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ABSTRACT

Two processes of uranium roll formation have been 
studied using current thermochemical data and computations 
of irreversible mass transfer between fluids and rocks for 
the system UOg-UOg-CaO'-KgO-MgO-FegOg-FeO-AlgOg-SiOg-HgS-SO^- 
HgO-COg. One mechanism of formation is the result of an 
oxidized, acidic, uranium-bearing groundwater (log fg = 
-30.0, pH = 6.0, log f^Q^ = -1.5, log SMy = -*7.0) infil
trating into a reduced zone in the sandstone through which 
it flows, reacting with the pyrite, biotite, quartz., feld- 
• spar, and calcite. These calculations indicate that this 
mechanism of ore formation is effective over relatively 
short distances of solution influx, as a result of rapid 
reduction of the solution through the dissolution of pyrite 
and biotite. The other mechanism studied is that of ore 
formation as a reduced, uranium-bearing carbonate ground
water (log - -68.1, pH = 9.0, log fG0  ̂=  -2.1, log = 
-5.4) flowing into and reacting with the kaolinite and hema
tite in an altered sandstone, or mixing with an acidic 
groundwater. This mechanism of ore formation suggests the 
possible localization of uranium ore deposits at the margins 
of closed saline basins containing high carbonate groundwa
ters.

viii



INTRODUCTION

Chemical processes which form Wyoming roll-type 
uranium deposits consist of reactions between circulating 
groundwaters and the host rocks. In this study, the mecha
nism of formation of these ore bodies and the composition 
of possible ore-forming solutions was examined by numerical 
simulation of solution-mineral reactions using current ther
mochemical data for uranium minerals and aqueous species.

Uranium roll-type deposits are generally character
ized as .crescent-shaped bodies occurring in gently-dipping, 
permeable arkosic sandstone units of Tertiary age. The 
sandstone host is bounded by less permeable units and is 
interlayered with silt or claystone lenses. Some deposits 
occupy the entire sandstone interval between the two imper
meable beds; others occupy only a portion of that interval. 
As seen in plan section, the ore typically occurs as tongue
shaped units extending several kilometers in length and tens 
of meters in width, while in cross-section they may be sev
eral meters high and crescent-shaped, cutting sharply across 
host rock bedding. The physical and chemical characteris
tics of these deposits have been described by many authors 
(Shawe and Granger, 1965; Adler and Sharp, 1967; Harshman, 
1968a, 1974; Files, 197 0; Fischer, 1970; Adler, 1974; and
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Granger and Warren, 1974)> as have the physical and chemical 
characteristics of the deposits of specific regions, such as 
Gas Hills (King and 'Austin, 1966; Anderson, 1969; Armstrong, 
1970), the Powder River Basin (Mrak, 1968; Davis, 1969; Dahl 
and Hagmair, 1974), the Shirley Basin (Melin, 1969; Harsh- 
man, 1962, 1968b, 1972), Crooks Gap (Bailey, 1969), or the 
Black Hills (Hart, 1968; and Renfro, 1969) .

These authors have generally noted that there are 
two zones in the sandstone associated with ore deposition:
(1) a bleached and often iron oxide-stained sandstone 
occurring on the concave side of the ore body and (2) an 
unaltered, unmineralized arkosic sandstone occurring on the 
convex side (figure 1). The bleached, altered sandstone on 
the concave side of the ore roll varies widely in size but 
is typically a few tens of meters thick, a few kilometers 
wide, and 10 kilometers more or less long (Harshman, 1974). 
It contains little or no pyrite, calcite cement, or organic 
matter, and biotite originally present in the sandstone is 
altered.

The bleached appearance is believed due to greater 
clay alteration in this zone than in the unaltered sand
stone , but, according to Files (1970), the occurrence of the 
clay minerals, kaolinite, montmorillonite, chlorite, and 
illite, is the same on both sides of the roll, suggesting
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Figure 1. Idealized cross-section through uranium ore roll, based on 
Granger and Warren (1974) and Harshman (1974).



that this mineral assemblage may not be associated with ore 
formation. The only exception which Files (1970) noted., but 
had no explanation for, is the occurrence of whitened rinds 
surrounding pink cores on orthoclase grains in the bleached 
sandstone. A zone of very bleached or limonitic stained 
sandstone, ranging in thickness from less than 1 cm to a few 
hundred meters, borders the contact between altered sand
stone and the ore zone (Granger and Warren, 1974) . This 
zone, in some cases, contains a small concentration of py- 
rite that is either obviously the altered or euhedral and 
unaltered variety. At the contact between altered sandstone 
and the ore zone, which is fairly distinct, a selenium-rich 
zone extends several centimeters into each region.

The ore zone, which generally occurs below the 
groundwater table, has concentrations of UgOg ranging from 
0.1 to a few weight percent, with the highest concentration 
occurring closest to the altered sandstone contact. Urani- 
nite and coffinite are the most common uranium minerals in . 
these ore bodies; they are found coating sand grains and 
filling interstitial spaces. Pyrite and organic material, 
up to several weight percent, usually fill interstitial 
spaces in the sandstone, while calcite forms concretionary- 
like masses. On the convex side of the rolls this uranium 
ore zone grades into barren unaltered sandstone, with ore



stage pyrite commonly extending beyond uraninite occurrences. 
Unaltered sandstone is typically light gray to pale brown 
and contains up to 2 weight percent disseminated syngenetic 
pyrite, pervasive calcite cement, and organic material.

Formation of the ore zone and associated alteration 
minerals is attributed to reactions between groundwaters and " 
the host rocks. Based on uranium thermochemical data, the 
chemical composition of these ore-forming solutions is sug
gested by Hostetler and Garrels (1962) to have pHs ranging
from 6 to 10, Eh ranging from 0.0 to -0.3 volts, and a total

- 2carbonate concentration of 10 molal, at temperatures less
o ‘ .than 100 C and 1 atmosphere pressure. Uranium found in 

these mineralizing solutions is believed to be derived, 
through leaching of either uranium-bearing Pre-Cambrian 
granite (Stuckless et al., 1977), arkosic host beds (Melin, 
1964; King and Austin, 1966; and Rosholt and Bartel, 1969) , 
or uranium-bearing tuffaCeous material in overlying beds 
(Love, 1952; and Denson, Bachman, and Zeller, 1959). It is 
generally accepted that as this uranium-bearing solution 
flowed into a more reducing environment, uranium minerals 
deposited, forming a crescent-shaped ore zone which is con
cave toward the assumed direction of flow. Continued re
solution and deposition of uranium by subsequent solutions 
causes the roll to migrate in the direction of solution flow
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and to increase in grade (Gruner, 1956; Rosholt et al.,
1964? Warren, 1971? and Warren and Granger, 1973) .

Several mechanisms for precipitation of uranium from 
the ore-forming solution have.been suggested. One method 
employs biologic activity and is based on the investigation
of sulfur isotopes of pyrite associated with the ore body.

' 3 4Such studies have indicated a sharp change in <5S values 
across the roll front (Jensen, 1958? Cheney and Jensen,
1966? and Austin, 1.97 0)1 According to this model, the iso
topic fractionation occurred as a result of the reduction of 
sulfate by bacteria, which suggests that the roll front was 
a zone of bacterial activity. Granger and Warren (1969), 
however, Showed that reconstitution of the diagenetic pyrite 
should result in isotopic fractionation of the sulfur and 
that the process of roll formation could probably lead to 
the 6S values observed, without any bacterial action. 
Studies by Warren (1971, 1972) and Cheney and Trammell (1973) 
support this chemical, non-biogenic, origin, which requires 
reactions between the solution and host rock to. produce a 
zone having a steep Eh gradient. Files (197 0) suggested a 
combined biological and geochemical origin in which pyrite 
and bacterial action reduce the solution, while Granger and 
Warren (1974) propose a geochemical origin in which a ferric 
thiosulphate complex is formed (Fe(S^O^)+), which,.when



reacted with pyrite, is thought to produce the steep Eh gra
dient at the roll front. Spirakis (1977) has recently .sug
gested that the.chemical interface is a product of a semi- 
permeable membrane formed through the deposition of clay 
minerals in the ore zone. Differential diffusion of ions 
across this membrane could produce an acid sulfate and a 
basic carbonate solution on opposite sides of the membrane.
He proposes that a pH difference across this interface 
allows ore formation in the region of the sulfate solution 
while the environment of the carbonate solution is barren.

Chemical processes that form Wyoming roll-type ura
nium deposits apparently consist of equilibrium and non- 
equilibrium reactions between circulating groundwaters and 
the host rock. A numerical simulation of these mass trans
fer reactions, in conjunction with updated thermodynamic 
data for uranium minerals and aqueous species, makes it pos
sible to predict the composition of these ore-forming solu
tions and the mechanisms of roll formation, including the 
mineral zoning sequence produced and the abundances of ore 
and gangue minerals precipitated. Through calculation of 
the molalities and activities of all species in a given 
solution of varying composition, using a numerical simula
tion of mass balance and mass action equations that define 
equilibrium conditions in an aqueous solution (Knight, 1976),.
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it was possible to determine the affect of aqueous complexes
pa uranium solubility.

Based on a series of solution equilibrium calcula
tions , combined with geologic observations compiled from 
the literature, the ore-forming solution is suggested in 
this study to have a composition similar to an acid arkosic 
groundwater or a carbonate groundwater near equilibrium with 
a pyrite-bearing sandstone. Reactions between these solu
tion compositions and the country rock, that would cause 
deposition of uranium ore bodies and the alteration gangue 
minerals, were simulated by calculation of the mass trans
fer between these groundwaters and host rock. Numerical 
methods used in this study are similar to those employed by 
Helgeson (1970) in his study of the formation of alteration 
zones associated with hydrothermal systems. The results of 
the numerical simulation of reactions between both acid 
groundwaters and bicarbonate groundwaters with the country 
rock indicate that the zoning associated with these deposits 
can, indeed, be produced by reactions with either solution.

