
*#"' 

A 

Report No. FP.-7. 

<SS2111$> 

MINERALS RESEARCH LABORATORIES 

DIVISION OF MINERALOGY 

Chemical ore genesis models for the precipitation of 
Carnotite in Calcrete. 

By A. W. Mann 

I 

October, 1974 



A 

F<eport No. FP. 7. 

C S I R 0 

MINERALS RESEARCH LABORATORIES 
DIVISION OF MINERALOGY 

CHEMICAL ORE GENESIS MODELS FOR THE 
PRECIPITATION OF CARNOTITE IN CALCRETE. 

By A.W. Mann 

October, 1974. 



CHEMICAL ORE GENESIS MODELS FOR THE 
PRECIPITATION OF CARNOTITE IN CALCRETE. 

By A.W. Mann 

INTRODUCTION 

Carnotite, K2(UO2)2V2°8• } H2°' i s a n oxidized, secondary 
mineral or uranium and vanadium of common, and recently economic 
occurrence in the Murchison of Western Australia. Almost uni
versally it occurs as a concretionary deposit, in or near cal-
crcte, a term used to describe "those limestone deposits asso
ciated with fluviatile valley-fill sediments that occur in both 
broad fossil valleys and existing trunk drainage systems" 
(Soufoulis, 1963). Many calcretes are probably formed as 
primary chemical precipitates of calcium (and magnesium) car
bonates from carbonate containing groundwaters, although replace
ment of fluviatile silt, sand and gravel by precipitated calcium 
carbonate has also been suggested (Sanders and Harley, 1971) 
a*i a possible mechanism for calcrete formation. In many 
calcretes precipitation is still occurring, although it is thought 
(Sanders, 1972) that the process of calcretization commenced in 
the Tertiary, the age commonly quoted for many calcrete units. 

Unlike the sandstone uranium deposits of the United 
States, on which a great deal of work has been done and for 
which a large amount of literature exists, the precipitation 
of carnotite in calcrete in areas of arid climate, such as 
exists in the Murchison of Western Australia, has received 
little attention. This is so despite the fact that there 
are at least two fundamental mineralogical differences between 
the occurrence of carnotite in calcretes and its existence as 
a mineral in the sandstone-type deposits. These differences 
are: 

(1) In sandstone uranium deposits carnotite occurs 
as a secondary accessory mineral to the reduced primary minerals 
uraninite, U02+x» cof finite UO2 (Si04) i_x(OH) 4,. and montroseite 
VO(OH) which are initially precipitated in reduction zones by 
the presence of H2S or carbonaceous material (Gruner, 1956, 
Hostetler and Garrels, 1962). In the Murchison of Western 
Australia, such reduction zones, if they exist, have not been 
found in proximity to carnotite deposits. 

(2) The suite of uranium and vanadium oxides, e.g. 
schoepite U02(OH)2/ paramontroseite VO2, doloresite 3V2O4.3H2O, 
duttonite V0(0H)2/ navajoite V205.3H20, etc. (Weeks, et al, 
1959) which are present in the sandstone deposits and which 
are formed from the oxidation of uraninite, coffinite and 
montroseite, have not been recorded as being a significant 
part of the mineralogy of carnotite-containing calcretes. 



The mineralogical differences immediately suggest 
that in arid-semi arid, oxidizing, surface environments, as 
in the Murchison of Western Australia, a different chemical 
mechanism is responsible for the transport of uranium and 
vanadium in solution and for their precipitation as carno-
tite, than is provided by the "redox front" model derived 
for sandstone uranium deposits (Adler, 1964). 

CHARACTERISTICS OF CARNOTITE-CALCRETE DEPOSITS 

Apart from the obvious contrasts with sandstone-type 
uranium deposits, there are several additional characteristics 
of carnotite-calcrete occurrences which are pertinent to 
defining a chemical ore genesis model for them. These addi
tional characteristics are:-

(1) Not all calcretes are mineralized. 
(2) in a mineralized calcrete, the mineralized zone may be 

surrounded by large areas of barren calcrete. 
(3) The zones of mineralization are usually close to the 

surface of the calcrete. 
(4) The zones of mineralization are horizontal, often 

discontinuous sheets up to several metres in depth, 
apparently related to present or past water tables. 

(5) The calcrete, or caJcrete-clay , containing the 
carnotite is porous, or at least reasonably permeable 
to the passage of groundwater and gases. 

