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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

2-UO3—CaO*KZO-MgO—Fe203fFeO—A1203—Sle-HZS—SO4—

H,0-CO,. -One mechanism of formation is the result of'an

the system UO

oxidized} acidic, uranium—bearing groundwater (log sz =
-30.0, pH = 6.0, log fco, = -1.5, log IM; = =7.0) infil-
trating into a reduced zone in the sandstone throughrwhigh
it flows, reacting with the'pyrite; biotite, quaitz,'feld-j
-spar, and calcite. These caléulaﬁions-indicate that this
mechanism of ore'formatiOﬁ is effectiverver relativeitu
short distances of solution influx, as a‘résultAof rapid
redﬁétiqh 6f the solution through the dissolﬁﬁionAoflpyrite
and biotite. The other mechanisﬁ'studied‘is ﬁhét ofioré |
o formétionbas a reduced,;uranium—bearing carbonate ground-
'water (log f02 ; -68.1, pH = 9f0, iog fCO2 = -2.1, log ZMU~=
~5.4) flowing into and reacting with the kaolinite a?d'hema—
tite in an alte¥ed sandstone, or~mixing With an acidic“
grdundwéter. This ﬁeéhanism'of‘ére formation‘sugﬁests the
'-poséible'iocalization.of'uranium ore deposits,aﬁ‘the margins
Qf‘closed.saliﬁe basins containiﬁg highvcarbonate gfoundwaf
"térs,‘ - | |

viii



- INTRODUCTION -

Chemical proquses which form Wyoming rollftype
‘uranium depoéits éonsistjof reéctibns between circulating,"
grdundwaters:and the‘hést rocks. In this study, the mecha-
nism of formation 6f_these ore bodies and the comPCSition
of possible ore—forming'solutioné'was examined by ﬁumericél
simulation'of1solution-mineral reéctionérusiné}éurrént thér-
mochemical data for uranium mineralé'andfaqueOus'species,'\"

Uranium roll-type deposits‘are;generally characteff
ized as crescent-shaped bodies océurring injgently—dipping,
Perﬁeablevarkosié:sandstone units of-TerﬁiaryAagegrAThe
, sandstbne.hbsﬁ is bounded by‘lessfpérmeablé unitsAéﬁd‘is:>
‘iﬁtérlayéred With silt or claystoheblgnéés,AHSOme;déposits
Oécupy the ehtire sandétoﬁe interva;-betweeﬁsthe tw§ imper-
meable beds; others occqu'on1y a.pbrtiofi~'of’thatin’_térval°
As seen in pian_section,-the ore typically;o¢curs:asAtongué—
shaped_units-eitending.Severai}kilometers in léngth'and teﬁs ’
éflﬁeters in width, While iﬁ'éross—seétién ﬁhey'may~belsev+“-
eral meters'high and.crescentjshaped;‘duttingrshérply écross
host rock bedding;;-TherthSiéal.aﬁd{chemiéaliéharécferis?:j
tics of these depositS‘héve‘beeh de§cﬁibéd'by_ﬁéﬁyfauﬁhdrs
(Shawe and Granger, 1965; Adleraaﬁd;Shérp,'i967}~ﬁarsﬁman}
1968a, 1974; Files, 1970; Fischer, i970}7Adler;~1974}-ahd_;

l .



-
Granger'and Warren,‘l974), as have thevphysical;and,chemlcal
characteristics of the depositshof specific regions, snch as
Gas'Hille (King and*Austin,.l966; Anderson, 1969; Armstrong,
'l970), the Powder River Basin (Mrak; 1968;: Davis, .1969; Dahl
and Hagmair, 1974), the Shirley Basin (Melin,,l96§; Harsh-
man, 1962, l968b, 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 assoc1ated with ore deposition:
(1) a bleached and often iron oxide—stained sandstone |
occurring on the concave Side of the ore body and (Z)lan
- unaltered, unmineralized arkoeic sandstonedoccurringnonithed
convex side (figure l).‘ The bleached, alteredoeandstone on
the concave slde of the ore roll varies widely“in~size-but.
ilS typlcally a few tens of meters thick, a few kilometers'
.w1de, and lO kllometers more or less long (Harshman, 1974)

It contalns llttle or no pyrite, calcite cement, or organlc
matter/ and»biotite originally preSent.inAthe sandstone.ishl
 altered.