Data required for the analysis;of uranium ore roll 
forming processes includes (1) a general description of 
these ore bodies, (2) a current data base containing the
available thermochemical data for Uranium species and min
erals, (3) kinetic data for qalcite, feldspar, and biotite.



in order to determine their relative reaction rates, and 
kinetic data for uraninite in order to calculate its rate 
dissolution into circulating groundwaters.



URANIUM THERMOCHEMICAL DATA

Thermodynamic data of uranium minerals and aqueous 
species, relevant to predicting uranium solubility.in the 
natural environments, ate compiled in tables 1, 2, and 3. 
Equilibrium constants were calculated for the hydrolysis and 
dissociation reactions Of uranium minerals and aqueous spe
cies at 25°C, 1 atmosphere, and 1 molal standard state, on

(the basis of data taken from the literature. Uranium equi
librium constants are consistent with Helgeson's (1969) data 
compilation, from which equilibrium constants for minerals 
and aqueous species other than uranium were taken directly.

Oxides and Hydroxides

The dominant uranium valence states in natural wa
ters are (IV) and (VI). They occur in solution as U+  ̂ and 

.4*4-UO2 . Fuger and Getting (1976) have recently determined the 
thermodynamic constants for these species. Their data, 
which are considerably different from previously accepted 
values (Rossini et al., 1952; Latimer, 1952; Cartels and 
Christ, 1965; and Wagman et al., 1971), were used In this 
study.

Hydrolysis of U+  ̂ has been reviewed by Baes and Mes- 
mer (1976), who also calculated the dissociation constants 

' \  ID



Table 1. Thermodynamic Constants for Uranium Solids and Aqueous Species

SUBSTANCES St
at

e S° * = %
ReferenceCa3"/deg mole kcal/n,ole kca*/mole

OXIDES, HYDROXIDES
u+3 aq -41.8)2.0 -116.910.9 -114.911.1 Fuger and Getting, 1976

U02 aq -6.i2. -246.811.4 -231.511.3 Fuger and Getting, 1976

u*4 aq -99.15. -141.310.8 -126.910.5 Fuger and Getting, 1976
UOH+3 aq -4 6. -197.92 -182.7 Baes and Mesmer, 1976

U (OH)2 + aq (-237.7) Baes and Mesmer, 1976*

U(OH)* aq (-291.3) Baes and Mesmer, 1976*

U(OH)^ aq (-343.1) Baes and Mesmer, 1976*

U(OH) " aq -392.6 Baes and Mesmer, 1976*

0 0 - aq -23.2*0.9 -243.510.4 -227.710.5 Fuger and Getting, 1976

U020H+ aq 4.51 -300.82 -276.5 Baes and Mesmer, 1976

(u o 2)2 (o h )2+ aq -561.1 Baes and Mesmer, 1976

(u o 2)3(0H)^ aq -945.2 Baes and Mesmer, 1976

u C 12.03
12.001.03

0
0

0
0

Jones, Gordon, and Long, 1952
Flotow and Lohr, 1960; Getting, Rand, and Ackerman, 1976

U°2
[Uraninite]

C 18.63
18.41
18.411.05

1
-259.3
-259.32t.02

-246.610.6

-246.7

Jones, Gordon, and Long, 1952 
Huntzicker and Westrum, 1971 
Huber and Holley, 1969
Parker, Vj B., 1977, private communication 
Fuger and Getting, 1976

U°2 Amp (-233.7) Langmuir and Applin, 1977

U°2.67 C 22.51 -284.8 -268.5 Parker, V . B., 1977, private communication



Table 1. Thermodynamic Constants (cont’d.)

SUBSTANCES St
at

e S° AH°f AG°f
ReferenceCa^/deg mole kca^/mole kcal/mole

U 3°8 C
67.53
66.

-854.5

-853.5
-804 . 
-804.

Huber and Holley, 1969
Westrum and Gr0nvold, 1959
Deltombe, de Zoubov, and Pourbaix, 1956
Seaborg and Katz, 1954

U03 C
23.57
23.6
22.97

0 -291.6 
Y -292.5

-291.6
-273.1
-273.1
-273.9

Cordfunke, Ouweltjes, and Prins, 1975 
Cordfunke, Ouweltjes, and Prins, 1975 
Jones, Gordon, and Long, 1952 
Seaborg and Katz, 1954
Parker, V. B., 1977, private communication

U03 Amp -288.5 Fuger and Getting, 1976

uo2(OH)2 C

-42.
-51.

-366.15
-368.7

-332.8±1.1 
-333.4

Drobni£ and Kolar, 19661 
Cordfunke, 1964 
Nikitin et al., 19721
Baes and Mesmer, 1976 + Gayer and Leider, 1955 
Baes and Mesmer, 1976 + Gayer and Leider, 1955 + 
Cordfunke, 1964 

Baes and Mesmer, 1976 + Gayer and Leider, 1955 + 
Drobnicf and Kolar, 1966%

U02 (0H)2‘H20
[Schoepite]

C

32.6

-436.0+2.
-438.6

-389.6+1.1
Drobnic and Kolar, 1966 
Cordfunke, 1964 
Nikitin et al., 19721
Nikitin et al., 197 2 + Cordfunke, 1964

CARBONATES
uo2co° aq 5. -406.4 -367.4 Sergeyeva et al., 1972

uo2(co3)2 aq -502.9 Sergeyeva et al., 1972

uo2(co3)"4 aq -636.4 O'Cinn^ide, Scanlan, and Hynes, 19722; Tsymbal, 19692

uo2co3
[Rutherfordine]

C
29.
21.

-405.2
-407.7

-373.4 Sergeyeva et al., 1972
Sergeyeva et al., 1972 + Drobni£ and Kolar, 19661 
Sergeyeva et al., 1972 + Cordfunke, 1964

SULFATES
uo2soJ aq 13. -455.7 -409.3 Wallace, 1967 ^

M



Table 1. Thermodynamic Constants (cont'd.)

SUBSTANCES St
at

e S° AH0^
Referencecal/deg mole kcal/raole kCal/mole

U02 (S04)2 aq 29. -671.1 -588.1 Wallace, 1967

U(S04)2-4H20 C -836.12.0 Vidavskii and Ippolitova, 1972

U(S04)2«8H20 C -1117.812.0 Vidavskii and Ippolitova, 1972

CHLORIDES
u c i +3 aq -46. -168.3 -157.1 Naumov, Ryzhenko, and Khodakovsky, 1974
u c i 22 aq -190.6 Goldenberg and Amis, 1959 + Naumov, Ryzhenko, and 

Khodakovsky, 1974
uo2c i + aq -4.5 -282.2 -259.4 Naumov, Ryzhenko, and Khodakovsky,1974

u c i 3 C (37.99) (-213.0) (-196.9) Latimer, 1952

u c i 4 C (47.4) (-251.2)
-243.3
-243.3

(-230.0) Latimer, 1952
Fitzgibbon, Pavone, and Holley, 1972 
Cordfunke, Ouweltjes, and Prins, 1976

UC1, C (62.) (-261.1) (-237.4) Latimer, 1952

UC16 C (68.3) (-272.4) (-241.5) Latimer, 1952

U02C12 C 35.98*.05 -300
-291.4
-297.2

-277 Greenberg and Westrum, 1956 
O'Hare et al., 1972
Cordfunke, Ouweltjes, and Prinsf 1976

SILICATES
u s io 4

[Coffinite]
C

(28.4) (-478.)
(-456.6)
(-452.)

Brookins,1976
Langmuir and Applinf 1977

u s io 4 am (-439.2) Langmuir and Applin, 1977

*The value taken from the reference cited has been recalculated in this study.

^The value taken from the reference cited has been calculated to zero ionic strength in this study. HU>



Table 2. Dissociation Constants for Uranium Aqueous Species

DISSOCIATION REACTIONS
log K ASR (25°C) AHR (25°C) AGR (25°C)

Reference25°C Ca3"/deg mole l,cal/n»le kCal/mole

HYDROXIDE
UOH+3 + H+ t U+4 + H20 .68±.04 

.65±.04
-36.
-36.
-33.

-11.7
-11.7
(-10.711)

-.9
-.9
-.92

Kraus and Nelson, 1955 
Baes and Mesmer, 1976 
Betts, 1955

U(OH)22 + 2H+ t U+4 + 2H20 (1.9) -2.6 Baes and Mesmer, 19761

U(OH)^ + 3H+ ; u +4 + 3H20 (4.2) -5.7 Baes and Mesmer, 19761

U(OH)° + 4H+ t U+4 + 4H20 (7.8) -10.6 Baes and Mesmer, 19761

U(OH)~ + 5H+ t U+4 + 5H20 13.0 -17.7 Baes and Mesmer, 19761

u o 2o h + + h+ ^ uo2+ + h 2o 5.8 -11. -11. -7.91 Baes and Mesmer, 1976

(U02)2 (0H)2+ + 2H+ Z 2U02+ + 2H20 5.62 -7.67 Baes and Mesmer, 1976

(U02)3 (0H)^ + 5H+ t 3U02+ + 5H20 15.63
15.4
15.42

-21.32 Baes and Mesmer, 1976 
Cole et al., 19672 
Tsymbal, 19692

CARBONATE
uo2co° z uo2+ + co3 -9.91.2 48.8 1.1 13.5 Sergeyeva et al., 1972

U02 (C03)2 Z U02+ + 2C03 -16.81.2
-17.01.2
-18.2

22.9 Sergeyeva et al., 1972 
Tsymbal, 19692
McClaine, Bullwinkel, and Huggins, 
1955 + Sergeyeva et al., 1972

uo2(co3)34 ;  uo2+ + 3co3 -21.4
-23.9
-22.1
-22.1
-22.5

30.1
30.1

Sergeyeva et al., 1972 
Klygin and Smirnova, 19592 
O'Cinndide, Scanlan, and Hynes, 
19722 

Tsymbal, 19692
McClaine, Bullwinkel, and Huggins, 
1955 + Sergeyeva et al., 1972



Table 2. Dissociation Constants (cont'd.)