(6) The carnotite occurs as a thin fine-grained yellow 
deposit on the surface of the calcrete or calcrete-
clay particles. 

GEOCHEMISTRY OF URANIUM AND VANADIUM 

Sources for uranium and vanadium are relatively easily 
postulated. Weathering rates of granites, which commonly 
contain 3.3 p.p.m. uranium and 40 p.p.m. vanadium (Rosier 
and Lange, 1972) are, or were during the Tertiary, sufficient 
to ensure an adequate supply of each element. Furthermore, 
it is possible to define conditions likely to be found in 
natural environments and under which both uranium and vanadium 
can be transported in solution. 

Eh and pH conditions for transport of uranium and 
vanadium under specified conditions (e.g. IV » 1 0 " 3 M , ECO3"" -
10"*M, EK = 10" 3M) have been derived from thermodynamic and 
solubility data (Evans and Garrels, 1958, Hostetler and Garrels, 
1962) and one such diagram is shown in Figure 1. Uranium is 
transported in the oxidized six-valent state as the uranyl, 
UO2 , or the uX>2(0H)+ ion, depending on pH, as shown by the 
hatched area in Figure 1. The solubility of uranium is 
influenced markedly by the presence of CO3 2", due to the 
possibility of formation of either the dicarbonate UO2(003)2. 
2H202- or tricarbonate U02(C03)3*~ complexes, which become 
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Figure 1. Stability relations among some uranium and vanadium 
compounds in water at 25°C and 1 atmosphere total 
pressure. Total dissolved vanadium species = 10"3; 
total dissolved carbonate species • 10"*; total 
dissolved potassium species = 10"3. (Courtesy 
R. GarreIs and C Christ). 
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extremely important in basic solutions. Vanadium is 
relatively soluble in either the quadrivalent or pentava-
lent oxidation state over a wide range of pH, although the 
solution chemistry of both of these oxidation states is 
somewhat complicated by the existence of a series of poly-
anion complexes, depending on the pH. In the presence of 
uranium (in the six-valent oxidation state) and K +, however, 
five-valent vanadium will be precipitated as carnotite and 
under these conditions the vanadium content of waters will 
be extremely low (e.g. at pH = 7 in carbonated water, with 
uranium and potassium contents = 10~5-49M, the vanadium 
content is < 0.165 p.p.m.) It is generally considered 
likely that vanadium is carried, for these circumstances, 
in the four-valent state, either as HV^Os -* in basic solutions 
or as VO(OH) + in neutral anil arid solutions (Evans and Garrels, 
1958). 

Present-day groundwaters in areas where carnotite 
has been, or perhaps still is being precipitated, provide a 
useful guide to postulating and evaluating ore genesis models. 
Before taking note of some chemical characteristics of such 
waters it is necessary to consider the movement of water in 
a typical aquifer of the type responsible for precipitation 
of calcrete and carnotite; a highly simplified and idealized 
example is shown in Figure 2. Rainwater incident on raised 
sections of the landscape (right hand side of Figure 2) 
percolates through the weathered zone, contacts and to some 
extent permeates the granite or other bedrock from which it 
leaches uranium, vanadium and potassium, which is carried in 
solution, perhaps under slightly reducing conditions downstream. 
It is probable in the case of vanadium and potassium at least, 
that adsorption and remobi1ization processes occur as this 
groundwater passes through clays, or hydrated iron oxides. 
Evaporation of groundwater occurs in the lower parts of the 
aquifer, as the water table moves closer to the surface. 
Calcretcs in this respect, are zones within an aquifer where 
evaporation rates are high; the calcium carbonate deposited 
is permeable permitting transport of oxygen and water vapour 
between water table and atmosphere. 

Eh and pH measurements have been made in the different 
environments identifiable with such an "idealized aquifer"; a 
selection of these was presented in a previous publication 
(Mann, 1974). Almost without exception the pH of calcrete 
zones never falls below pH = 7.0 and is usually in the range 
pll - 7.0-8.5. 

Groundwaters in contact with laterites and clays are 
invariably acidic, with some waters in contact with laterites 
having pH's lower than pH = 4.5. Uranium and vanadium contents 
of groundwaters in contact with, or near, mineralization are 
commonly in the ten to several hundred yg/1 (= p.p.b.) range. 

