fabric though probably to a greater degree. There are slight pauses during 
the deposition of sand which are marked by thin mud laminations which 
inhibit flow in a vertical direction . 

In modern sands permeability of 10 to more than 100 darcies have 
been reported but in most consolidated sandstones values of more than 1 or 
2 are the exception. 
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Tsvetkova (1954) showed that the presence of clay greatly reduces 
the permeability of sandstones. This is especially true for mont
morillonite clays where 2 per cent montmorillonite in coarse-grained sand 
lowers permeability 1D-fo1d whereas 5 per cent montmorillonite clays 
lowers permeability 3D-fold. Sandstones are particularly impermeable in 
the presence of 6 - 9 per cent montmorillonite clay while sandstone contain
ing 2 -15 per cent kaolinite clay can still remain quite permeable. 

In some units however, jointing or microfau1ting can increase 
permeability perpendicular to bedding by orders or magnitude. 

The chief sedimentological variable affecting permeability in 
detrital rocks is pore throat size. With decreasing pore radius, the 
area of mineral surface over which the water must flow increases 
dramatically. The more contact between fluid and solid the greater the 
drag. 

Poiseui11e derived the following equation for the rate of 
laminar flow of liquid through a capillary as 

Q = rrr4 
lip 

8)1.-1 

where Q = fluid discharge (cc/s) 

r = radius of a cylindrical capillary (cm) 
lip 

"lV 

1 

= 
= 
= 

pressure drop along the capillary (bars) 
viscosity (poises')' 
capillary length (cm) 

Because of the tortuosity of a pore,the length of the capillary 
is longer than the length of rock traversed by the flow. See Figure 47 
on page 

If Darcy's law and Poiseuille's law are combined the flow through 
a capillary is expressed as 
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Fig. 47 . Schematic diaglilm of a capill ary pore channel In a sandstona. 

(after Blatt , Middleton & Murray 1980) 

Q = ~ = nr4 6p 

8)4-11 8JN12 

K 
IIr2 11, r2 = (porosity) r2 

= 
A 12 8 (tortuos ity) 8 

Tioi s shows tha t the permeabi 1 ity of the rock can be expected to 
~ecrease as the pore radilf' decreases . It also decreases as the vol ume of 
pores (porosity ) decrease" and the tortuosity increases . These features 
are affected mainly by diagenetic processes whi ch will be dealt with 
1 ater. 

The effect of increased temperatures that accompany burial has been 
examined. Although there is a complex interrelationship between 
temperature and permeability, many sets of experimental data indicate that 
the permeability of sandstones to distilled wa ter decreases as temperature 

increases. An explanation suggested by Blatt, Middleton & r·1urray is that 
mechanical stresses induced in the rock by thermal expansion of the mineral 
grains would constrict pore openi ngs . 
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Interrelationship between porosity and permeability 

Statistical distributions of permeability in oil reserves tend to 
be log normally distributed, whereas porosity typically has a normal 
distribution. Morever, variance of permeability is much greater than 
that of porosity and can vary markedly vertically from centimetre to 

centi metre. (Fi gure 48) . 
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Fig. 48. Relationship between porosity and permeability of cores of 
very coarse, coarse, and medium-grained sands, silty sands, 
and clayey sands. 

(from Blatt, Middleton & Murray 1980) 

This relationship could be because porosity does not define the 
drag imparted to the fluid by the pore walls nor the path length of the 
capillary . Change in either of these would alter the permeability without 
affecting the porosity. 

It has been found empirically that there is a relationship between 
the permeability and the specific surface area of a porous rock. This 
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relationship is known as the Kozeney equation and one form of it is 

K = 

where k = permeability 

= porosity 

t = tortuosity 

S = specific surface area (surface exposed to fluid per unit volume 

of solid) 

This shows that as grain size decreases, specific surface increases 

and consequently so does resistance to flow . 

Modification of the primary permeability by secondary processes' will 

be dealt with later . 

Reconstruction of palaeoporosity changes which might indicate 

potential as a uranium fluid conduit i s not possible without the use of 
thin-sections, the electron microscope or other tools that permit visual 
examination of the interior of rocks. 

In addition to the compositional factors, l arger scale features such 
as bedding, cross-bedding, parting lineations and grooves will also affect 

the porosity and permeability of the sandstone . These structures which are 

generally formed in medium to coarse-grained sandstone generally have the 
sand grains orientated parallel to the current di rection and therefore 

contribute to an increase in the horizontal permeability of sand bodies . 

Ripple marks, however, are generally developed i n fine-grained sediments and 
exhibit thin laminations which act as barri ers to flow. 

Each depositional environment produces a diagnostic arrangement of 

fine-grained boundi ng lithologies around a sand body and as such makes the 

task easier for predicting their orderly subsurface arrangements . 

The flow of ground water wi thin a sand body, may not be unifonn 

because the external shape of a trough cross-bedded unit, associated fine 
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clastics and irregular cementation will influence the flow 

Thompson 1959). 

(Roach & 

Jobin (1962)in comparing the distribution of uranium deposits of 
the Colorado Plateau with the variations in transmissive characteristics 
observed several interesting relationships . Whereas permeability is the 
capacity of a substance to transmit fluids under a hydraulic gradient, the 
coefficient of transmissivity for a sediment at a given locality is equal 
to the product of its thickness and mean permeability . 

The rocks of the Plateau may be grouped into three types, shales 
and mudstones; marine and aeolian siltstones and sandstones; fluvial 
sandstones and conglomerates. 

The first group is relatively impermeable and because of their 
abundance and stratigraphic position they have played an important role in 
confining the pore solutions. The second group have a relatively high 
mean permeability and this fact coupled with its great thickness means 
that this type is the most transmissive of the rocks under consideration . 
The fluvial sandstones and conglomerates make up a small fraction of the 
total thickness of transmissive rocks . They have steep gradients in 
permeability and thickness, a moderate to l ow transmissive capacity and 
'contain almost all the known uranium deposits . 

It appears that the fluvial sandstones and conglomerates which are 
overlain by thick relatively non- transmiss i ve rocks have yielded more than 
92 per cent of recent uranium production and contain the large majority of 
known uranium deposits (Jobin 1962) . 

. A comparison of the distr ibut i on of uranium deposits with the 
variation in transmissive characteristics in host rocks shows that the 
range of size of deposits tends to vary di rectly with the range in magnitude 
of the coeffi ci ent of hori zonta 1 transmi ssi vi ty . 

Figure 49 on page 76 shows the distribution of sandstones of the 
Morrison Formation and vertical and hor i zontal transmissivity. Those areas 
of high vertical transmissivity that coincide with areas of moderate but 
highly variable horizontal transmissive capacity are considered the most 
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likely to contain appreciable numbers of ore deposits of more than 1 000 

tons U30S' 
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(after Jobin 1962) 

The data quoted suggest that the major host rocks of uranium 

deposits have had a moderate to low transmissive capacity throughout their 
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hi story. (Jobin 1962). The selectivity of the movement of the uranium-

bearing sol utions and of the places of uranium deposition was controlled 
to a varying degree by the horizontal and vertica -I character of the host 
rock. The spatial relations between ore deposits within the stratigraphic 
section and relations to zones of high vertical transmissivity suggest a 

dominant cont rol by aquicludes and regional structure which is probably of 

early Tertiary age. (Figure 50) 
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Fig. 50 . Sketch map of the Colorado Plateau showing 
tectonic features and distribution of areas 
of closely spaced uranium deposits. 
Modified after Shoemaker (1954, pl. 1.) 