DISSOCIATION REACTIONS
log K ASR (25°C) AHR (25°C) AGR (25°C)

Reference25°C Ca^/deg mole kcal/mole kcal/mole
SULFATE
uo2so ° t uo2+ + so" -3.141.03

-3.16
-2.3
-1.8

-5.H0.4

3.71

Wallace, 1967
Wallace, 1967 + Ahrland, 1951
Allen, 19582
Kraus and Nelson, 19592

U02 (S04)2 t U02+ + 250^' -4.211.09
-4.10
-2.8
-3.11

-7.010.9

5.73

Wallace, 1967
Wallace, 1967 + Ahrland, 1951
Allen, 19582
Kraus and Nelson, 19592

CHLORIDE
u c i+3 i U+4 + Cl" -.85 

— . 8 
.86 -39.5 -13.0

1.16
1.09

-1.17
Kraus and Nelson, 1950 
Sobkowski, 1961
Naumov, Ryzhenko, and Khodakovsky, 
1974

UC122 t U+4 + 2Cl" -.7 1.0 Goldenberg and Amis, 1959 + Naumov, 
Ryzhenko, and Khodakovsky, 1974

uo2c i + t uo2+ + Cl" -.38
-.22
-.21
-.24 -5.2 -1.25

.52

.30

.29

.328

Nelson and Kraus, 1951 
Bale et al., 1957 
Davies and Monk, 1957 
Naumov, Ryzhenko, and Khodakovsky, 
1974

*The value taken from the reference cited has been recalculated in this study.

^The value taken from the reference cited has been calculated to zero ionic strength in this study.



Table 3. Hydrolysis Constants for Uranium Solid phases

HYDROLYSIS REACTIONS
log K ASR (25°C) AHR (25°C) AGR (25°C)

Reference25°C cal/deg mole kcal/mole kcal/mole
HYDROXIDE
UO, + 4H+ ^ U+4 + 2H„0 <(c) 2 -4.7

-4.7 -84.0 -18.61
6.4
6.4

Fuger and Getting, 1976 
Parker, V. B ., 1977, private 
communication

UO-(OH)- + 2H+ t UO^+ + 2H-0 * *■ (c) * l
5.611.5
6.1

52.
61.

6 -11.40 
-14.0

-7.64
-8.3

Baes and Mesmer, 1976 + Gayer and 
Leider, 1955 

Nikitin et al., 19721 
Cordfunke, 1964 
Drobni# and Kolar , 1966 
Baes and Mesmer, 1976 + Gayer and 
Leider, 1955 + Cordfunke, 1964 

Baes and Mesmer, 1976 + Gayer and 
Leider, 1955 + Drobnic and Kolar, 
19661

U02 (0H)2-H20 (c) + 2H+ t U02+ + 3H20 6.010.3
-5.7

-9.83
-8.2 Nikitin et al., 19721 

Cordfunke, 1964
Nikitin et al., 1972 + Cordfunke, 
1964

CARBONATE
uo_co- t uo++ + coT 2 3(C) 2 3 -14.31.2 

(- 16.)
-14.3
-14.3

-58.
—66.

2.36
-.14

19.6

19.6
19.6

Sergeyeva et al., 1972 
McClaine, Bullwinkel, and Huggins, 
1955 + Nikitin et al., 1972 

Sergeyeva et al., 1972 + Cordfunke, 
1964

Sergeyeva et al., 1972 + Drobnifi 
and Kolar, 19661

CHLORIDE
UC14(C) - U*4 ♦ 4C1- -57.11.5 Fuger and Getting, 1976

“ 2C12 (c, * u° r  4 2C1" 10. -32.2 -23. -13. Greenberg and Westrum, 1956

SILICATE
USiO, + 4H+ Z U+4 + H.SiO. 4(c) 4 4 -7.6

-11.0
-84. -14.3 10.4

15.0
Langmuir and Applin, 1977 
Brookins, 1976

^The value taken from the reference cited has been recalculated in this study.
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for several of the uranium hydroxides.. They have the form 
U(OH)x x , with x ranging from 1 to 5. Baes and Mesmer
(1976) give the dissociation constant for UOH+  ̂ as 0.65±.04 
(reaction 1 ),

U0H+ 3  t H+ t U+ 4  >  H 2 0, (1)

a value derived frcm reinterpretation of Kraus and Nelson1s 
(1955) data. Baes and Mesmer (1976) also determined a dis
sociation constant for the species U(OH)^ by reinterpreting 
Gayer and Beider's (1957) experiments, giving a log K = -3.77 
for reaction 2 ,

U0_ + 2H,0 + OH~ t U(OH)Z, (2)
2 (e)

and combining this with reaction 3,

U0o + 4H+ t U + 2H-0 (3)
2 (c) 2

for which a log K = -1. 8 was calculated using preliminary
+4thermodynamic data for U . and U00 (N.B.S., private com-

2 (c)
munication, p. 176, in Baes and Mesmer, 1976) . . From this 
combination of reactions, a dissociation constant of log 
K = 16.0 for U(OH)g was obtained (reaction 4).

U (OH) g + 5H+ U+ 4  + 5H2 0. (4) .

Baes and Mesmer (1976) then estimated the dissociation con-
4-4 4-4- 4.stants for the intermediate U hydroxides, U(OH) 2 , U(OH)2,
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and U(OH)^, assuming a regular progression for the equilib
ria from UOH+ 3  to U(OH)~.

Recent updating of the thermodynamic constants for
+4U (Fuger and Getting, 197 6 ) gives an equilibrium constant

for reaction 3 of log K = -4.70 rather than -1.8, as calcu^
lated by Baes and Mesmer (1976). A recalculation of Baes

+4and Mesmer1s (1976) dissociation constants for the U hy-
+4droxides, using the current information for U , gives the 

constants listed in table 4.
Baes and Mesmer (1976) also reviewed the hydrolysis 

of concluding that (DO2 ) 2 (OH) and (UO^) g (OH) ̂  are
the dominant hydroxide species at 25°C. The species UOgOH"*"

. 4-+(Gayer and Leider, 1955) and (UO2 )3 (OH) 4 (Rush, Johnson,
and Kraus, 1962) are also suggested as important, but Rush, :
Johnson, and Kraus (1962) have concluded that UO2 OH is

4-{-important only at high temperature and that (UO2 )g(OH)^ 
(which they determined must have chloride ions in its struc
ture) is important only in a chloride medium, although they 
did not state the concentration of chloride necessary. The 
species (UOg)2 (OH) ^  and (UOg)^(OH)^ and their dissociation 
constants, as determined by Baes and Mesmer (1976), are 
used in this study..

Uranium oxide phases range in composition from UO^
(c)

to UO, . Thermochemical data for uraninite (U0o ) were 
. 3 (c) -(c)
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Table 4. Dissociation Constants for the 

Hydroxides
Uranium (IV)

Reaction
Log K

Baes & Mesmer Recalculated in 
(.1976) this study

UO + 
4 (c)

4H+ t u+ 4  + 2 b2;o - 1 . 8 —4.7

UOH+3.+ Iv i u+ 4  + h2o .65 .65

+4*U(OH) 2 Hh 2H+ t U+ 4  + 2H20 2 . 6 1.9

U(OH)^ + • *4* 4 14 3H Z U + 3H20 5.8 to

U(OH)° + +  , + 4  4H $ U + 4H20 10.3 7.8

U(OH)" + 5H+ Z U+ 4  + 5H20 16. 0 13.02



determined by Fuger and Getting (1976) and V. B . Parker 
(private communication, 1977); these data do not differ 
greatly from previous calculations (Jones, Gordon, and Long, 
1952? Huber and Holley, 1969; and Huntzicker and Westrum, 
1971). Since other uranium oxides vary in compositions 
which range from UOg to UOg and are not as well character
ized, the free energies of formation given by V." B. Parker 
(communication with Langmuir and Applin, 1977, p. 58), for 
the phases UO2 g-j end UO^, are accepted as the best values. 