Equivalent to the vanadite ion, V4O9—, of Evans and Garrels, 
sincr V4O9" + H2O = 2HV 20 5". 
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Figure 2. Ideal ized and s i m p l i f i e d groundwater movement p r o f i l e for a c a l c r e t e 
containing aquifer, Murchison d i s t r i c t , Western Australia (vertical 
sca le magnif ied) . 
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A similar range of values is observed for present day waters 
in the uranium-vanadium ore environments of the Colorado 
Plateau (Phoenix, 19r>9) . Theoretically calculated activi
ties of uranium and vanadium in carbonated waters in contact 
and in equilibrium with carnotite over a range of pHs near 
neutrality are of this same order of magnitude (Mann, 1974b) , 
inferring no more than the fact that some of the natural 
groundwaters of the Murehison of Western Australia are close 
to being in "equilibrium contact" with carnotite. The 
groundwaters which originally formed the carnotite may in 
many cases have containod significantly greater concentrations 
of uranium and vanadium. 

One question of particular relevance to the present 
problem is, to what extent does calcrctc contribute to the 
mobility of uranium and vanadium? In Figure 3, the solu
bility fields derived (Mann, 1974b) for schoepite and carno
tite in carbonated and uncarbonated waters are shown. It 
is clear that the presence of carbonate in solution affects 
the pH range over which significant uranium and vanadium can 
be carried in solution in two distinct ways. For the case 
where six-valent uranium and four-valent vanadium coexist in 
solution, the presence of carbonate widens the region of 
solubility for uranium, restricted to below pH =6.5 for 
uncarbonated solutions, to the entire pH range 0-14 by 
"dissolving" schoepite at higher pH's. In the second case, 
where six-valent uranium and five-valent vanadium coexist in 
solution, and where carnotite is the solid restricting 
mobility of uranium and vanadium in uncarbonated solutions at 
pH's above 3.8, a further solubility field is formed, carno
tite effectively being soluble (at the >10~5M level) at pH's 
•7.8. Thus the presence of carbonate in water broadens the 
pH range for potential ore-forming solutions and as well 
introduces the possibility of redissolving or reworking 
carnotite itself at high pH values. It should, however, be 
pointed out that calcrete is not unique in providing carbonate 
for this purpose. In fact, any water at a given pH and in 
equilibrium with the carbon dioxide of the atmosphere, con
tains the same amount of CC^", irrespective of whether or 
not it is also in equilibrium with calcite. The calcite 
merely imposes a fixed pH (pH = 8.4 if equilibrium is 
achieved) and a value for C a 2 f activity (Garrels and Christ, 
1965). The major effect of calcrete is to provide an environ
ment with a basic pH, which when equilibrium with atmosphere 
C02 is achieved, results in a solution with a significant 
activity of dissolved carbonate. 

ORE GENESIS MODELS 
Movement of uranium and vanadium in solution from the 

source rock to the location of carnotite deposition can occur 
under a variety of different conditions as outlined in the 
previous section. These conditions are compatible with 
conditions which can be measured and/or reasonably postulated 
for groundwaters near to the surface; they are relatively non
specific in terms of defining a likely ore genesis model for 
carnotite in calcrete. What is more difficult to assess, 
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yet more demanding in terms of defining a meaningful ore 
genesis model, is what initiates the precipitation of carno
tite from such solutions and what properties of calcrete make 
it an ore-forming environment. Seven hypothetical ore 
genesis models will now be considered, the aim being to 
assess the chemical implications of each and the likely 
application of each to the precipitation of carnotite in, or 
near calcrete. 
Model 1. Separate uranium, vanadium groundwater aquifers. 

This simple model suggests that uranium and vanadium 
are carried independently to the site of deposition, uranium 
in one stream as UC>2(0H)* and vanadium in the other, as either 
V0(OH) + or HV205~. Where these aquifers meet, the solubility 
product of carnotite is exceeded and carnotite precipitates. 
The major objection to this model, is that carnotite often 
occurs in calcrete within a single major drainage channel 
which does not appear to have subsidiary drainages entering 
close by to the region of deposition. Whilst it is conceiv
able that for example, drainaqe from neighbouring laterites 
could provide small vanadium rich contributions to the main 
aquifer, regions of carnotite mineralization cannot always be 
significantly correlated with such marginal areas of calcrete. 
Model 2. Change of carnotite solubility with change in pH. 