(from Jobin 1962) 
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6. 4.3 DIAGENESIS 

The course of sandstone diagenesis in a given basin is dependent 

on the preburial, pY'ediagentic factors of provenance, depositional 
environments and tectonic setting. These interrelated factors influence 
the sand composition and texture which in turn govern fluid flow rates and 
mineral reactions. Diagenetic processes determine porosity in terms of 
origin, amount, subsurface distribution, pore-size distribution, pore-shape, 

surface area and permeability. 

As a result diagenesis governs the potential of sandstone bodies for 
hosting uranium deposits and studies of this process will enable more 
accurate porosity predictions to be made in uranium exploration. 

In general it is possible to subdivide the components that interact 
during the diagenetic processes into endogenic or exogenic components ' 
depending on whether the diagenetic materials were derived from within the 
sediment or without. The raw materials of diagenesis consist of organic 
and inorganic sediment, interstitial fluids and other components. 

Diagenesis may express itself in a number of different ways such as 
changes in mineralogy, addition or removal of material, or modifications to 
texture or structure. 

The process therefore includes all physicochemical, biochemical and 
physical processes modifying sediments between the stages of deposition and 
lithification at low temperatures and pressures characteristic of surface 
and near surface environments. (ChiTingarian & ~Iolf 1976). The processes 
occur in response to continued burial and are therefore gradational. 

Chiligarian & Wolf (1976) 1 ist the processes of diagenesis as 
follows 

(1) Physicochemical Processes 

Solution, corrosion, leaching, bleaching, oxidation, reduction, 
reprecipitation, recrystallization, cementation, decementation, authigenic 
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mineral genesis, crystal enlargement, replacements, chemical internal 

sedimentation and aggregation and accretion . 

(2) Biochemical and Organic Processes 

Accretion and aggregation, particle-size reduction, corrosion, 
corrasion, mixing of sediments, boring, burrowing, gas bubbling, breaking 
down and synthesizing of organic and inorganic compounds . 

(3) Physical Processes: 

Compaction, dessication, shrinkage, penecontemporaneous 
internal deformation and corrasion and mechanical internal sedimentation 
within secondary cavities in the host rock. 

Of these processes the following are regarded as more important 

(a) Authigenesis 

The development of new minerals or overgrowths within a 
sediment. Secondary growth of quartz is a common example while authigenic 
feldspar may develop in sandstone or limestone. 

(b) Cementation 

This is the deposition of minerals in interstices among the 
grains of a sediment. It is one of the commonest forms of diagenesis and 
binds the particles together to form a rigid sediment. Cementation may 
occur either contemporaneously with sedimentation or the cement may be . 
introduced at a later stage. 

The most common cementing materials are calcite, dolomite, siderite 
and silica. The cementing material may either be endogenic or exogenic. 
When only one cement is present in a rock (e.g. sandstone) it is most 
commonly silica . If two or more cements are present the silica will be 
introduced first and either calcite or dolomite will follow. Pettijohn, 
Potter & Siever (1972) have investigated silica cementation and deduced that 
pressure solution and supersaturated pore water are the main mechanisms 
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causing silica cementation. 

A study by Siever (1959) of cementation in sandstone demonstrates 

some of the relationships possible. (Figure 51). 
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Pig. 51. Sequence of cementation and decemento.tion in quartzose sandstone, 
from initial shallow burial, through deep burial, to subsequent near
surface conditions . 

(after Siever 1959 and Pettijohn et ~., 1972) 

In the process of cementation and de-cementation in a quartzitic 
sandstone the initial sand may contain a very weak solution of silica in its 
pores. During shallow burial, this silica will develop overgrowths on the 
original quartz grains producing small euhedral faces. With deeper burial 
carbonate cement may be introduced into the remaining pores of the sandstone 
but if the process continues the carbonate will tend to replace the 
original silica or its overgrowths. If the rock is brought near surface by 
erosive agents the carbonate may be dissolved, leaving behind a partially 
de-cemented rock. (Carbonic acid is developed by the maturation of 
organics to produce CO2, which then reacts with the carbonate minerals.) 

A somewhat different pattern results when the carbonate cement is 
siderite. Thi s cementing material is introduced as small rhombs that form 
as attachments to the original detrital grains or their overgrowths. In some 
cases siderite might replace the quartz as shown in Figure 52 on page 81 

With the advent of more sophisticated petrographic microscopes and 
the technique of cathodoluminescence, recent work has shown de-cementation 
(now called secondary porOSity) to be more extensive than was previously 

envisaged. This will be discussed later. 
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Fig. 52 Three aspects of sandstone cementation, involving pore-filling, replace
ment, and introduction of siderite rhombs. See the text for details . 

(after Siever 1959 and Pettijohn et ~., 1972) 

(c) Compaction 

Compaction is the reduction in bulk volume of sediment 
produced by increasing weight of overburden as sediment is buried. 
(Pettijohn et ~., 1972). 

The strongest effects are noted in fine-grained sediments where the 

interstitial water is forced out until the particles are in contact with 
one another. As compaction continues the grains may be rearranged and the 
fine clay minerals forced into interstices between more rigid particles. In 
this way, the porosity of the sediment may be virtually eliminated. 

Sand shows much less compaction relative to mud for two reasons. 
Firstly, the porosity at the time of sand deposition is initially lower 
than that of fine-grained sediments . Secondly, the absence of abundant 

matrix material means that in a well sorted sand especially, the pore 
spaces between the rigid quartz grains will continue to remain relatively 
open. 

(d) Diagenetic Differentiation 

This is the redistribution of material withi n the sedimen t s 
by solution and diffusion towards centres or nuclei where reprecipitation 
occurs . 
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Concretions is shale are as example of this process. 

(e) Differential Solution 

This is a selective solution process within the sediment, 
either of a particular constituent or along bedding planes. 

(f) Recrystallization 

This is a change in the sediment texture whereby the 9rowth 
of small crystals or fragments form an aggregate of coarser crystals 
generally without a change in compostion. 

(g) Replacement 

In replacement, new minerals are developed by the reactions 
between original constituents of sediments and exogenic materials. The new 
mineral develops in the space occupied by the original without a change in 
volume to form a pseudomorph. The alteration of mica to chlorite is an 
example. 

Diagenetic Models 

As knowledge on the subject of diagenesis has increased it has become 
clear that there are only a few dominating processes in operation 
(Krumbein & Sloss 1963). 