- The bleached appearance'is-believed due to greaterhzi
clay alteratlon in this zone than in the unaltered sand—3
stone, but, accordlng to Files (l970), the occurrence of the;
7clay mlnerals, kaolln;tej_montmorlllonlte,-cthrlte, andd_ B

“illite, is the same‘onTbothvsides ofrtheyroll,:suggesting
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Figure 1. Idealized cross-section through uranium ore roll, based on

Granger and Warren (1974) and Harshman (1974).



4
that thls mlneral assemblage may not be assocrated w1th ore
formatlon. The only exceptlon Wthh Flles (1970) noted, but .
had no explanation for, is the occurrence of whltened,rlnds
surrounding'pink cores oh_orthOclase grains in—the bleached
sandstone.. A zone of very bleached or iimonitic Stained
Sandstone,brangingdin thickness_from less tnan 1l 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,‘containsia small concentrationrof7py-'
rite that is either obviously the altered or euhedrai and
unaltered variety. At the.contact.between-alteredrsandstone-
and the ore zone,. which is falrly dlstlnct a,seleninmerichd
zone extends several centlmeters into each region;

The ore zone,‘whlch-generally occurs below the
groundwater table, has concentratlons of U3 8 ranglng from
0.1 to a few welght percent, Wlth the hlghest concentratlonnd
‘occurrlng closest to the altered sandstone contact.- Uranl—
nite and cofflnlte'are the most common uranlum mlnerals:in‘
these ore,bodies;‘they are foundecoating sand‘grains.and |
. filling interstitial spaces. - Pyrite and_organictmaterial,
| up to.several Weight-percent, usuallyrfillainterstitial |
spaces in the sandstone; while calcite'forms~concretionar§—:;,
rlike masses.  On the‘convex'side oftthe‘rolis thisfnraniuﬁAA

ore zone grades into barren unaltered sandstone, with ore
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stage pyrite commonly extending beyond,uraninite occurrences.
-Unaltered sandstone is typically light gray to.pele-broun
‘and contains up to 2 weight percent disSeminated syngenetic
pyrite, pervasive calcite eemeut,'and orgahic material.

Formation of the ore zone and associated alteration
minerals is attributed to reactions between'qroundwaters and
~the host rocks. Based on uranium thermochemicel data,»the
~chemicei'oomposition of these ore-formihg solutions is sug-
,‘gested by Hostetler ‘and Garrels (1962) to have pHsvranging
from 6 to 10, Eh ranging from 0.0 to -0.3 volts,cahd,a»total

carbonate concentration of 1052'

molal, at'temperatures less
than 100° C and 1 atmosphere pressure. Uranium~found‘in-i
these mineralizing solutlons is belleved to be derlved
,through leaching of either uranlumjbearlng PrefCambrlanu
,graﬁite-(Stuckless’et.al,} l977),-arkosic hdst«beds (Melin,V
1964=aKing and Austin; 1966 ~and Rosholt and Bartel 1969),
or uranlum-bearlng tuffaceous materlal in overlylng beds
"(Love, l952,iand Denson, Bachman, and-Zeller,_l959), It 1s~
generally accepted‘that aslthiskuranium—beating‘solution
flowed into a more reduc1ng'env1ronment, uranlum mlnerals
”dep051ted formlng a crescent—shaped ore zone whlch 1s con- 
cave toward the assumed dlrectlon of flow ' Contlnued re-

A.solutlon and dep081tlon of uranlum by subsequent solutlons

causes the roll to mlgrate 1n the dlrectlon of solutlon flow4



and to 1ncrease in grade (Gruner, 1956 Rosholt et al,,
1964; Warren, l97l;'and‘Warren and‘Granger, 1973) .