This model is based on the change in solubility of 
carnotite in either uncarbonated and carbonated waters, as a 
function of pH (Mann, 1974b) . The diagram showing uranium 
and vanadium contents of carbonated water in equilibrium with 
carnotite at different pH's, is shown in Figure 4. As an 
example, let us consider a hypothetical solution containing 
lCT 5- 6 0 moles/litre uranium (= 0.60 p.p.m.), vanadium 
(= 0.15 p.p.m.) and potassium (= 0.11 p.p.m.) The species 
UO2(0H+), H2V04" and K + could remain in solution at these 
levels, without precipitating carnotite, as long as the pH 
remained below pH = 5.0 (line A-A in Figure 4), a value not 
uncommonly observed e.g. in laterite environments. However, 
if this solution moved to a pH above pH 5.0, i.e. into a 
calcrete, carnotite would precipitate. If the pH further 
rose above pH 7 (line B-B in Figure 4) and equilibrium with 
CO2 of the atmosphere was still maintained, carnotite could 
be redissolved, reworked and if the pH again fell below pH 7, 
redeposited again. The possibility that carnotite deposits 
in calcrete are in fact transitory, thus exists. Their 
permanence could be dependent on such factors as the rate of 
dissolution of carnotite and it is significant in this respect 
that carnotite is often observed to have a thin silica coating, 
which may in fact inhibit its dissolution. 

This model, and particularly the data used in the 
present example, suggest that carnotite is likely to be 
precipitated within calcrete only where the pH is in the range 
5.0-7.0, i.e. where true equilibriiLn with calcite has not been 
achieved. This suggests that carnotite should have been 
originally formed on the upstream and lateral margins of 
calcretes, rather than downstream where the pH was high. 
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Pigure 4. Total uranium and vanadium content of 
carbonated water in equilibrium with 
carnotite, K2(U02>2V20s.3H20, as a 
function of pH. 
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It does not necessarily suggest that this is where it will 
be found, since the carnotite once deposited could be at. 
least temporarily protected against dissolution whilst the 
calcrete continued to develop. 

The major factor to establish with respect to this 
model are whether calcretes provide the only neutral-alkaline 
environment within aquifers in the Murchison of Western 
Australia and if not, does carnotite also occur in these 
neutral-basic environment?. The model does not explain 
why carnotite mineralization is often apparently related 
to past or present water tables within calcrete. 
Model 3. Evaporation of groundwater. 

In this model, carnotite is supposedly precipitated 
from solution as a result of evaporation of water from the 
aquifer causing, in turn, an increase in activity of K +, 
H2VC>4~ and U02(0H) + ions above the critical values required 
to exceed the solubility product of carnotite. Loss of 
water from an aquifer by evaporation can occur both by 
surface evaporation from salt lakes and salt pans and by 
sub-surface evaporation from the capillary zone above a 
water table lying close to the surface. In this respect 
calcrete could provide a preferential deposition site for 
carnotite because of its permeability and capability for 
water loss by evaporation in which case the thickness of 
carnotite deposited may well be correlated with the zone of 
capillarity above a fluctuating water table. This model is 
consistent with observations that carnotite is precipitated 
to form layers at or near past or present water tables in the 
lower parts of drainage channels. By this theory, since the 
precipitation of calcium carbonate to form calcrete is 
probably initiated by this same mechanism, calcrete is only 
circumstantially related to carnotite precipitation, being 
merely an indicator that the groundwater is or was in a 
saturated condition with respect to the ions involved. 

However, if the model is correct, it might be expected 
that carnotite would also be found in the lower parts of 
crainage channels which were very saline but contained little 
calcrete, and in particular as widespread deposits in all salt 
lakes into which uranium and vanadium containing waters drained. 
Carnotite does occur in selected sites on the margins of some 
salt lakes, e.g. Lake Way and Lake Maitland; its occurrence 
in salt lakes, however, is by no means universal. It might 
also be predicted, if this model were correct, that there would 
be a significant correlation, in any one aquifer, between 
mineralized zones and groundwater salinities. It must at 
the same time, however, be stated that the existence of such a 
correlation would not necessarily prove the model correct since, 
once again, the two factors may be only circumstantially 
related. According to this evaporation model, ponding in the 
ancient drainage channels could provide excellent circumstances 
for solution evaporation, and the geomorphology of the aquifers 
at the time of carnotite formation would in all probability have 
had a great influence in determining the location of mineralization. 
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Mode 1 4 Local increase in potassium activity. 
The potassium content of qroundwater is a function 