The nature of the diagenetic environment and the rapidity of the 
postdepositional changes depend upon the medium of deposition and the kind 
of sediment being deposited. (Krumbein & Sloss 1963). 

The depositional interface represents an important boundary 
condition that separates two different physicochemical regions. In diagenesis 
t he basic relation seems to depend upon the position of the zero - value Eh 
surface with respect to the depositional interface . Figure 53 on page 83 
shows three positions of the zero-value interface. 

In a non-marine environment such as a sandy river bed, the zero -value 
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Diagrams of relations between zero Eh 
surface and depositional interface for 
three cOl1l.1itions . Diagram A represents 
stagnant bottom-water conditions. B 
shows coincidence of the two surfaces, 
and C shows conditions when oxidizing 
conditions penetrate below the deposi. 
tional interface. [After Krumbein and 
Gnrrels (1952). Copyright by the Uni. 
versity of Chicngo.J 

(from Krumbein & Sloss 1963) 

Eh surface may lie some distance below the depositional surface as shown in 

Figure 53C. This implies that depositional changes do not occur until the 
sediment has been buried to a depth sufficient to bring it below the zero

value Eh surface. These figures may imply that early diagenesis is most 

promi nent where the zero Eh surface coi nci des with the depos iti ona 1 
interface. 

Pettijohn et ~., (1972) offered a diagrammatic representation of 

six stages to which a sandstone is exposed during burial. (Figure 54 on 

page 84). 

Dapples (1959) considered further simplification by considering 
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Fig. 54 . The stages of diagenesis in relation to depth of burial and increase of preSsure 
and temperature. (After Pettijohn et aI., 1972, fig . 10-1, p. 387; courtesy Springer , New 
York.) 

di agenesis as occurring in three stages. The first involves changes in the 
sediment that occur during the course of its burial. In this stage 

the sedimentary grains are moved from the depositi onal interface to a 

position slightly below the interface as deposition takes place. The 
second in rlu des the changes that occur in the early stages of moderate 

burial . The third stage is deep burial, sometimes associated with a long 

timespan. 

Packham & Crook (1960) developed the concept of diagenetic facies. 
[ach diagenetic facies is defined as including all sedimentary rocks which 

during diagenesis have developed a mineral assemblage related to a 

particuldr diagenetic environment expressed in terms of such environmental 

controls as pH, Eh, pressure, temperature, and materials present. 

Diagenesis is subdivided into alterations that might occur before or during 

deposition (halmyrolosis) , immediately after burial (diagensis) and under 

deep-seated conditions (epigenesis). These facies are analagous to 
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metamorphic facies, starting at surface and passing down into the low-grade 

metamorphic facies. 

The Role of Secondary Porosity in Diagenesis 

As mentioned in the section on cementation (6.4 . 3 c) 
of secondary porosity has received little alteration prior to 

the subject 

1975 . It 

was recognised by Siever (1959) who used the term de-cementation to describe 

this feature. 

The de vel opment of techni ques such as cathodo 1 umi nes cence and 

sophisticated instruments such as the electron micro-probe, has : resulted in 
the identification of sllch secondary porosity that was previously 
misidentified as primary porosity (Hayes 1979; Schmidt & McDonald 1979 a & b). 
Cathodoluminescence and electron probe studies show that authigenic 

mi nera 1 s are much lower in trace element content and s how a lower 1 urni lies
cence that the detrital grains (Pettijohn et ~., 1972). 

The study of secondary sandstone porosity is very much in its infancy 
but it appears possible that secondary porosity is more abundant than 
primary porosity and is therefore of major geological significance. 

Hayes (1979) in his studies of "holes in sandstones" states that 
primary intergranular porosity and permeability of sand are greatly reduced 
and subject to total destruction in the early stages of burial diagenesis. 
It is at this stage that the processes of compaction, cementation, 
recrystallization and replacement reduce the porosity of the sandstone. It 

is also noted that the rate of porosity loss with depth is related mainly 
to original sand composition. Secondary porosity is produced by later 
stages of diagenesis through processes such as the dissolution of detrital 
and authigenic minerals. 

It has been found recently that secondary porosity must be formed 
before hydrocarbon migration if it is to serve as reservoir porosity and 
perhaps this applied in the case of uranium-bearing fluids/humates. Hayes 

notes that secondary porosity can be destroyed diagenetically but it will 
persist to greater depths than will primary porosity. (Figure 55) 
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(after Hayes 1979) 

Chemical diagenesis of sandstones is a kinetic process in which 

mineral matter is dissolved, transferred and precipitated by aqueous 

solutions moving through sandstones . The main source of water is from the 

del :atering of shales interbedded with sandstones. Reconstruction of the 
(' Ilemical evolution of moving water, of its now paths throUgh a basin and 
~i ' 2 time of migration are the keys to prc~ icting sub~urface 1istribution of 

sandstone porosity. Mathematical modelling of hydrotiynalilics and mineral 
t'eactions by means of computer simul at ioll is a promising approach to porosity 

prediction (Hayes 1919). 

Schmidt & McDonald 1979b recogrize five principal classes of 

secondary sandstone porosity that can be di1 r'!-enciated according to 
processess of origin and fabric relationship , ("i gure 56 on page 87) , 

They use a system of diagenetic reg imes that Choquette & Pray (1970) 

formulated for porosity studies in carbon at.e rocks . They are eodiagenesis 

wh ic h is a regime at or near the surface of sedimentation where the chemistry 

of the interstitial water is mainly controlled by the surface environment 
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prior to effective burial . Mesodiagenesis is the subsurfac regime during 
effective burial. Telodi agenesis represents the regime at or near the 

surface after affective buria l. Only a mino r portion of secondary porosity 

evolves during eodiagensis or telodiagenes i s and most is produced dur ing 

mesodiagenesis. Most of this can be attri buted to leaching of various 

carbonate cements. 

Secondary pores in sandstones can be object i vely described on the 

basis of their textural and genet ic aspects and a very l arge number of 
porosity-types can be defined. t1any of the textures of secondary porosity 

resemble those of primary porosity whereas other secondary textures are 

quite distinct. Schmidt & McDonald (197gb) have outlined the range of 

textures caused by secondary porosity and provided criteria by which they 

can be identified. In most instances simple petrographic criteria will 

suffice but more advanced ana lytical methods are requi red for some . 

Studies of the secondary porosities of sandstones can therefore 

reveal features about the potential permeability of the rock and hence its 

potential as a host to uranium de pos i ts. 
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FACTORS CONTROLLING THE ·GRADE AND TONNAGE OF 

SANDSTONE URANIUM DEPOSITS 

Having discussed the factors that indirectly affect the formation of 

sandstone uranium deposits (sections 5 and 6), those factors which have a 

direct bearing on the grade and tonnage of the deposits will be examined. 