Several mechanisﬁs.for preclpitation'of uranium from
gthe ore—forming solution haVe.been suggested. One method
employs biologic activity and is based on the investigation
of Sulfur lsotopes,of_pyrite associated wlth-the ore body.
Such studies haveuiudicatedfa-sharp change ih 6534 values
across thevroll,front (Jehsen,vl958; Cheney aud Jensen,
1966; and Austin,‘l970f’~lAccording to this model' the iso-
'toplc fractlonatlon occurred as a result of the reductlon of
sulfate by_bacterla,.whlch suggests that the roll front was
.-a zone of-badterialVactivity,_:Granger and Warren (1969),

- however, showed'that recoustitution.of the.dlagenetic pyrite
should result in 1sotop1c fractlonatlon of the sulfur and
- that the process of roll formatlon could probably lead to

the 6534

values obserVed,uwlthout any bacterlal actlon.
Studies by Warren76197l,ul972)»and'Cheney aud‘Trammell (1973)
support this chemical;fﬁonébiogenic, origin,AWhich requires
reactions'between the-solutiOn and host‘rockrto_produce a
zone having a steep Eh gradlent ~ Files (1970) suggested a
combined blologlcal and geochemlcal orlgln in which pyrlte
and_bacterlal actlon reduce.the solutlon( while Granger and
Warren»(l974),proposefecgeochemical origln in -which a.ferricg‘
| Fe +),.‘which,,when

~thiosulphate complex.is.formed:(Fe(8203)
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reactedeith.pYrite, is,thought to produce‘the-steep Eh gra;
dient at the roll front° Spirakis‘(l977) has recently sugé
gested that the chemlcal interface is a Droduct of a semi-
‘permeable membrane formed through the deposition of clayr
minerals in the -ore zone. Differential dlfqulon 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 |
nallows'ore'formation‘in‘the region of the sulfate solution
while the envitonment of the carbonate'solution-is'barren;

Chemical.processeS-that form Wyoming roli-type ura-
nium- dep051ts apparently con51st of - equlllbrlum and non-.
equlllbrlum reactlons between circulating groundwaters and
the hostmrock.'_A~numer1cal slmulatlon of»these~mass trans-
fer>reactions;ﬂin conjunction with updated thermodynamic
data for‘uranium-minerals and aqueous speoies; makes it:pos-
sible to pre&ict the cOmposition of these‘ore—fOfmingVSOlu-
ntions and the‘meChanismebof roll formation,'including‘the‘
mineral zoning'sequence produced and the abundances of ore
and»gangue~minerals’precipitated.u*Through oalculation of
thexmolalitieS'ana activities of all speciee‘in abgiven

’solution:of-Varying composition, using a numerical simula-

© tion of mass balance and mass actlon equatlons that deflne

‘equlllbrlum condltlons in: an aqueous solutlon (Knlght 1976),_



,78_
it Washpossibie to:determine thetaffect_offaqueous comﬁlexes
on.uranium solubility. | | | |
Based on a series of-solution equilibrium-calcula;
tions,:combined with geologic ohservatiohs—compiled from
the literature,'the oreeforming SOlutionris.suggested in
this study’tovhave a.COmpositioh'similar tolah,acid arkosic'
.groundwater'or a carbonate groundwater near;equilibriuerith
a pyrlte-bearlng sandstone. Reactions betweenithese solu=
tion compos1tlons and the country rock that would cause
deposltlon of uranium ore bodies and the alteratlon—gangue
: minerals; were simulated by calculatioh of.the masshtrans—
‘fer.between these groundwaters.ahdthost;rock.5-NUmerica1

methods used in thlS study are 51mllar to those employed by

':,Helgeson (1970) in. hlS study of the formatlon of alteratlon

.zones assoc1ated w1th hydrothermal systems,A The results of |
'_ythe humerlcal.sxmulatlon:of reactlons'between,both~acid -

'gIOUndWaters'andwbicarbonate Qroundwaters;With'thefcouhtry
rock 1ndlcate that the zonlng assoc1ated w1th these depos1ts
. ¢an, 1ndeed be produced by reactlons w1th elther solutlon,A

| - Data-requlred.for“the analy51S“of'uranLUm ore roll |
formlng processes 1ncludes (l) a general descrlptlon of
.tthese ore bodles, (2) a current data base contalnlng the'
'avallable thermochemlcal data for - uranlum‘spec1es and min-

: erals, {3)" klnetlc data for calc1te, feldspar,'and blOtlte,
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in order to determine their ielative-reaction rates, and (4)
-kinetic data for uraninite in_ordér to calculate its rate of

dissolution into circulating groundwaters.