The important uranium hydroxide phases in natural
environments at 25°C are UO0 (OH) 0 and U0>, (OH) 0 °H„0 , x ,

■ z  ^  a  1  A ( C J

(Nikitin et al., 1972? and Baes and Mesmer, 1976). Nikitin
et al. (1972) determined the equilibrium constants for
UO2 (OH) 2 \ . and ; UO2 (OH) 2 oH2c> (c) ' which were recalculated in
this study using the updated - thermodynamic constants for 

++UO2 . Through a reinterpretation of the data of Gayer and
Leider (1955), Baes and Mesmer (1976) also calculated an
equilibrium constant for U0o (OH) 0 . Their constant, which ̂ ' (c)
does not differ considerably from that of Nikitin et al. 
(1972), is used in this study, while the constant for 
U02 (OH)2 ’H 2 0 (c) from Nikitin et al. (1972) is used.
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Carbonate -

Carbonate complexes are thought to be the most impor
tant uranium complexes in natural waters (Hostetler and 
Carrels, 1962). Sergeyeva et al. (1972) performed solubili
ty experiments on UO^CO- (tutherfordine) and calculated

(c) ndissociation constants for UO^CO^ and UC^tCOg^. After re
viewing the constants available in the literature, they also

- — Apredicted a dissociation constant for UOg(COg)^ . Tsymbal's 
(1969) dissociation constant for UO^(COg)2 , when recalcu
lated to the same standard state, is in agreement with that 
of Sergeyeva et al. (1972). Tsymbal (1969) and 0 'Cinneide,
Scanlan, and Hynes (1972) both calculated a dissociation

— <4 •constant for UQg(COg) 2 , as well. Both of their constants,
when recalculated to standard state, were in agreement,
although they differ from the values suggested by Sergeyeva

- 4et al. (1972). The dissociation constant for UOg(COg)g sug
gested by Sergeyeva et al. (1972) was Tsymbal's (1969) value 
which they recalculated to standard state. Sergeyeva et 
al.* s (1972) equilibrium constant for U0oC0_ and disso-

o  =  3 (c)elation constants for UOgCOg and UOg(COg)g are used in this 
study, while the work of Tsymbal (1969) and O'Cinneide, 
Scanlan, and Hynes (1972) is used for the dissociation con
stant of UOg(COg)g4„



22
Sulfate, Chloride, and Silicate

. The dominant uranium sulfate species are UC^SO® and
UOg(SO4 ) D i s s o c i a t i o n  constants for.these Species (Ahr-
land, 1951; Allen, 1958; Kraus and Nelson, 1959? and Wallace,
1967) range from -3.2 to -1. 8 for UC^SO® and from -4.2 to
-2.7 for U0o (SO.)~ . Wallace (1967) recalculated Ahrland1s 

1 4 2
(1951) dissociation constants to 25°C and standard state and 
found good agreement between their calculated values. Kraus 
and Nelson's (1959) constants differ from those of Wallace 
(1967) and Ahrland (1951), but their paper did not include - 
an explanation of their method. Allen's (1958) constants 
also differ.from those of Wallace (1967) and Ahrland (1951). 
Wallace's (1967) calculations are believed by the present 
writer to be the most reliable, and his dissociation con
stants are used in this study. Lietzke and Stoughton (1960) 
calculated entropies and enthalpies for these uranium sul
fate species, but because they used the dissociation con
stants given by Kraus and Nelson (1959), their work is not 
included in this study.

The important uranium chloride species include
4.UOgCl , which carries uranium in the oxidized state, and the 

reduced species UC1+^ and UCl^"1" ° A dissociation constant
4"for UOgCl was determined experimentally by Nelson and Kraus 

(1951), Bale et al. (1957), Davies and Monk (1957), and
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Naumov, Rhyzhenko, and Khodakovsky (1974)„ They recorded
values ranging from — .38 to -.21. An average of these con-

+3stants, of log K = -.26, is used. For the species UC1 the 
dissociation constant of Naumov et al. (1974) is used, and 
for UCl2 + the constant of Goldenberg and Amis (1959), com
bined with Naumov et al.'s (1974) constant, is adopted.

For the uranium silicate phase, coffinite 
(U(BiO^) (OH)4 ^, thermodynamic data is available only for 
the dehydrated form, with x = 0. The AG^ for USiO^ given by 
Brookins (1976) is an approximation using the differences in 
AG£ values of the oxide-silicate pairs of zirconium, thori
um,, and, thereby, uranium compounds. Langmuir and Applin
(1977) did not state their method of calculation of the AG^ 
of USiO^. Langmuir and Applin's (1977) value is used in 
this study rather than Brookins' (1976) because of the un
certainty of his method.



KINETIC DATA

Irreversible, dissolution rates of minerals are cal
culated, in this study, using the reaction rate law 
(Aagaard and Helgeson, 1977; and D. L. Norton, unpublished 
date, 1977):

: 25a = kaSa (g/cm3 sec,

where;
2k = rate constant for phase a (g/cm sec) 

a
S = Surface area for phase a per unit volume of
. CL ■

fluid (cm? per cm^ of .fluid) 
c = concentration of a phase per unit volume of

fluid (g per cm^ of fluid) 
a . = activity of i ion

co = exponent reflecting order of reaction with
threspect to i ion

Reaction rate constants at 25°C and the order of reaction
| - dependency on ion concentrations are listed in table 5.

A reaction rate constant for uraninite is taken from
the results of Grandstaff1s (1976, p. 1506, samples L25
through L37) experiments on uraninite dissolution in solu-r

d. ctions of varying carbonate concentration. The rates ( 2L/S )dt oi
' 24
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Table 5. Kinetic Constants
Mineral i w l o g .K250C v :

g . 2 y/cm sec

Biotite^ H+ '1 .2 . ' -9.6

Quartz"*" — ■ — -20.4

Feldspar2 H+ i 1 H O 00

Calcite3 Ca++ 

C03 •

: : .5 / . 
• .5

. -5.1

Uraninite^ • • .H+ 
EC03

: i 
i

.43 '

1 -R. Kolvoord and K. Yorgason, 1972, Geochemists, ARCO, 
unpublished data.

2 Aagaard and Helgeson, 1977.
3 'Sjoberg, 197 6 .

^Grandstaff, 197 6 .
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he recorded contained, the effect of hydrogen ion activity 
and total carbonate activity, allowing the rate constant to 
be calculated us ing the relation

^curan '
. kuran = ”

H .aZC03



URANIUM SOLUTION CHEMISTRY

The effects of completing on uranium solubility in 
aqueous solutions of varying chemical composition are calcu
lated using the mass balance and mass action equations that 
define equilibrium conditions in aqueous solutions (Helgeson, 
Brown, Nigrini, and Jones, 1970; Van Zeggeren and Storey,
197 0; and Knight, 1976). Given the pH, temperature, and 
total molalities of components in a solution,'the molalities 
and activities of all species present in the solution are 
calculated.

The effect of complexing on the solubility of urani
um at 25°C and 1 atmosphere is investigated for an acidic
groundwater and for a high carbonate groundwater. Calcula-

- 1tions indicate that the carbonate groundwater, with 1 0

molal carbonate, would Carry two orders of .magnitude more
uranium in solution than the lower carbonate, acidic ground- 

—3water, with 1 0  molal carbonate, due to the greater 
complexing of the uranium carbonate species in the high car
bonate solution (figures 2 and 3). It is also noted that a 
decrease in either pH or oxygen fugacity would produce a re
duction in uranium solubility in both solutions, from log 
fg % -45 to -60 in the acid groundwater, and from log .
f0  % -45 to -70 in the carbonate groundwater.

2 27
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-4 URAN1NITE

—  6

S O L U T I O N

-8 pH = 9o>

B-O

Log 2 Mco = -3.0 
T = 25°C

70 —60 -50 -40
Log f 0j

Figure 2. Solution mineral equilibria diagram for solution 
with log = -3.0, T = 250C, P = 1 bar, a^^O ~ ,

= 1, and I = 0.1 molal.solids
Solid lines are saturation surfaces between minerals and 
aqueous solutions at varying pHs. Dashed lines indicate 
that the activities of the dominant aqueous species are 
equal. Only the dominant species in the solution are 
listed.
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URANINITE  
U0 2 (c,-2

2 - 2 Y

-4

pH = 9

SOLUTIONCD

-  8
pH=S

2 - 2 Y

U(OH)  ” Log 2 Mco = • 
T = 25° C

- 1 0

U(OH)f

-50-60 -40-70
Log f 0i

Figure 3. Solution mineral equilibria diagram for a solu
tion containing log = -1.0, T = 25°C, P = 1 bar,
aH20 = 1 ' asolids = 1 ' and 1 = O * 1 molal.
Solid lines are saturation surfaces between minerals and 
aqueous solutions at varying pHs. Dashed lines indicate 
that the activities of the dominant aqueous species are 
equal. Only the dominant species in the solution are 
listed.



Acidic Groundwater

Acid groundwaters in arkosic sandstones contain ap- 
proximately 10 molal carbonate and pH values ranging from 
6 to 8 (White, Hem, and Waring, 1963? and Paces, 1972). • 
Uranium complexing and solution-mineral equilibria are cal
culated, for a range in oxygen fugacities and pH, for these 
groundwaters. In these solutions, uranium complexes with 
hydroxide and carbonate ions are important, while those with 
sulfate and chloride ions do not affect uranium solubility 
significantly, even at relatively high concentrations of 
total sulfur and chloride.

- 5 5In reduced groundwaters (log f^ < 10 .) uranium
(IV) hydroxide species control uranium solubility (figure 
4). U(OH)g is the dominant complex in these solutions, for 
the pH'range studied (figure 5). Under oxidized conditions 
the uranium (VI) carbonate species dominate, as shown in 
figure 4. The most important uranium (VI) carbonate com
plex from pH v 5 to 7 is UC^CO^, from pH 'v 7 to 8 is 
U02 (COg)2 z and from pH > 8 is U02 (CO^)g4 (figure 6 ).