7.1 FACTORS CONTROLLING GRADE 

Grade appears to be a rather loosely used term to describe that 

property of the rock which tells one the amount and quality of the poten

tially valuable minerals contained within it. In many cases the term 'grade' 

involves more than just an assay value since factors such as deleterious 

elements, grain size distribution, moisture content etc. have an effect on 

the value of the mineral element concerned . Grade is therefore a "vector 

of parameters " which when taken together indicate the amount and qualifies 

of the described minerals or elements and can be used, along with information 

about the value of the mineral products, to assess the value of the rock in 
the ground. (Di xon 1979). 

Several factors affect the grade of a sandstone urani um deposit, but 
before any of these is considered the essential rre-requisite is a l arge 

enough source of uranium that has been exposed to weathering processes . 

Tectonics would therefore be important in 0ffecting these processes. 

J..ssuming a large source of exposed uranium, the environment of 
d~position of the sand body would a ffect various factors which play an 

important role in uranium ore body formation . 

The environment determines the gra in size and sedimentary features 

of the sandstone which cont ·'ol the oe rmeability . If the environment was 

d0minated by bt'aided-stream facies the tendency would be for a sand body 

wi th a hi gh pe rmeabil ity to form, whi ch \JO ul d mean that the chances of 

ul 'an it!m fix .c tion and precipitation would he reduced . Also the chances of 

organics being present or being preserved in this alluvial environment 

are more l imited than in the high sinuosity, meandering stream environment. 

n~ envi ronment determi nes the sequences of verti ca 1 1 itho 1 ogi es 
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that will be deposited, which have a direct bearing on the permeability of 

that sequence . Interbedded units of shale and sandstone are the 

optimun hosts since solutions are confined and the constituents concentrated. 

This could result in an increase in grade, provided that there is 

sufficient adsorbent and reductant in the unit . 

The en vi ronment also governs the composit i on of each sedi.mentary unit 

which affects the grade of a uranium deposit in the following ways . The 

control of composition over the grade depends on the content of the uranium 

fixers, such as organics and pyrite . The ratio of uplift to sedimentation 

in the region would affect the state of preservation of the organics and 

therefore the amount of uranium that would be fixed . If erosion was 
dominant,a minimal amount of organics would be preserved and no matter how 

much uranium passed by in solution only a small amount would be captured . 

A similar case applies to the sulphide content of the sandstone which is 

needed to create the mobile reductants responsible for the precipitatio.n of 

the urani um. 

The clay content of the sandstone would govern its permeability . 

This would be essential for reducing the flow of the aqueous solution so 
that the uranium would have time to be adsorbed onto the organics . If the 

permeability was too great, the uranium would be flushed away before it 

.coul d be adsorbed. The cl ays coul d also be a urani um adsorbent though 

most workers feel that the clays playa limited role in this sphere. 

The carbonate content of the host rock also has an effect on the 

grade of the deposit from a metallurgical pOint of view. 110st methods of 

extracting uranium from the ore incorporate an acid leach . If the ore 

contains a high carbonate content then more acid than normal is used, thus 

increasing the cost of processing the ore and therefore indirect ly 
lowering the grade of the ore. If the carbonate content of the ore is 

abnormally high, it might necessitate the use of an alkali leach method 

which in cases of ore with normal amounts of carbonate (2 - 5 per cent calcite), 

is more expensive than the acid leach method. 

In some cases, elements like molybdenum and vanadium are extracted as 
by-products and their presence consequently increases the grade of the ore. 

However, over the years the specifications for yellow cake uranium 

concentrates have gradually become more restrictive. As a result elements 
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such as molybdenum , vanadium, phosphorus, sodium and also sulphate are 

regarded as contaminants. If the amounts of the elements are sufficiently 

high in the concentrate to warrant further treatment or payment of penalties 

then these elements would be regarded as deleterious products rather than 

by-products. 

The composition of the sandstone will also govern its primary and 

secondary porosity wh i ch would affect the equilibrium of the proportions of 

the parent urani um isotope to its daughter products. Equilibrium is 

attained in a radioactive series when all the daughter products decay at the 

same rate as they are produced from the parent isotope. Thus, at 

equilibrium, each of these daughter products would be present in a constant 

to its parent isotope. Figure 57 shows the parent isotopes and decay 
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products of the three principal naturally occurring radioactive decay series; 
the 238U, 235U and 232Th series. After a uranium deposit has been formed 

by precipitation from solution, it requires about 3 x 105 years to develop 
a complete chain of radionuclides, all of which have reached a steady state 
or equilibrium concentration. The loss or gain by geological processes of 
certain important isotopes during the more recent part of the existence of 
a mineral causes disequilibrium in the properties of the parent ·isotope to 
its daughter products. Where significant disruption of equilibrium occurs, 
the natural radioisotopes can be separated into the follo\ving major isotopes 
and groups of established equilibrium shown in Figure 57. 

Approximately 98 per cent of the gamma emission is produced by the 
radium groups, particularly 214Pb and 2148i . One of the methods of 

measuring the amount of uranium in the rock is the gamma-ray log. The gamma
ray log is a measure of the amount of 214Pb and 2148i present in the ore. 
If the ore is not in equilibrium between 238U and 2148i , calculations based 

on gamm-ray logs will be in error. The value calculated from a gamma-ray 
log is called eU 308 or gamma-equivalent U308. The calculated eU308 might 
be either higher or lower than the actual U308 content of the ore, 
depending on the nature of the disequilibrium. 

Rosholt (1959) suggests that it is desirable when investigating 
. radi oacti vity anoma 1 i es that ana lys i s for 222Rn and 210 pb as well as for 

uranium be carried out to check the accuracy of the uranium and radioactivity 
ana lyses. Although it is common for the chemi ca lly determi ned urani urn 
content of a sample to be compared with its equivalent uranium (eU) 
misinterpretations can be made. Radon loss is the most common anomaly and 
may present some misleading conclusions . In extreme cases high radon loss 
completely masks the presence of the long-lived daughters that are actually 
in greater amounts than uranium itself. The eU : U ratio would indicate 
major disequilibrium with deficient amounts of daughter products when in 
fact it is the amount of uranium that is deficient. 

Similarly, a routine eU analysis will not indicate the presence of 
low energy alpha emitters when beta-emitting daughter products are not 
present in the sample. The large excess of 230Th and 231 pa is not indicated 
at all by the eU value because of the much lower 226eRa and 222 eRn content. 
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Studies of the isotope - abundance ratios of samples showing 

significant uranium-series disequilibrium by Rosholt (1959) appear to be 

resolved into certain patterns . Rosholt contends that by analysing for 
the key isotopes 238u, 235U, 231pa, 230Th , And 226 Ra one can classify 

nearly all disequilibrium samples into six categories represen ted in 
Figure 58. 

Typ~ 01 
disequilibr ium 

o 
(Perleel equilibrium) 

DoughIer· product 
deficiency 

Time - r ~j~ tecl 
doughler- pro duc t 
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Daughter- product 
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Ra 2ZS exCI'SS 

Rad iu m isotopes 
I!lclus i ~ely 20 U 

1~226 
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Fig. 58. The first fo ur rows of equivalent - abundance ratios show 
the comparison of equi valent daughter - product content to 
uranium content where the U : U ratio is autom~tically 1. 
The first three types of disequilibrium (rows 1 - 3) have 
values· of U greater than 226 eRa . The l ast three types 
have valued of 226eR in excess of U. 