of both the weatherinq rate of potassium minerals, e.g. 
K-feldspar, and the extent of potassium fixation by 
adsorption onto colloids, e.g. ^203 and by exchange onto 
clay minerals such as illite. Calcretes contain variable 
but always significant amounts of clay minerals, principally 
kaolinite, illite and montmorillonite, and it is perhaps 
reasonable to suggest that their presence is a local 
controlling factor on potassium icn acitivity in solution. 
On closer examination this suggestion loses some appeal. 
The cation exchange capacity of clay minerals increases 
with pH (Grim, 1968) , which suggests less K + would be 
present in the neutral-basic pH's of calcrete waters than in 
water in acid environments. In addition it has been shown 
that the Ca/K ratio for ions adsorbed onto kaolinite, illite 
and montmorillonite, decreases with increased concentration 
of a contacting chloride solution (Marshall, 1964), i.e. the 
exchanger takes on more potassium and less calcium as the 
solution concentration increases. This means that an 
aquifer steadily increasing in ionic strength and salinity 
with distance from its source, would progressively give a 
greater proportion of its K + to the clays as it proceeded. 
Unless the adsorbed K + on clays were able to provide a 
localized nucleating surface for carnotite precipitation, by 
some process not yet understood, a direct and local potassium 
ion activity increase seems unlikely as a trigger to carno
tite precipitation. 

Model 5. Change in partial pressure of carbon dioxide. 
As stated earlier, the carbonate content of water 

influences greatly the solubility of uranium, due to the 
formation of uranyl carbonate complexes. In general we 
expect aquifers entering calcrete zones to take a more 
basic pH, an increase in carbonate content, and thus to be 
able to hold in solution more uranium than non-calcrete 
regions. There is, however, one set of circumstances 
which can be postulated, for which a decrease in carbonate 
content might occur in the lower part of a calcrete drainage 
channel, thus providing a mechanism for carnotite deposition. 

Rainwater or acid groundwater percolating through 
rock and contacting any carbonate rock at depth, can achieve 
a higher carbonate content at any given pH than the same 
solution at the surface, because of a greater total con
fining pressure and PcOo* Under such conditions the high 
carbonate content can ensure significant solubility for 
carnotite (see Figure 4) and high concentrations of both 
uranium and vanadium could be carried simultaneously without 
precipitating carnotite. On moving down the aquifer this 
solution is likely to come closer to the surface, the con
fining pressure decrease, carbon dioxide exsolve, the car
bonate content decrease and carnotite precipitate. It is 
perhaps significant that calcium carbonate deposition in 
calcretes might be controlled by a similar mechanism. 
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Carbon dioxide pressure is a ciitical factor in the preci
pitation of calcium carbonate, long recognized for example 
in the formation of stalagmites and stalactites in lime
stone caves. The equation for the precipitation reaction 
can be writ ton 

C a 2 + + 2HC0 ~ = CaCO + H 20 + C0 2 

Any decrease in PQQJ will cause the reaction to be pushed 
further to the right hand side, precipitating more CaC(>3 
and, incidentally, increasing the pH. The fact that carno
tite is associated with calcrete suggests that carbon dioxide 
might be a common precipitation control. 

However, if this model were correct we might expect 
to observe carnoiite in other (non-calcrote) near-surface 
environments wherever the opportunity exists for ground
water, initially from depth, to reach the surface. The 
location of mineralization would be determined principally 
by physical factors - the depth to which groundwaters pene
trate, rock porosities and aquifer profiles. To the 
extent that carnotite appears to occur generally in a 
particular chemical environment, a chemically specific ore 
genesis model appears more likely. 

Model 6. Dissociation of uranyl carbonate complexes. 
The uranyl ion, U02^+» is in equilibrium with its 

carbonate complexes, according to the reactions 
U 0 2

2 + + 2C0 3
2~ + 2H 20 = UO 2(CO 3) 2.2H 20 2" 

and 
U 0 2

2 + + 3C0 3
2" = U O 2 { C 0 3 ) 3

4 " 
One possible mechanism for carnotite precipitation is that 
uranium is carried in a vanadium and potassium containing 
solution in significant amounts as either of these two 
carbonate complexes, which subsequently, due to a change in 
some external parameter, dissociate producing uranyl ions 
in sufficient concentration to exceed the solubility product 
of carnotite. 