. Variations in oxygen fugacity and pH will cause ura
nium aqueous complexing to affect uranium solubility in the 
solution, as shown in figure 2. This phase equilibria dia
gram (figure 2 ) is a compilation of solution distribution 
calculations which shows variations in uranium mineral
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Figure 4. Log activity uranium aqueous species vs. log for the dominant
uranium complexes in a solution with log EMy = -4.0, log = -3.0, T =
25°C, P = 1 bar, aH2o =  ̂> and I = 0.1 molal.
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Figure 5. Log activity uranium aqueous species vs. pH depicting relative 
stabilities of uranium hydroxide species in a solution with log fQ2 = -70.0, 
log ZMy = 0.1, log EMcqi = 0.0, T = 25°C, P = 1 bar, a^pO = 1/ and 1 = 0 . 1  
molal.
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Figure 6 . Log activity uranium aqueous species vs. pH depicting relative 
stabilities of uranium species in solution with log = -45.0, log ZMy =
-4.0, log EMCO3 - -3.0, T = 25°C, P = 1 bar, 3 ^ 2 0  - 1/ and I = 0.1 molal. u>U)
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equilibria with changing oxygen fugaeity and pH. Solution-
mineral equilibrium surfaces for pHs. ranging from 6 to 9 are
indicated by the solid lines. UO^(OH)^ is the stable phase
that occurs in equilibrium with the oxidized solution, log
f > -45, while U0o (uraninite) is the stable phase in 

2
equilibrium with the reduced solution.

The maximum Concentration of uranium that can be
_ 3  7transported in this acid groundwater is 10 molal at

pH = 9 to 10 ^ ^  molal at pH = 7; under oxidized conditions
(log fn > -45), as shown in figure 2. In this environment u2
total uranium is independent of oxygen fugaeity because the
stable phase in this region, U09 (OH)- , contains U (VI), .

. . (c)
and the dominant species in this solution is a uranium (VI) 
carbonate:

U02 (OH)2 + (2-x)H+ + xHCOg % U02 (C03)^"2x + 2H20 .

• ■.■■■; ' (5)
The trend in this solution is for a decrease in pH

to produce a reduction in uranium solubility. This trend is
reversed in an oxidized solution, with log f_ > -46, at2
pH's > 7, because of the increasing importance of the urani
um (VI) hydroxide species, (U02)2 (QH)g, over the carbonate
species in the more acidic solutions.

As oxygen fugaeity decreases by 2 log units, in the
range of log f^ = -45 to approximately -57, total uranium

2



in solution decreases by approximately a log unit (figure 
2). This occurs because the stable phase in this region is 
uraninite, which contains uranium in the reduced state, 
while the dominant species in solution is a uranium (VI) 
carbonate, as shown in equation 6.

U0„ + (2-x)H+ + 0.5 CU + xHCOl t Ho0 + .
2 (c) . (g) 3 2

U02 (C03)x ~2X (6)
In this range of oxygen fugacities; a pH decrease of 1 unit
will decrease maximum uranium in solution by .7 to .4 log
units, depending on the initial pH (figure 2).

With continued decrease in oxygen fugacity, log fn
■ 2

< -57, total uranium in solution is dependent on pH alone,
v  - ' - ' .

resulting from increased importance of the reduced uranium
hydroxide species, U(OH)g, over the oxidized uranium car
bonate species:

U0o + 3H Q t U(OH)7 + H+ . (7)
(c) Z b

In this f^ range a pH decrease of 1 will decrease uranium °2
solubility by 1 log unit.

Bicarbonate Groundwater .

Solution-mineral equilibrium for a high carbonate
-1 'groundwater that contains 10 molal total carbonate, with
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a pH ranging from 7 to 9, was studied by the same methods as 
were used for examination of the acid groundwaters. The ma
jor difference between these two solutions, as can be seen 
through a comparison of figures 2 and 3, is that the in
creased importance of the uranium (VI) carbonate species

/allows the high carbonate groundwater to transport higher 
concentrations of uranium than does the lower carbonate 
acidic groundwater.

A maximum, of 10  ̂°̂  molal uranium can be transported 
in this carbonate solution; under oxidizing conditions, log 
f > -45. As in the acid groundwater, total uranium is in
dependent of f- because the uranium (VI) carbonate and ura- ■ 2 - - .
nium (VI) hydroxide species dominate. Below log f_ = -45.,

■ 2
uraninite becomes the equilibrium phase. In this region the 
uranium (VI) carbonate species continue to dominate the 
solution, and a decrease in oxygen fugacity of 2 log units 
requires the uranium concentration (log EM^) to decrease by 
1. Also, in this compositional region, a decrease from pH = 
9 to 8 will decrease uranium concentration in solution by 
.65 log units, and a decrease in pH from 8 to 7 will produce 
a decrease of 1.20 log units in total uranium in solution. 
This pattern of reduction of maximum total uranium in solu
tion with change in oxidation and pH will continue until log 
fn decreases below -69. At this point the uranium (VI)
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hydroxide species, U(OH)^, becomes more important in the 
solution than the uranium (VI) carbonates, and pH alone will 
affect total uranium (figure 3).

Minerals

The equilibrium phases that limit total uranium con
centrations, in the solutions studied, are U0o and

■(c)
002 (OH)2 • Coffinite, U(Si04)1 _ x (OH)4 x , is also a pos
sible precipitate from these solutions, depending on pH and 
the activity of silica in the solution, as shown in equation

. 8 , - :

U02 + H4Si04 t U(Si04)1_x (0H)4x + 4xH+ + ■(2-4x)H20

(8)
Coffinite stability, with respect to uraninite, increases 
with an increase in pH or activity of H4Si04. Calculations 
based on the available data, which are for the dehydrated 
form, USi04, indicate that coffinite rather than uraninite 
would precipitate if the activity of silica in solution 
exceeded 10  ̂° ̂ . This value of 10 ^ ^  would change with pH 
for the naturally occurring hydrated form.



NUMERICAL SIMULATION OF ORE FORMATION

Mineral zoning characteristics .of a Wypmiiig; roll- 
type uranium deposit could be formed as (1) an aerated 
acidic groundwater circulates into and reacts with the py- 
rite, biotite, quartz, feldspar, and calcite within a more 
reduced zone of the sandstone or (2) a carbonate groundwater 
(log EM-- > -1), near equilibrium with the pyrite-bearing
sandstone in which it is contained, either circulates into 
and reacts with a clay and hematite-bearing sandstone or 
mixes with an acidic groundwater.

The formation of these deposits was studied by nu
merical simulation of the irreversible reactions between a 
kg packet of ore-forming solution and the rocks through 
which it circulates. . The mass transfer reactions between 
solutions and reactant minerals, characteristic of the ore 
deposit environment, were calculated using a modification 
of the computer program PATH (Helgeson, 1968; Helgeson, 
Garrels, and MacKenzie, 1969; Helgeson et al., 1970; and 
Knight, 197 6). The extent to which minerals are produced or 
destroyed as a function of reaction progress is calculated 
by simultaneous solution of the differential equations de
scribing the conservation of mass, the conservation of 
charge, and the reversible mass transfer in the system.

38 -
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These calculations assume that (1) homogeneous equilibrium 
prevails among species in the aqueous solution, (2 ) hetero
geneous equilibrium exists between solution and solid 
phases, (3) no mass is exchanged between the system and its 
surroundings, and (4) the activities of the solid phases and 
HgO are unity.

Variations in the composition of the solution packet 
are defined by the extent of reaction with the host rooks, 
The effect of continued solution movement along its flow ' 
path is approximated by an open system calculation in which 
product phases are removed from the system as they form, 
thereby making reaction progress proportional to distance . 
along the flow path.

Aerated Acidic Groundwaters Reacting 
with a Pyfite-Bearing Arkosjc Sandstone

Infiltration of a packet of rainwater into an arkose 
containing biotite, quartz, feldspar, and calcite produces a 
compositional shift in the solution toward equilibrium with 
these minerals. Chemical changes which result from the 
reaction of this fluid packet with the sandstone are an in
crease in the concentration of ions in solution, a decrease
of f^ , and an increase in pH, caused by the dissolution of2 - . -
the feldspars and biotite. The concentration of uranium in . 
this solution is increased by dissolution of uranium from •



the sediments. The groundwater produced by these reactions 
is of the type that has been proposed in the literature as 
a solution capable of forming uranium ore deposits. Calcu
lations , in this study, indicate that flow of this solution 
into a more reduced zone in the sandstone produces a mineral 
zoning sequence similar to that associated with Wyoming 
roll-type deposits, and, if the concentration of uranium in 
solution is high enough, a uranium ore deposit will form.

First, the composition of this proposed ore-forming 
solution, an acidic groundwater, was estimated by simulation 
of the reactions between rainwater and the biotite, quartz, 
feldspar, and calcite cement that typically compose the 
sandstones surrounding these ore bodies. Initial composi
tions of the rainwater and arkosic sandstone are given in 
tables 6 and 7, respectively. Relative reaction rates for 
the reactant minerals are listed in table 7 and were calcu
lated from the kinetic data in table 5 and the reactant 
surface areas given in table 7. Reactant surface areas for 
quartz, biotite, and the feldspars were calculated assuming 
a grain size of .03 cm and 15 percent porosity for the sand
stone. Calcite*s surface area was calculated, assuming it ; 
occurs as coatings on the sand grains (of less than . 1 mm). 
The rate of depletion of dissolved oxygen from the solution 
was estimated for the rate of oxygen consumption by the
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Table 6 . Initial Compositions of the Rainwater and Aerated 

Arkosic Groundwater
i--. Rain Aerated

Groundwater
Temp. : 25°C ' 25°C

lo9 *o2 -25.2 —3 0.