(after Rosholt 1959) 

Types one and four appear to be t~e ITIost common forms of disequilibrium . 
There are two explanations for the firs t case of disequil ibrium. Uranium 

may have migrated to its present location at a time less than that required 

by its daughter products to reach approximate equilibrium (i .e. < 300,000 

years ago). The alternative is that there has been preferentially greater 
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leaching of daughter products than of uranium. Type 4 disequilibrium which 

is found in samples taken from oxidized environments, is the result of the 
leaching of uranium. The alternative is that daughter products were added 

to the rock but this is unlikely. 

These ratios are therefore be a means of determining the histo'ry of 

the deposit and the potential for the uranium to have remained in situ or 
dissolved from one part of the ore body when oxidizing ground water has 
passed thourgh it, become reduced and been precipitated elsewhere. 

Secondary porosity can therefore give an indication of the ease 
with which the oxidizing solutions could have moved through the rock and 
whether disequilibrium is likely to have occurred. 

7.2 FACTORS CONTROLLING TONNAGE 

Shape, continuity and size are the major parameters of tonnage. 
These parameters are controlled by the factors responsible for the 
generation of sand bodies but are also dependent on features such as a 
sufficient source of uranium and associated elements, a supply of 
carbonaceous material to trap the uranium, the correct ground water 
geochemical conditions for the transport of the uranium and adsorptive or 

. reactive compounds in the aquifer which might capture the uranium. 

Tectonism 

Tectonism plays an important role in the distribution of sand bodies 

and therefore in the distribution of uranium deposits . In some cases the 
relationship is indirect as in the case of Colorado Plateau and'iyoming 
Tertiary deposits and the deposits of the Texas Gulf Coast, but the stack
type deposits of the Grant ~1inera1 belt have a more direct association with 
structure . 

In the case of the Wyoming Tertiary uranium deposits the effect of 
tectonics and the resulting sedimentation has the following control 011 the 

distribution of uranium mineralization. The four major uranium districts 
are in fluvial sandstones derived from the Precambrian granitic rock of the 

Sweetwater Arch. Each district is in a different basin with a different 
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relation to the source area . Each basin possessed special structural, 

tectonic and topographic differences which affected the sedimentary pattern 

and hence the localization of mineralization. Figure 59 shows the relation 

of arches and basins . 
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Fig . 59 . Index and structure map of central Wyoming uranium province showing 
relation of Sweetwater arch, major source of sediment, and 
adjacent basins; distribution of favourable arkosic, carbonaceous 
facies; and mineralizated areas. (after Rackley 1972) 
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Renewed uplift in Eocene times caused the production of sediment 

which was tl"ansported southward into the Great Divide basin and deposited 
as a set of alluvial fans. One of the major fans is near the Crooks Gap 
mining area and another is northwest of the Lost Soldier anticline. Here 
the sandstone changes into siltstone over a very short distance which 
suggests that the anticline was rising contemporaneously with deposition. 
The mineralization occurs in the sandstones of this interval west of the 

anticline. 

Sedimeirtation 'in t he Gas Hills area of the Wind River basin was on 
an alluvial fan in which ridges of older rock disrupted the normal 
development of the fan. The Wind River basin is located north and west of 
the Sweet~later arch and for much of the 1 ength of the arch the northern 
and southern flanks of the basin are identical. While uplift of the 
Sweetwater arch and sedimentation of the Wind River basin occurred, the 
Gas Hills area remained structurally and topographically above the level 
of these activities. Near the end of this period silts and muds were 

deposited in the Gas Hills area. During the Eocene period of uplift, these 
siltstones and mudstones were partially removed and followed by rapid 
deposition of the coarse arkose which hosts the Gas Hills uranium deposits. 
The arkose sequence is predominantly the alluvial fan from one major stream 
but ridges in the form of anticlines of resistant strata protruded through 

.the fan and modified the movement of the streams and their pattern of 
depos iti on. 

In the case of the Shirley basin, ridges also has a major influence 
on sedimentation and localization of uranium. The alluvial fan which was 
building out in response to Eocene tectonism did not therefore extend 
entirely across the basin but merged with channel and floodplain deposits on 
the east. 

In the Powder River basin the initial influx of sediment onto the 
floodplain in response to the received upl ift of the Sweetwater arch 
formed a V/edge of sandstone in the \~estern part of the basin. The subsequent 
meander belt of the stream was located along the structural axis of the 

basin possibly because of a slightly greater subsidence of that area. This 
produced a sequence of broad channel -deposited sandstones that host t he 
uranium deposits in the southern part of the basin. 
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Braided streams predominated on the large alluvial fans where they shifted 

the sites about on the fan, adding sediment in radial bands . This i nterpre

tation has been obtained from studies of the predominantly coarser materials 

in simp l e lens-shaped channel fills . Ridges of older rock again disrupted the 
normal development of the alluvial fan causing the streams to deposit sediment 

and form local meanders. The deposition where meandering streams occurred 
was more complex than that of the braided streams. Flood-basin silt and clay 

are common in the eastern Shirley basin, the northern Shirley basin and in the 

Powder River basin. 

The initial influx of sediments onto the floodplain from renewed 

uplift of the Sweetwater arch formed a wedge of sandstone in the western part 

of the basin. This resulted in a meander belt developing along the structural 

axis of the basin, thus forming a sequence of channel sandstones which host 

the uranium deposits . The major sandstone units were deposited as point-bar 
sandsin cross-bedded sets . Clay-fi lled channels in sand as well as sand

fil l ed channels in clay are common in both the Shirley basin and the Powder 

River basin. Flood basin deposits are found in the easter n Shirley basin, 
predominating in the northern Shirley basin and in the Powder River basin. 

In the case of the Central Colorado Plateau uranium depos i ts 
Shoemaker (1956) suggests that although the majority of the deposits show no 

apparent re lation to fau l ts and joints, the regional structures in existence 
at the 0nu of the Cretaceous may have influenced in a broad.way the 

distribution of uranium deposits. This is suggested by the coincidence of 

the pri ncipal region of productive deposits i n the t·lorrison Format i on being 
within the region of salt anticlines. 

Kelley (1956) contends that tectonic events as far back as the 

Permian may have had a bearing on the distri~u tion of ore on the Co l orado 

r lateau . The palaeohydrology would have been affected by past climates, 

ancien t topography and therefore palaeotectonic events. Repeated changes in 
the direction of ground water flow could have resulted from orogenic 

movements and the disturbance of old structu res by the intrusion of magma 
possibly in the form of dykes. 
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In his work on the transmissivity of uranium host rocks Jobin (1962) 

believed that the major tectonic features of the Colorado Plateau 
represented zones which were the loci of greatest vertical transmissivity. 
This will be shown to be an important factor in localizing uranium deposits. 