Change in pH is one possible external influence which 
could alter the stability of the carbonate complexes. However, 
in application to the particular case of carnotite precipitation 
in calcrete, this appears to have doubtful relevance since, as 
shown for the idealized case in Figure 2, the most usual pH 
change down an aquifer is to one of higher pH in calcrete 
where uranyl carbonate complexes are in fact more stable. 

Dissociation of uranyl carbonate complexes (by the 
reverse of the reactions shown above) will also occur if, for 
any reason, there is a decrease in carbonate ion content of 
solution. This is likely to occur in, or near, a calcrete 
by the precipitation of calcium carbonate where the groundwater 
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has become supersaturated with respect to calcium and car
bonate ions. The increase in U0 2^ +# which results from 
either of the foregoing reactions being pushed further to 
the left hand side, will result in the precipitation of car
notite if vanadium and potassium are in sufficient concen
tration for the solubility product of carnotite to be 
exceeded. In this case there is a direct chemical explana
tion for the association of carnotite with calcrete. 

Against this model, for all its apparent chemical 
sense, is the commonly held view that carnotite, in many 
cases, has been precipitated subsequent to the calcrete 
formation. This is well supported by the observations 
that carnotite occurs most often as a coating on calcium 
carbonate and clay particles, and that zones of carnotite 
mineralization appear to bear a relationship to past or 
present water tables. 
Model 7. Redox controlled precipitation. 

All of the previous models have one, perhaps limiting, 
feature in common - uranium and vanadium must be transported 
in solution at very low activities in the oxidized U(VI) and 
V(V) states, the actual activities at any pH being limited by 
the solubility product of carnotite as shown in Figure 4. 
However, as Figure 3 indicates, high concentrations of uranium 
and vanadium can be carried together in the one solution, if 
vanadium is carried in the V(IV) oxidation state, either as 
VO(OH) + or HV205~ depending on the pH. This suggests that 
the oxidation of either of these species to the five-valent ion of 
vanadium, H2VO4", which is required for the precipitation of 
carnotite, could initiate carnotite precipitation. The redox 
potential or Eh for this to occur is close to what might be 
expected for slightly reducing natural environments. Prelimi
nary laboratory experiments suggest that natural waters in the 
Murchison would be capable of accommodating either V(IV) or 
V(V) depending on local minor adjustments to either Eh or pH. 
In Figure 5 the experimental Eh-pH curve for a vanadium V(IV) 
solution (full line) is shown compared to the Eh measured for 
a natural water at different pH's (dotted line). If this 
water contained vanadium V(IV), uranium U(VI) and potassium in 
sufficient concentrations at a pH less than 5.3, carnotite would 
precipitate either as the pH rose above 5.3 as the intersection 
of the two curves indicates or if the water was oxygenated at 
constant pH. The full implication of this model is: 

(i) that uranium is carried as U(VI) and vanadium as V(IV) in 
a water which is slightly reduced due to initial passage at 
depth through, for example, a sulphide environment, 
(ii) as this solution either contacts an environment with a 
higher pH, e.g. calcrete, or migrates towards the surface 
whereby the oxygen content is again raised, or by a combination 
of both, vanadium is oxidized from the four to the five-valent 
oxidation state, by either of the redox reactions -

VCXOH)* + 2H 20 - H 2V0 4" + 3H + ••• e" 



14. 

10 

08 

06 

v(M\Vanadium 
.solution 

04 
Eh(v) 

02 

^ ^ L Way wQter 

o 

01 
- i 
TO PH 

8 

Figure 5. Experimental Eh-pH curves for a vanadium 
V(IV)-V(V) solution and a water sample 
from Lake Way (Western Australia). 
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HV~0 ~ + 3H o0 = 2H-V0 ~ + 3H + + e~ 2 5 2 2 4 
depend ing on t h e pH. 