1 0 9  -CO. -1.5 3 -1.7

pH 4.44 6 . 0

i Log

Al -1 0 . 0 -9.6
K — 5 .2 —3 . 6
Ha - 4.7 -4.5
Ca - 4.7 -2.7

: Mg ' - 5.0 •' , -5.1
Fe ■ -11.9 ' -12.9
Si - 4.2 . -3.1
S - 4.7 -4.7

■ C " - 3.03:' -3.0
Cl '■ - 4.1 ; , -2.4
0 ■7 , 0

Dissolved 0„ ' - 2 . 95 : -5.8
g

1Rain composition taken from Cartels and MacKenzie (1971) 
and Sugawara (1967).

2Baas Becking, Kaplan, and Moore (1960). .
3fCQo and total carbonate for rain in contact with soil hori

zon, Paces (1972).
4Calculated pH for rain after increase in fcOo &ue to inter

action with soil horizon.
^Berner, 1971, p. 118.



Table 7. Composition of the Sandstone and Relative Reaction Rates of the 
Minerals

Phase Arkose Arkose
with
Pyrite

L°g K25°C Volumetric 
Surface 

. . Area. . . .
Relative 
Reaction 
. . Rates .

Quartz
K-Feldspar
Albite
Anorthite
Biotite Fe 

Mg
Calcite
Pyrite
Dissolved °2(g)

Wti

49
44

2.5
2.5 
.9

Wti

47
44

2.5
2 . 5

.9

.1
1
2

g , 2 2 . 3/cm sec cm /cm

—20.4 
- 10.8 
- 10.8 
- 10.8
- 9.6
- 9.6
- 5.1

13.3 
12,0 

,
.7
. 2 x 1 0  

. 2 x 1 0

1.8

.18

.01

.01

.55 x nr-
- 5.5 x 10 

.04

.01

. 1 x 1 0 -4
b

to .03°

Extimation based on relative abundance in the rock.
"' ■ ' '' . ' ' " ' ■ ' ■ - , '  ̂Estimation based on the rate of oxygen consumption by the reactant biotite.

' : . ■ , ■ . ■ '■
'Estimation based on the rate of oxygen consumption by the reactants biotite 

and pyrite.
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reactant mineral biotite. The acidic groundwater, derived 
from the above mentioned reactions (composition listed in 
table 6 ) is in equilibrium with Ca-montmorillonite and hema
tite, is supersaturated with respect to quartz, still has

■ " -7minor concentrations of dissolved oxygen, and contains 1 0  

molal (24. ppb) uranium.
The amount of uranium in this solution is consistent 

with uraninite kinetic data (Grandstaff, 1976), listed in 
table 5, which indicates that 10  ̂molal uranium could be 
accumulated in approximately three days by an oxidized 
groundwater (log EM = -3.0, pH = 5.5) flowing through an

- ; 3
arkose, with 15 percent porosity and 10 ppm uraninite (uia-

- 5  ■ 2 3ninite reactant surface area is 1 0  cm per cm of fluid). 
Also, Sato1s (1960) work on the oxygen content of mine wa
ters indicates that groundwater maintains some dissolved 
oxygen until it comes into contact with oxygen-depleting 
minerals. Supersaturation with respect to quartz is consis
tent with the observation that silica solubility, at low 
temperatures, is controlled by amorphous silica (Siever, 
1957).

Next, reactions between the ore-forming solution, 
derived from the above considerations, and the ore environ
ment, composed of pyrite, biotite, quartz, feldspar, and 
calcite, were calculated for a rock composition and for
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mineral reaction rates,, summarized in table 7. As a packet 
of this acid groundwater flows into this reduced sandstone 
environment, the net effect is a decrease in the oxygen fu- 
gacity and an increase in pH of the solution, as shown in , 
figure 7.

As the packet of 1 kg of acidic groundwater, ini
tially in equilibrium with hematite and Ca-montmorillonite 
and with log f ^  = -30.0, log fco  ̂ - -1.5, pH - 6.0, and 
log ZMy = -7.0, flows through and reacts with the sandstone,
fn decreases but pH and f d o  not, as shown in figure 7,2 uu2
zone 1. Decrease in fn is caused by the dissolution of\ u2
pyrite and biotite. pH remains constant, because the net 
decrease in hydrogen ion produced by the dissolution of the 
feldspars is both replenished by the precipitation of Ca- 
montmorilionite and is partially buffered by the carbonate

As a result of this decrease in f_ , brought about°2
by the continued reaction between this packet of acidic 
groundwater and the sandstone, a sequence of mineral prod
ucts forms, as shown in figure 8 . The first precipitate is 
uraninite, which equilibrates with the solution at log fQ  ̂ = 
-49.5, as shown in figure 2, point A. As uraninite precipi
tates, carbonate is released from the uranium carbonate 
complexes, but, as can be seen in figure 9, it is in such



Figure 7. Log log fqq^, pH as a function of log reaction progress for
reactions between acid groundwaters and a pyrite-bearing arkose.
Chemical evolution of the solution, depicted on the lower part of the figure, 
is divided into three distinct zones, shown at the top„ Minerals in equilib
rium With the solution are indicated by solid lines representing mineral 
precipitation and dashed lines representing reversible dissolution.
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Figure 9. Log activity vs. log reaction progress of aqueous 
species relevant to the discussion of the reactions between 
groundwaters and a pyrite-bearing arkose.
The chemical evolution of the solution is divided into three 
zones, which are indicated at the top of the figure.
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small quantities that it has no affect on the total carbon
ate in solution. Reduction of the fluid packet to log =

. 2
-56.6 consumes all the dissolved oxygen, in the solution, at 
which point the solution composition shifts away from hema
tite equilibrium. This is a result of the net decrease in 

+3Fe , in spite of the increase in total iron from the irre- 
•versible dissolution of pyrite and biotite- Next, pyrite 
will equilibrate with the solution at log f^ = -67.4 but 
will continue to dissolve, producing a change in the style . 
of. compositional variation with further reaction progress.

Uraninite and Ca-montmorillonite precipitation from 
the groundwater, with concomitant pyrite dissolution, buf
fers the oxygen fugacity, causing pH to increase and f ^ ^  to 
decrease with continued reaction progress (figure 7, zone 2). 
Pyrite dissolution is a consequence of two factors: (1) the
increasing pH, brought about by the dissolution of the feld
spars, and (2 ) the oxidizing effect of the conversion of 
oxidized uranium (VI) carbonate species to reduced uranium 
(IV) for uraninite precipitation. Increasing fco  ̂with 
these reactions is in response to the hydrogen ion decrease 
which produces a decrease in the concentration of H^CO^ with 
respect to HCO.̂  and C0“ . The pH decrease, with continued 
flow and reaction of the packet of groundwater with the 
sandstone, will shift the solution composition away from



: ■ ' • -  4 9

uraninite equilibrium, at log f ' = -67.4, pH = 6.7, log
2

== ^2 .0 , and log = — 1 1 .0 , as shown on figure 2 ,
point B. This shift from uraninite equilibrium is a result 
of the increased importance of the dominant uranium complex 
in this solution, U ( O H ) w i t h  increasing pH, shown in fig
ure 9, zone 2.

With further influx of the fluid packet and reaction 
with the sandstone, pyrite will begin to precipitate as a
result of the decreasing f caused by biotite dissolution.

u 2
' Figure 7, zone 3, indicates that f^ again decreases while
pH increases and f ^  decreases with reaction progress. The

2 ... . ■ ■ ■
decreasing hydrogen ions, in conjunction with the increase 
in potassium from the dissolution of the feldspars, shift 
the silicate* equilibrium in the fluid packet from Ca- 
montmorillonite to K-feldspar (figure 10) at log f ^  =
-67.4, pH = 6.7, and log f ^ ^  = -2.0 (figure 7) . This de
crease in the concentration of hydrogen ions, along with the

. small change in f , will shift the solution composition2
back to hematite equilibrium at log f„ = -67. 6 , pH = 7.1,

2
and log f = -2.3 (figure 7). Continued reaction of this 

2 •packet of groundwater as it flows through the host rocks 
will finally shift its composition into the calcite stabili
ty field at log fg - -6 8 .2, pH = 7.7, and log fco = -2.9

2 - 2
(figures 7 and 10). With continued reaction progress, the



Figure 10. Activity-activity diagram depicting the reaction path between the 
acid groundwater and sandstone at 25°C, 1 bar aSG)]_j_fls = i, and a^go = 1.
The system is UO2 -UO3 -CaO-K2 0 -Al2d 3 -Si0 2 -̂8 0 4 -H2 S-CO2 -H2 0 - Circles represent 
the following phase boundaries;
A - Starting solution and initial uraninite saturation at log f0  = -49.6 and 

pH = 6.0;
B - Hematite out of equilibrium at log f0  ̂ = -50.6 and pH = 6.0;
C - Pyrite equilibrium at log f ^  - -67.4 and pH ^ 6.0;
D - Uraninite out of equilibrium at log f0  =-67.4 and pH =6.7;

2E - Silicate equilibria shifts from Ca-montraorillonite to K-feldspar at log 
aH4 8 1 0 4  - -2.9, pH - 6 .8 , and log aK+/aH+ = 3.55;

F - Hematite equilibrium at log fg^ = -67.6 and pH = 7.1;
G - Calcite saturation at log fCo 2 = -2.8 and pH = 7.7.