(See 6.4.2) 

In the case of stack-type ore bodi es in t he Ambrosia Lake area, 
structure is one of the major ore controls. Ore layers commonly change 

thickness across joints or terminate against them (Figure 60). 
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Two types of unoxidized ore have been classified in the Ambrosia 

Lake area (Granger et ~., 1961); prefault and postfault in age . Prefault ore 
is displaced by Tertiary faults, is generally less than 5 metres thick 

and occurs in layered deposits which are primarily stratigaphically 

controlled. Most prefault ore appears to be in pods elonggated in an east -
southeasterly direction. Postfault ore is later than the Tertiary faulting 

and is structurally as well as stratigraphically controlled. These "stacked" 

deposits are often considerably thicker than 5 metres . 

Clark and Havenstr.ite (1975) recognize 2 types of unoxidized post

fault ore in the Ambrosia Lake area. One type is associated with abundant 
carbonaceous material while the other contains very little carbonaceous 

matter but contains a relatively high proportion of vanadium. In the first 

case the uranium and the carbonaceous material apparent ly migrated together 
whereas in the second type the uranium migrated separately . The carbon

rich postfault ore is generally redistributed along northeast-stri king , 

fra cture zones while the carbon-deficient type is controlled by north

striking fracture zones. 

In the case of the Cliffside mine in the Ambrosia Lake area, the 
prefa ult ore pods are as high grade as the peneconcordant bodies which 

suggests that both types of deposits were enriched. In the stratigraphically 

controlled ore, the enriching solutions probably followed the same channels 
as the original solutions and as a result there was not a significant change 
to the shape of the ore body. 

In the Marquez mine in the Ambros ia Lake area, the initial discovery 

was made by drilling along the trend of the Poison Canyon sandstone trend. 

The ore occurs in discontinuous lenses and pods and so it was thought that 
the ore was controlled by "tructures that could be projected from underground 

workings into areas where there was no information. In addition to dis
closing unknown ore pods the structures could be used to reduce dilution 

during mining . Much of the ore occurs immediately below or within the 
Marquez disconformity . 

The only urani um deposits that appear to be related to folding are 

those found in the Todilto Limestone, located between Ambrosia Lake and 

Grants. few ore bodies in this area are related to fau lts . (McLaughlin 
1975) 
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The broad regional faults of the area do not seem directly related 

to specific ore deposits. Gabelman (1956) noted that major clusters of 

deposits are located within broad, shallow synclines and interpreted the 
relationship as "indicating the accumulation of uraniferous solutions in 
structural sumps under the influence of gravity" .(p. 396). 

In the Cacahoula Formation of the Texas Gulf Coastal Plain t wo 
fluvial systems are present which show distinctive fluvial channel-fill, 

flood plain and crevasse splay and lacustrine facies which tend to persist 
vertically through the sequence (Galloway 1978). 

Growth faulting directly affected sediment distribution within the 
Catahoula Formation. Comparisons of sand isolith maps and fault distribution 
patterns. show that areas of we ll-deve loped growth zones are characteri zed by 
complex sand distribution patterns. These assume an "almost reticulate" 
pattern of dip and strike oriented segments. In contrast, sand patterns 
are dominantly dip oriented in areas where adjacent growth faults are 

absent. It is thought that such a disruption of the trend and vertical 
distribution of channel-fill sand facies will affect the postdepositional 
ground water flow. 

Galloway (1978) recognizes three ground water domains; an upper 
'zone of circulating meteoric waters, a lower zone of upward flow of 
expelled pore waters, with a central zone of stagnation at the confluence 
of the tWQ. The role of faults in changing the ground water flow pattern 
becomes increasingly marked as the recharge through the less permeable 
zones decreases . Faults serve as connecting zones between aquifers and can 

release excess overpressure within isolated aquifers by flow along the 
faults. 

Growth faults a,e thought to have pl ayed a more di rect rol e in the 
ore formation of the Texas deposits since the faults are regarded as the 
channelways upwhich 
bearing solutions. 
trends of the sands 

reducing HZS permeated and reacted with the uranium
Faulting also produced facies changes, modified the 

and modified the flow directions of the uranium-bearing 

fluid, which in turn affected the geometry of the mineralization. 

As mentioned earl ier permeability is an index of possible flow 
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governed by the hydraulic gradient and the cross-sectional area through which 
the flow occurs. The orientation of permeable elements will also affect 
the ground water flux and hence the location of uranium deposits. Highly 
permeable conduits that trend down the reg ional hydrodynamic gradient will 
effectively transmit more water into the subsurface than will permeable 
elements oriented at a high angle to the regional gradient. 

The flow through a permeable system may be limited by several 
factors . The rate of recharge into the aquifer is determined by a number 
of variables including slope of the shallow water table relative to the 
regional hydrodynamic gradient, permeability of the overlying unsaturated 
material, ~nd climate. If individual permeable members are isolated by 
members of a very low permeab i lity this may be a limiting factor unless 
structural breaks allow vertical flow to occur. 

The gross aquifer permeability is greatest at the time of deposition 
and decreases progressively thereafter, while recharge between less 
permeable zones is most effective during the early postdepositional phase. 
The orientation of the potential aquifers is also important with the most 
effective result parallel to the regional hydrodynamic gradient. The volume 
of water that moves through a particular zone depends on the hydraulic 
conductivity, the hydrodynamic gradient or excess head and the time involved . 
The latter two factors have a one to one relationship so that the aquifer 
with a high excess head needs less time to transmit the same quantity of 
water. The flow volume is inversely proportional to the length of the flow 
path. 

Mast and Potter (1963) in permeability experiments conducted on core 
deduced that minor textural inhomogeneit i es in the plane of the bedding 
become the domi nant factor affecti ng the permeabi 1 i ty vari ati ons in the plane 
of the bedding. Fabrics perpendicular to bedding are much better defined 
because there are stonger constraints on grain ori entation perpendicular to 
bedding than in a plane parallel to it. If tectonic features such as faults 
have been subjected to secondary cementation, they co uld in fact also impede the 
flow of solutions thereby changing the permeability of that aquifer . 

Another parameter of tonnage is the specific gravity of the rock 
that is mined. Depending on the composition of the host and its resultant 
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porosity the specific gravity will vary accordingly. If sufficient care has 

not been taken in establishing whether there is a variation of specific 

gravities throughout an ore body or what the specifi c gravities of the host 
rock are at all, the results could l ead to incorrect ore reserves being 
calculated . 

Undervaluation of the tonnage of the deposit is however not as 
serious as overvaluation which would result in unfulfilled contracts and 
a shortening of the life of the mine . 

In the case of semi-consolidated rocks hosting ro l l-front deposits 
the variat ion in specific gravity between 
of the front could be quite significant. 

the oxidized and reduced portions 

It would therefore be advantageous 
to be able to predict the trends of the areas of different specific 
gravities using the minimum amount of drilling possible. 
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CONCLUSION 
8. PREDICTION OF SAND BODIES AND CONTAINED MINERALIZATION 

A study of the geological factors affecting the grade and tonnage 

of a sandstone uranium deposit reveals that there are certain features of 

the host and mineralization which could assist in produci ng realistic ore 

reserve estimates. 