( i i i ) Upon o x i d a t i o n of vanadium t o t h e f i v e - v a l e n t s t a t e 
t h e s o l u b i l i t y p r o d u c t of c a r n o t i t e i s exceeded and c a r n o 
t i t e p r e c i p i t a t e s by t h e r e a c t i o n 

2U0 2 (OH) + + 2K+ + 2H 2 V0 4 ~ + H 2 0 = K 2 ( U 0 2 ) 2

V 2 ° 8 * 3 H 2 ° 

+ 2H + 

This model, above all others, is able to suggest two good 
reasons why calcrete might be a favoured environment for 
carnotite deposition. Redox control over carnotite 
precipitation implies firstly that deposition will occur in a 
surface oxidizing zone within the aquifer, e.g. at or near a 
water table which is in contact with the atmosphere. 
Effectively, an activity gradient for uranium, vanadium and 
potassium is established within the calcrete by the oxidation 
of vanadium V(IV) and precipitation of carnotite near the 
surface - while these processes occur, unlimited amounts of 
uranium, vanadium and potassium can be transferred to the 
deposition zone by diffusion from the more concentrated ore-
forming solutions beneath. Secondly, because the oxidation 
of v(lv) occurs more readily at higher pH, deposition of 
carnotite will be favoured in a zone of neutral-alkaline pH, 
such as might occur for a groundwater entering, and coming 
into equilibrium with, a calcrete. The application of this 
redox model to an idealized natural calcrete environment is 
shown in Figure 6. Incoming waters to the calcrete will 
commonly have a pH in the range 4.5-7.0, the direction of 
groundwater movement in the calcrete having a small upward 
component due to evaporation. The redox boundary for oxidation 
of vanadium, shown by the dashed line in Figure 6, will be < 
further below the water table in calcrete than in surrounding 
environments, firstly because of the lower pH (as illustrated 
in Figure 5) and secondly because of the greater permeability 
of calcrete for transport of oxygen to the water table. Above 
this boundary, and providing potassium and uranium are in > 
sufficient concentration for the solubility product of carno
tite to be exceeded, carnotite will precipitate. Further along 
the calcrete, as the pH rises thereby increasing the CO3 2" J 
content of the water, the possibility for carnotite dissolution < 
exists due to the production of di and tricarbonate complexes • 
of uranium. Depending on local conditions, i.e. whether the * 
pH subsequently falls once more, carnotite maybe redeposited \ 
downstream. \ 

i 1 
CONCLUSION 

i 

It is not, at this stage, possible to state categori- | 
cally which chemical mechanism is most likely to be responsible 
for carnotite precipitation in, or near, calcrete. The correct 
interpretation of uranium and vanadium movement in groundwater 
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Figure 6. Schematic representation of the redox controlled precipitation model 
for carnotite deposition in or near calcrete (vertical scale magnified). 
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and subsequent deposition may only be possible after .» • .ire
ful and detailed evaluation of the occurrence (or non-occurrence) 
of many other uranium-vanadium complex salts, particularly those 
of calcium, e.g. tyuyamunite, (Ca (UO,) 2v"2°8" 5 ~ 8 " 5 H 2 ° ' 
rauvite, CaO. 2(J02. b\'20 20H.0 and hewettite, CaV,0 ,.9H20, all 
observed in Colorado Plateau ores (Weeks, .• t tl, 1959). 
Possibly more than one mechanism is involved in the formation 
of anv one oarnotite deposit, or, alternatively, different 
mechanisms could be responsible for the formation of different 
deposits. Perhaps apparenti/ ninor factors not considered 
above play an important part. For example, the movement of 
cirnotite in col lev da 1 fonn as a n. *" y formed precipitate may 
be such as *.o complicate a direct chemical i ntcn-iet.ation of 
the field observations, eve. tho;.4:; m laboratory soliit ions 
carnotite .ippo.ir:-. to flocouian i:>! sett J*- lapidly. Further, 
the adsorption or J,I/ of *-'-e ur.ini-rr .-olntion species onto 
the surfaces of clays, hydrated iron oxides or onto freshly 
precipitated jalci'-m carbonate r;:,.y he a factor which is not 
only important for the field exploration geologist to 
consider, but which is also vital to a chemica? understanding 
of the movement of uraniui. in natural environments. Bacteria 
could play an important part ir> producing a reducing environ
ment for the solution transport of vanadium in the four-valent 
state, and likewise photosynthesis might have been important 
in controlling P02 and Pco2 i f deposition occurred in surface 
solution environments. 

Notwithstanding these potential complications, however, 
it seems probable that some of the chemical factors mentioned 
above do play a fundamental part in the precipitation of carno
tite in or near calcrete. A redox controlled mechanism for 
the precipitation of carnotite from groundwaters seems most 
likely, both in terms of specifying a role for calcrete in the 
process, and in providing a chemical explanation for the location 
and sheet-like nature of the mineralization. 
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