++o
o

CM+
X
o II-

oO

1 0 -

9-

G Y P S U M  t  \
Sat. at start ^
Log os o _-aH.^-l6.9

2ALpJTE.t_\ F
it. at start QSat 

Log f -  -1 .7

-7

C A L C I T E  S A T U R A T I O N

1
z

0
<
(T

0 1 

!!5
V) tZ) ,
UiH K -  F E L D S P A R
Z
Z
<DC3

IIi|
E 1
>D

Co -  M O N T M O R I L L O N I T E

1
1
1

9 -

-5

B IA 
— 0 —0

LOG
-3 

Q UO2+ +
a H+2

Figure 10. Activity-activity diagram depicting the reaction path between the 
acid groundwater and sandstone at 25°C, 1 bar, ^solids = 1r and a^^o = 1•



51
chemical composition Of the fluid packet will ultimately 
shift into overall equilibrium with the reactant phases and 
final produce minerals.

- 7This groundwater which transports 10 molal uranium
C(24. ppb) will initially precipitate 2.7 x 10 grams of 

uraninite per kg of solution influx. With continued influx 
of fluid packets into the sandstone aquifer, an ore grade 
deposit will eventually be concentrated. As the acid

-7groundwater, carrying 1 0  molal uranium, flows through the
3sandstone aquifer (which has a density of 2 . 6  g/cm ), it

will concentrate .25 percent UO^ into a 4 m wide ore
after 96,000 kg of solution influx. With a constant flow 

-3 ’ 3rate of 1 0  cm /sec in the aquifer, it would take approxi
mately 3,000 years to concentrate this ore body. If this

' ' : _8 acidic ore-forming solution had concentrated only 1 0  molal
urainium (2.4 ppb), uraninite would have precipitated at a

-52lower f_ , of 1 0  (as shown in figure 2 ), than for the °2
higher uranium solution. A solution of this composition 
•would precipitate 2 .7 x 1 0  ® grams of uraninite per kg of 
solution and would take approximately 3 0,000 years to con
centrate a .25 percent UOg, 4m wide ore body, as discussed 
above.

The masses of other minerals produced or destroyed 
per kg of solution influx are listed in table 8 , and the .
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Table 8. Total Mass of Minerals Produced and Destroyed per 

kg of Acidic Groundwater Reacted to Calcite 
; Equilibrium .  ̂   /

Mineral Mass Produced
(g)

. Mass Destroyed .
(g)

K-Feldspar
Albite

5 , 0 2 X 1 0 " 2 9.90
2.12

X

X

10-2.
1 0 - 2

Anorthite 2.24 X 1=-2
Biotite Fe 2.27 X 1 0 " 4

Mg 1 . 1 1 X 1 0 " 3 9.46 X 1 0 " 6

Pyrite 5 . 2 0 X io“5 8.85 X 10"5
Hematite 1.19 X 10-4
Calcite 3.23 X 10"2
Ca-montmorillonite . 6.53 X 10"2
Uraninite : 2.70 X 1 0 " 5
Dissolved O2 .16 X 1 0 " 5
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relative masses of minerals produced with reaction progress 
are shown in figure 8. Reaction progress is relative to 
distance along the solution flow path; therefore, figure 8 
represents the sequence of mineral deposition within the ore 
deposit, with the altered sandstone on the left and the un
altered sandstone on the right. The vertical axis on figure 
8 is proportional to the mass of mineral produced. Calcula
tions indicate, as shown on figure 8, zone 1, that when 
uraninite initially equilibrates with the solution the 
greatest concentration is precipitated at the contact with 
the altered sandstone. There is also a gap, containing mi
nor amounts of uranium, between this uranium-rich zone and 
the region where the most pyrite is precipitated. Pyrite 
also deposits in the largest quantity with initial precipi
tation and tapers off with continued solution flow (figure .
8, zone 3). Ca-montmorillonite precipitates at an almost 
constant rate in the altered sandstone (figure 8, zones 1 
and 2), until the solution shifts to K-feldspar equilibrium.

This calculated pattern of mineral precipitation in 
the ore zone is consistent with that characteristic of these 
ore bodies, such as (1) the occurrence of the greatest con
centration of uranium at the contact with altered sandstone 
and (2) deposition of the major concentration of pyrite be
yond this region of greatest uranium concentration and 
extending into unaltered sandstone.



Variations in the mineral zoning associated with 
each particular deposit may be a product of differences in 
composition of the ore-forming solutions and gangue minerals. 
In the same manner, differences between these predictions 
and mineral zoning seen in nature may also be a result of
the selection of initial solution and reactant minerals.

' 1 -

For example, these calculations indicate that hematite will 
precipitate from the acid groundwater in the altered sand- - 
stone while pyrite is reacting, only if there is dissolved 
oxygen present in the solution. Therefore, if dissolved 
oxygen is consumed before uraninite precipitation, a band of 
bleached sandstone, without hematite, forms on the altered 
side of the roll, as described by Granger and Warren (1974) . 
These calculations do not account for the occurrence of un
weathered euhedral pyrite grains found in this band in some 
localities (Granger and Warren, 1974) .

In summary, the calculated mineral zoning sequence 
produced during the reaction of a uranium-bearing aerated 
acidic groundwater with a reduced region in the arkosic 
sandstone through which it flows is as follows: (1) A
bleached zone in which the acidic oxidized solution dis
solves calcite, pyrite, quartz, feldspar, and biotite and 
precipitates Ca-montmorillonite and hematite in the relative 
total concentrations shown in figure 8. (2) A uraninite
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Ca-montmorilIonite zone containing a band of hematite at the 
contact with zone 1. Dissolution of calcite, pyrite, quartz, 
feldspar, and biotite extends into this zone. (3) A zone
containing pyrite with less alteration of the sandstone be
cause K-feldspar, a major constituent of the sandstone, is 
in equilibrium with the solution and because the Solution at 
this point of influx is reducing and nearly neutral. How
ever, calcite cement has been leached from this zone. (4) 
Unaltered sandstone containing pyrite and hematite, but no 
calcite. (5) Unaltered sandstone containing pyrite, hema
tite, and calcite; (6) Barren unaltered calcite cemented 
sandstone.

Bicarbonate Groundwaters Reacting with Altered
Host Rocks or Mixing with Acidic Groundwaters

If uranium is available in the sediments, it will 
concentrate during the formation of a high carbonate ground
water and through evaporation and reaction with the sedi
ments . A comparison of figures 2 and 3 shows that high 
carbonate groundwater Can transport orders of magnitude more 
uranium than the acidic groundwaters previously discussed.
A zoning sequence similar to that associated with uranium 
roll-type deposits will form when this uranium-bearing high 
carbonate solution, near equilibrium with the minerals that 
typically compose the sandstone associated with these
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deposits (pyrite,- biotite, quartz, feldspar, and calcite) , 
flows from this environment into a weathered zone in the 
. sandstone. This zoning sequence would also be produced if 
acidic groundwaters infiltrated into the environment of the 
carbonate groundwater and mixed with.them.

The concentrations of the major components in this 
proposed ore-forming solution are taken from Eugster1s (1970, 
p. 211, table 2) measured composition of carbonate groundwa
ter associated with a present-day carbonate evaporite lake 
environment. The actual solution composition used in these 
calculations (listed in table 9) is Eugster1s groundwater 
composition modified as follows: (1) not supersaturated
with any minerals except quartz, (2) in equilibrium with
calcite and K-feldspar, and (3) near equilibrium with pyrite 
and biotite. This groundwater, then, represents a solution 
nearly in equilibrium with a pyritic arkose in which it is 
contained, having a carbonate concentration of 10 molal
with pH = 9 and 10 ^ ^  molal uranium.

Reactions between this ore-forming solution and the 
weathered sandstone environment are simulated by reacting a 
kg of carbonate groundwater (composition in table 9) with 
kaolinite and hematite (having relative reaction rates of 
10:1, respectively). These calculations also simulate the 
effect of mixing acid groundwaters, present in the altered



Table 9. Composition of Bicarbonate Groundwater

f02 -68.0

fC02 - 2.1

pH 9.0 .

: i Log tMj/

Al - 9.40
K - 1.3 0

. Na - «06
Ca - 4.91
Mg —10.00
S - .70
Si -3.52
Fe I f o o

c - ■ .52
Cl - .97
u - 5.36 :



58
sandstone, with the carbonate groundvzaters found in the 
arkosic sandstones of the basin.

As a packet of carbonate groundwater, initially in 
equilibrium with calcite and K-feldspar, with log fQ = - 6 8 .1, 
log fcQ == -2.1, pH =  9.0, and log = -5.4, flows through 
and reacts with the altered sandstone, it will initially 
undergo a decrease in f w i t h  no change in pH or f^Q^ (fig
ure 11, zone 1)» The constant pH associated with this reac
tion is a result of the net increase in hydrogen ions being 
buffered by both an increase in HS ., at the expense of SO^, 
and an increase in HCO^, at the expense of GO3 . Decrease in
fn is a result of conversion of SOT to HS , an effect which : u 2 ' 4
is greater than the oxidizing effect of hematite dissolution 
(figure 1 2 ; the change in SO^ is too small to be apparent on 
this figure). The decrease in CO~, as HCO^ increases, 
causes the solution to undersaturate with calcite, although
it is not a large enough change to affect f^o (this change

■ ' 2is also not apparent on figure 1 2 )„
The sequence of mineral products formed as a result 

of the continued reaction of this packet of groundwater with 
the altered sandstone is shown in figure 13. Pyrite equili
brates with the groundwater at log fp^ - -6 8 .0 , in response
to both the decrease in fn and the increase in iron concen-2
tration in solution aS a result of hematite dissolution.