Various geophysical methods have been developed to aid i n the 
location of mineralization both in a local or regional setting, but often 

the results are inconclus i ve or ambiguous and the programme needs to be 
confirmed by drilling. Besides gamma logging, geophysics appears to have a 

limited use in ore reserve estimation . Because narrow elongate sandstone 

bodies in a shale section usually produce a compactional disto rti on in the 

adjacent shales, small density contrasts between the shale and sandstone 
may be suffi ci ent for gravity methods to identify, at shallow depths, the 

position of the sandstone. 

Geostatistical methods have been in vogue in recent years to aid 
in ore reserve estimations. Hand contouring of grade thickness values 

produces erratic trends on such maps and a Krigin~ method has been 
to produce smoother contours while still highlighting the trends. 

if no geological interpretation is included both in the data input 

and the interpretive stage, the exercise is meaningless. 

derived 

However, 
stage 

Sandstones possess a feature which is termed stationarity by 

statisticians and which means that variograms inferred from the data are 

representative of the orebody as a whole. However , for t hese results to 
have any value the geological input is essential. This means that overall 

it is the geological criteria that will be relied on to predict the shape 
of the sand body and the distribution of the mineralization within it . 

There are only a limited number of techniques for locating new 
sandstone bodies but these may be applied both on a regional and a local 

scale. They are fairly obvious techniques and entail very detailed surface 

mapping of the outcrc·p to ascerta in features such as grain size, vertical 

sequences indicating facies types, secondary porosity, and directional 

structures. These should then be supplemented with subsurface data in the 
form of drill core so that permeability tests can be carried out on the 
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relevant sections. Both structure and palaeotopography may be used si.nce 

these have an effect on fluvial distribution. Facies models seem to have 
the most potential for locating sand bodies. However, as Jackson (1977) 
points out, only portions of the vertical sequences survive erosion which 

makes facies prediction very tentative. As more descriptions of various 
facies models are published, computer simulation of sandstone distribution 

within a basin would seem to be the next step in the development of the 
facies-model concept for sands. 

The work by Leopold & Wolman (1957) and Schumm (1960) to quantify 
channel morphology is an aid both to estimating the size of the river and 
the sand bodies within the. system as well as predicting the sites for 
further sand bodies. Knowledge of the thickness of the sequences and their 
silt: sand ratios can be used to estimate channel depths and hence the 
width of the river . In some alluvial sand bodies the curvature of the 
meander can be determined by careful mapping along the edge of the body 

and the stream width estimated. If one could somehow estimate the mean 
velocity from the grain size and stratification one could attempt to 
attempt to estimate the palaeodischarge. 

The prediction of the elongation and lateral extent of a known 
sand body is less difficult than locating an unknown sand body. One 

. approach is to study the orientation of other sand bodies within the same 
basin and use this as a guide. Generally this is a sound strategy because 
the palaeoslope in many basins was stable for appreciable periods of time 
and as a result, the orientation of sand bodies would change very little 
in successive cycles . 

Cross-bed orientation is one of the prime tools fo r predicting 
downstream trends. It may also be possible to predict the maximum and 
minimum directions of its anisotropy. 

Lowell (1955) found that when plotting the dip direction of 

cross-strata and plotting Ilistograms and vector resultants.the palaeostream 
flow directions could be determined. This is the direction of maximum 
porosity and hence the direction along which uranium ore bodies and the 

alteration haloes that surround them are most likely to be found . The 
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plotting of the sedimentation structural features defines intersections of 

ancient systems and these localities appear to be f avourable loci for the 

deposition of uranium ore. 

There is no evidence to suggest that the ore solutions travelled 

through a sing l e ancient stream scour in a mineralized region; 
they percolated through a network of ove r lapping cha nnels - the 

rather, 

optimum 

paths of maximum permeability. Therefore,groups of cross-stratified 
directions each of which indicates a local direction of paleostream flow, 

have greater significance than individual directions in projection of 

pa 1 atos ~re am flow - the path of greates t permeabil i ty and hence urani um ore 

trends. A method of grouping cross-strata data dip directions is al so 

useful in determing on t he regional scale patterns of ancient stream flow. 
There are cases where reversed trough cross-bedding readings occur dud they 
are explained as alternating directions of flow through channels at the 

confluence of streams at times of f l ood (Lowell 1955)(Figure 61) . 

A 
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Fi g . 61A Sketch showillg divergent directions of dip 0 11 oppos ite s ide ... ur a 
crough cross sect ion. 

Fiq. 618 Sketch showing confluence of st reams and areas wht'rc currl'11I 
i1i rcctions reverse during floods, 

(after Lowell 1955) 

In mapping several mineralized areas i n detail, a similarity inthe 

ratter of diverging current directions was noted around the orebodies. This 
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repeated pattern appears to occur always at the junction of two consistent 

currents (Figure 62). There appears to have been an increase in turb ulence 
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Ff 9 ~',.6 2 Orientation of primary sedimentary structures, Three Point Mesa, 
Apache County, Arizona. 

(after Lowell 1955) 

at this site resulting in a different type of material being deposited . The 

type of trough cross-bed in this area is therefore modified and there is a 

localized increase in the percentage of sandstone over mudstone as well as 

the development of diagonal mud bars . (Figure 62) 

Shifting channels at these intersections appear to have favoured 

rapid burial and preservation of logs and plant debris . These factors may 

also have indirectly favoured mineralization through creation of favourable 

permeability as well as by the accumulation of organic material which later 

became the precipitating agent. 
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Stokes (1952) describes a concentration of mineralization in the 

Thompson district in broad meander curves where intersections of crescentic 

channels were common. On the basis of earlier fieldwork he advanced the 

idea of sedimentary uranium controls. 

A decrease in velocity of movement of the uranium-bearing solutions 

is asswned to have favoured uranium precipitation. The interstitial 

velocity of mineralizing solutions would have decreased as the permeability 
of the rock through which they passed, increased. The sorting of the 

clastics tends to improve and hence the permeability of rock tends to be 
greater at the locality where the depositing currents changed from lower to 

higher velocities (Illies 1949). Different velocities of the ancient 

currents are reflected by different types of cross-bedding which can be 

identified in the field. ~y identifying the types of stratification, 

the relative permeability of the rocks can be compared and hence the 

potential for uranium-bearing origins can be determined. This is based on 
the a~sumption that all other factors affecting deposition remain constant . 

This method has been shown to save unnecessary drillino which might have been 
expended in "hit - or -'miss" drilling behind a mineralized outcrop. 

The limiting factor of this technique is that the sedimentary 

structural features mapped are divergent in direction, both in any specific 
horizon and between horizons. As a result the projection of trough cross

bed data is only reliable for 50 - 100 metres in extent. 

Stratifications of modern sands 

Harms, MacKenzie & r·1cCubbin (1963) in their studies of two modern 
point-bel's showed the following charactel'istics. 

The types of stratification obs erved i ncluded trough-shaped and 

tabular sets of cross-strata and horizontal lamination (Figure 63 on page 

107 . The most abundant type is trough-shaped cross-stratificat ion which 

are present on two scales . Tile large sets : .. " average thicknesses: width 

length dimensions of 3 : 15 .5 m and the small sets ("rib and furrow") have 

dimensions 2 : 10 : 20 cm . The surface expressions of the small sets appear 

to be cuspate ripples. The axes of the large and small trough-shaped sets 

have a strong preferred orientation parallel to be local stream-flow 
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HOiIIONT~l ANO VEi'/CA! 
SCAlE 
>--< 

ONE FOOT 

Fig. 63 Block diagram showing large and 
small trough-shaped sets of cross
strata. On ly the two small sets 
marked a and the two large sets 
marked b show traces of 
stratification plans within sets. 
Cuspate ripples are shown on 
uppermost surface of block. 

(after Harms, McKenzie & ~1cCubbin 1963) 

The resu l tant vectors obtained by s umming observations on individua l 

cross-stratification plans within large sets also pOint downstream, but 

have mu ch weaker magnitudes because of the variability associated with 

the diverse orientations of cross-strata within any individual se t . 

Spoon-shaped depressions on the surface of the bar, oriented with 

the tips of the "spoons" pOinting downstream may represent scours 

incompletely filled with large trough-shaped set of cross l ami nae . At the 
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upstream end of one of these scours, cross-laminae in the upper part of 

the sand that portially fills the scours are "overturned" downstream . The 

deformation before deposition of any overlying strata and probably during 

subsidence of river level. 

Work by Roach & Thompson (1959) on the Peanut mine in the Salt ·Wash 

member of the Morrison formation of the Colorado Plateau has shown that the 

sedimentary structures, particularly the trough cross-laminations have 
influenced the localization of the ore and the pattern of oxidation of 

individual ore bodies. 

The shape of the ore bodies conforms to the outlines of trough 

cross-beds which appear to be best developed on the flanks of the 
channels. The most common form is produced by the intersection of three 

cross-beds resulting in a "festoon solid". (Figure 64) 

IJ \0 FEeT 
I I 

Fig. 64. Diagrammatic sketch of a festoon solid, showing 
fes tOO!1 surfaces under whi ch ore occurs. 
Numbers indicate order of formation of 
surfaces. Shaded areas represent roof of 
festoon solid under which are J~curs. 

(after Roach & Thompson 1959) 

The are bodies are contained within these festoon solids and are 

found only in the part of the festoon solid having structural closure and 

large ore bodies nearly fill a festoon solid but most ore bodies are smaller 

and occur in the upper portion of the structure. Some "festoon solids" are 
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skewed rather than symmetrical. Some of the most common forms are shown in 

Figure 65. 

A. SYMhlETR !CAL FESTOON SOLID 
CROSS SEC T ION 

C. ORE BODY IN PESTooN SOUD 
WITH · SATElLlTE"" 

CROSS SECTION 

B. SYMMETR ICAL FESTOON saUD 
LONGlTUD IN"L SECTION 

O. SKEWED FESTOON SOLID 
CROSS SeCTION 

E. COALESCING FESTOONS; COMPOUND ORE BODIES 
CROSS SECTION 

EXPLANATION 

o 
Banen $ondstone 

o 10 F .... ' , , 

~ 
~ 
Mudstone 

Fig . 65 . Various types of festoon solids and 
their relation to ore bodies. 

(after Roach & Thompson 1959) 

It can be seen from the generalized cross-section of a cluster of 
closely spaced, coalescing ore bodies that the prediction of the location 

and extent of ore bodies is imposs ible wi thout the recognition of the 

relation of ore bodies to the trough cross-bed surfaces . In this case, 
mining methods were adapted to the controlling i nfluences of these cross

laminations and a number of ore bodies were located wh i ch otherwise might 

not have been discovered . 

Permeability measurements were cnrried out from various positions 

within a festoon solid and the finn i ngs supported by the occurrence of 
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perched water tables indicate that the trough-bedding plane surfaces are 

re l atively impermeable. A thin clay seam i s commonly present along this 

surface which increases the impermeability normal to the bedding more than 

a hundred times in the direction parallel to bedding. 

t·lost of the ore bodies of the Peanut mine are unoxidized but even 

though the regional water table is several hundred feet below there are 

cases where oxidation does occur. Figure 66. 

BARRE~ SANDSTONE BARREN SANDSTONE 

FRACTURE 

CROSS SECTION 

e'XPLANAT10N 

IIllIIlll 
limonite stains V(lY) Minorols, and notlve selen'iurn 

TYVyomvnite and poscoil!! Unoxidi:l:ed oro 

Y(1V). VM Mlnorols Ley,l of waler bofore mining 

Fig. 66. Pattern of ox idation of a typical 
ore body in the Peanut mine, 
t·10 ;ltt'0:o Country, Colorado. 

The controlling influenre of the trough cross-beds on oxidation 

ilppears to be due to the re latively impermeab le basal trough cross-bedding 

surfaces. After the regional water table was lowered,perched water tables 

were formed " y the impermeable surfaces ilnd the ore bodies contai ned in 
standing water thus restricting the oxidation to the upper portion of the 
ore bodies. 

In the Homestake - Sapin deposits of the Ambrosia Lakearea where 

redeposited stack deposits occur, the structural control of redeposition 

h~s provided a means of locating mineralization . Thi s is done by the 

pl'ojecti on of the stri ke of the fractures from an area of known occurrence 
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to a previously unexplored area. Exploration downdip of roll deposits 

and diagonal to the strike of the fractures has located large masses of 

ore. 

A final feature which should be taken into account in delineating a 
uranium body is the effect of postdepositional deformation. Qidwai & ' 
Jensen (1979) suggests the following information should be ascertained 
before drilling. 

A tilt correction should be applied to the palaeocurrent data where 
the dip of the beds exceeds 100

. The palaeocurrent direction should be 
inferred and a relationship established between the palaeocurrent direction 
and the postdeformational dip of the sand body. Based on the depositional 
environment the expected position of the fine clastics in relation to the 
sand body should be predicted. The borehole should then be sited to take 
into account the direction of movement of the ground water, the elongation 
direction of the sand body, the postdeformational dip, and palaeocurrent 
direction of sand bodies and associated lithologies. Figure 67 on page 112 
summarizes the potential continental depositional environments while Figure 
68 on page 11 3 shows the approach to locating mineralization within a sand 
body. 

In conclusion the examples quoted in this section illustrate the 
importance of a good understanding of the mechanisms involved in the 
formation ,of a uranium deposit as an aid to the location of new ore bodies. 
The same concepts can be used in the calculation of the grade and tonnage 
of a uranium deposit . Drill hole information will supply data which if 
used in combination with the knowledge of the various interrelated factors 
affecting t he formation of the deposit,will enable one to make a realistic 
determination of the ore distribution and its continuity. 
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