Figure 11. Log f , log fqq^ , pH as a function of log reaction progress for
reactions between bicarbonate groundwaters and altered sandstone.
Chemical evolution of the solution, depicted in the lower part of this figure, 
is divided into three distinct zones, shown at the top. Minerals in equilib
rium with the solution are indicated by solid lines representing mineral 
precipitation and dashed lines representing reversible dissolution.
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groundwaters and altered sandstone.
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The f_ decrease will also shift the solution to uraninite 

' 2equilibria at log f ^  =. -68.3, caused by a decrease in the 
oxidized uranium (VI) carbonate species, as shown in figure 
12.

K-feldspar precipitates with continued solution flow 
and reaction progress and causes a decrease in potassium and 
silica concentrations in the solution (figure 12), eventual
ly resulting in a shift in silicate equilibria from K- 
feldspar to K-mica, at log f ^  “ “69.9, log fc0  ̂ = -2.1, and 
pH = 9 .  With K-mica precipitation, oxygen fugacity will be
gin to increase father than decrease as before, again with 
no affect on pH or f • •

This increase in f^ , with continued reaction be-
■ ■ 2tWeen the packet of groundwater and the altered sandstone, 

is a result of: (1) a decrease in the net increase of hydro
gen ions caused by kaolinite dissolution, thereby reducing 
the effect of HS complexing on f . This change in the 
rate of hydrogen ion increase is a result of K-mica precipi
tation rather than K-feldspar precipitation as in previous 
reactions. (2) the oxidizing effect of hematite dissolu
tion, and (3) continued pyrite precipitation, as a result of 
increasing total iron through hematite dissolution. Pyrite 
precipitation depletes the solution of sulfate and sulfide 
ions, but, because sulfide is orders of magnitude less than
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the. sulfate concentrations, there is a marked decrease in 
Sulfide, while the concentration of sulfate changes only 
slightly.

The effect of this increase in oxygen fugacity on 
the mineral zoning produced is shown in figure 13. Ini
tially, the solution will shift its equilibria away from
uraninite at log f_ = -69.8 , resulting from an increase in

u 2
the uranium (VI) carbonate species. Next, hematite will
equilibrate with the solution at log fV == -68.0. Hematite

u 2
continues to dissolve, and, in conjunction with kaolinite
dissolution, pyrite and K-mica precipitation, pH will begin
to decrease while fn continues to increase, but at a much 

- u2
slower rate than before (figure 11, zone 3).

■ -5 4This high carbonate groundwater transporting 10
-3molal uranium (.9 ppm) will precipitate 1 x 10 grams of 

uraninite per kg of solution flowing through the rock. Con
tinued flow of uranium-bearing groundwaters into the altered 
sandstone would eventually concentrate an ore grade deposit. 
It would take 2,600 kg of solution influx into this altered 
sandstone (having a density of 2 . 6 g/cm ) to produce a 4 km
wide, 0.25 percent UC^, ore deposit. With a constant flow 

- 5 3rate of 1 0  cm /sec for the groundwater passing into the 
altered sandstone, it would take approximately 8 , 2 0 0  years 
to concentrate this ore body.
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The masses of other minerals produced or destroyed 

per kg of solution influx are listed in table 1 0 , and the 
relative masses of minerals produced with reaction progress 
are shown in figure 13. Figure 13 (similar to the previ
ously discussed figure 8 ) represents the predicted sequence 
of mineral deposition within the deposit, with the altered 
sandstone on the right arid the unaltered sandstone on the
left. Pyrite deposition extends beyond the uraninite ore

• ) ' 

zone on both sides into altered and unaltered ground (figure
13). Pyrite precipitates at nearly a constant rate, leaving 
almost the same concentrations in all regions where it is 
precipitated. Uraninite is precipitated in only minor con
centrations at the contact with the altered sandstone, with 
major concentrations of uranium occurring a short distance 
into the unaltered sandstone. This is contrary . to what is 
noted for uranium occurrences in nature, in which the urani
um is concentrated at the contact with the barren altered 
sandstone. These calculations do show the occurrence of un
weathered pyrite extending into the altered sandstone, and 
a zone of non-hematitic altered sandstone at the contact 
with the ore zone, as discussed by Granger and Warren (1974) .

In summary, the zoning sequence produced when a ura
nium-bearing carbonate groundwater reacts with a weathered 
sandstone through which it flows, or mixes with an acid
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Table 10. Total Mass of Minerals. Produced and Destroyed per 

kg of Bicarbonate Groundwater Related to Hema- 
________tite Equilibrium_________

Mass Produced
(g)

Mass Destroyed

22 x 10
Hematite
Uraninite



slightly more oxidized groundwater, is: (1 ) an alteration
mineral zone in the sandstone containing pyrite, biotite, 
quartz, feldspar, and calcite cement, in which the carbonate 
groundwater is near equilibrium, (2 ) pyrite-bearing sand
stone from which the calcite cement and pyrite were leached 
during initial weathering and from which the clays and hema
tite were dissolved by the ore-forming solution, (3) same as 
zone 2, with the addition of uraninite, (4) same as zone 2, 
with the addition of K-mica, and (5) altered sandstone con
taining hematite and clay minerals.

These calculations indicate that a uranium-bearing 
carbonate groundwater could be responsible for the formation 
of a zoning sequence that is characteristic of roll-type ura
nium deposits. These high carbonate ore-forming solutions 
will precipitate two orders of magnitude more uranium than 
an equivalent influx of acidic groundwater, thereby decreas
ing the amount of solution flow necessary for ore formation.
A more concentrated carbonate brine solution could carry 
much higher amounts of uranium and could, thereby, precipi
tate greater quantities of uranium per kg of solution.

, The origin for these high carbonate groundwaters 
would be the same mechanism responsible for the formation of 
the carbonate brine solutions from which the trona beds in 
the Eocene Green River Formation of southwestern Wyoming
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precipitated. Eugster and Surdham (1973) suggested CC^ 
charged groundwaters that react with igneous and metamorphic 
rocks as they flow into a closed basin under intense evapo- 
ritic conditions as the mechanism of carbonate brine forma
tion in this Eocene basin. It is possible that the same 
mechanism operated in other areas of Wyoming during the 
Eocene to trap high carbonate groundwaters in the sediments. 
The source of weathered sandstone, in this discussion, would 
be a buried, ancient surface weathering zone.

If the ore formation is a result of carbonate ground
waters passing from their equilibrium environment by tilting 
or compaction, or other structural readjustments of the sedi
ments, it is apparent that the shape of the deposit would be 
indistinct, as is true of many uranium occurrences, due to 
the slow rate of solution flow. For the same reason, a 
reverse roll would not be expected. If ore formation is a 
result of acidic groundwater infiltrating into and mixing 
with Uranium-bearing carbonate groundwaters, then it is pos
sible that the model crescent roll shape would be formed.



CONCLUSIONS

Two proposed mechanisms of uranium roll formation 
have been studied using thermochemical data and computations 
of irreversible mass transfer reactions. They are: (1)
formation by an oxidized acidic groundwater infiltrating in
to a reduced zone in the sandstone through which it flows, a 
process currently popular in the literature, and (2 ) forma
tion by a carbonate groundwater flowing into and reacting 
with an altered sandstone, or mixing with an acidic ground
water .

It is also apparent from this study that changes in 
the chemical character of the ore-forming solution across 
the mineralized zone are the same for both mechanisms, al
though the solution in the altered sandstone is oxidized and 
acidic, while in the unaltered solution it is reduced and 
basic. The major difference between these two modes of for
mation is the source region for uranium; the acidic oxidized 
groundwater leaches its uranium from the altered oxidized 
sediments, while the carbonate groundwater derives its ura
nium from Sediments in the basin.

From this study it is evident that the mechanism of 
ore formation by an oxidized acid groundwater passing into a 
reduced zone in the sandstone is probably an ineffective

68
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mechanism for transporting uranium over long distances in 
the subsurface environment. This is so because the oxida
tion potential of groundwaters changes rapidly from surface
conditions of f- ^ -25. to f_ ^ -65. as they react with°2 °2
pyrite and biotite in the sediments, thereby losing their
ability to transport uranium. Less than 2 x 10 g of bio-

—■6tite and 3 x 10 g of pyrite would have to dissolve into a 
kg of rainwater to decrease its oxygen fugacity below the

-65value 10 At this f^ , acid groundwaters would not be
2

able to transport significant concentrations of uranium 
(figure 2). Further reduction of this solution would not 
be a mechanism for ore formation, while a pH decrease would 
(figure 2 ), though this is unlikely at depth in a feldspar- 
rich environment. This indicates that reduction of acidic 
groundwaters would be an effective mechanism for uranium ore 
deposition over relatively short distances of solution in
flux from the surface.

Since reduced carbonate-rich groundwaters are pos
sible ore-forming solutions, closed basins containing saline

— 1.fluids, particularly if these solutions contain EM n a- 10 ,uu3
are possible exploration targets. This is based on the pos
sibility of high enough amounts of uranium being concen
trated in saline basin groundwaters for later deposition at . 
the outer boundaries of the restricted basin environment.
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From this study of the chemistry•of this ore deposit, 

environment, it is apparent that the reaction of solutions 
with rocks is important to uranium ore formation. Moreover, 
a more complete.understanding of the mechanism of formation 
requires knowledge of the abundance and composition of min
erals which occur in this environment, in particular the 
alteration of gangue minerals needs to be quantitatively 
defined. Further testing of these two hypotheses also re
quires an under standing of the precipitation mechanism of .
molybdenum, selenium, and other elements that occur as part 
of the zoning sequence. Such an expansion of this study 
would require a compilation of the thermochemical data for 
the minerals and aqueous species of these elements.
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