URANIUM THERMOCHEMICAL DATA

Tnermodynamic data ofvnraniumgminerals.and agueous
species, relevant tovpredicting uraninm SOinbilityiin the
- natural environments, are compiled.in tables 1, 2, and 3.
Equilibrium constants were,calcnlated for the hYdrolysis and,
dissociation reactions. of»uranium minerals and aqueous spe—rr
cies at 25 c, 1 atmosphere, and 1 molal standard state, on
the basis of data taken from the llterature. Uranium equl—
librium- constants are consistent with Helgeson's (1969) data
compllatlon, from which- equlllbrlum constants for mlnerals

and agueous species other than uranium were taken dire’ctly°

'Oxides and”Hydroxides

The dominant-uranium_valence states in natural wa-
ters are (IV)7and (VI),‘.They~occurfin solution as U+4fand

'dUo;*,t Fuger and Oettlng (1976) ‘have - recently determined the~_v
thermodynamlc constants for these species. Their data,
;whlch‘are cons1derably}d1fferent from prev10usly.accepted
valueS'(Rossini'et al;; l952;lLatimer, 1952;~Garrelsiand~
Christ? l965;tand Wagﬁan et al., 1971), were used in this
study° | | | | |

' Hydrolysis_of»U+"4 hasobeen~reviewed by‘Baes and Mes-
. mer'(l976),‘who alsodcalculatednthe_dissociation constants”

10



Table 1. Thermodynamic Constants for Uranium Solids and Aqueous Species

o
.:; s° * =%
P
SUBSTANCES 2 Ca3"/deg mole kcal/n,ole kca*/mole Reference
OXIDES, HYDROXIDES
u+3 aq -41.8)2.0 -116.910.9 -114.911.1 Fuger and Getting, 1976
02 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 -46. -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%*
00 - aq -23.2*0.9 -243.510.4 -227.710.5 Fuger and Getting, 1976
UO020H+ ag 4.51 -300.82 -276.5 Baes and Mesmer, 1976
wo2)2 (or) 2+ aq -561.1 Baes and Mesmer, 1976
wo2)3 (0H)" aqg -945.2 Baes and Mesmer, 1976
u C 12.03 0 0 Jones, Gordon, and Long, 1952
12.001.03 0 0 Flotow and Lohr, 1960; Getting, Rand, and Ackerman, 1976
u°2 C 18.63 1 -246.610.6 Jones, Gordon, and Long, 1952
18.41 Huntzicker and Westrum, 1971
[Uraninite] -259.3 Huber and Holley, 1969
18.411.05 -259.32t.02 Parker, Vj B., 1977, private communication
-246.7 Fuger and Getting, 1976
uU°2 Amp (-233.7) Langmuir and Applin, 1977
Cc 22.51 -284.8 -268.5 Parker, V. B., 1977, private communication

U°2.67



Table 1.

SUBSTANCES

u3°s

Uo3

Uo3

uo2(OH) 2

U02 (0H)2 ‘H20

[Schoepite]
CARBONATES
uoZco®
uo2(co3)2
uo2(co3)"4

uoZco3

[Rutherfordine]

SULFATES

uo2soJ

Thermodynamic Constants

State

Q

Amp

aq

aq

ag

aq

Ca”/deg mole

67.

66.

23.

22.

-42.

-51.

32.

29.
21.

13.

s°

53

57

97

AH°f

kca*/mole

-854.5

-853.5

0 -291.6

Y

-292.5

-291.6

-288.5

-366.15

-368.7

-436.0+2.

-438.6

-406.4

-405.2
-407.7

-455.7

(cont’d.)

AG°f

kcal/mole

-804 .
-804.

[y

-273.
-273.
-273.9

oy

-389.6+1.1

-367.4

-502.9

-636.4

-373.4

-409.3

Reference

Huber and Holley, 1969

Westrum and GrOnvold, 1959

Deltombe, de Zoubov, and Pourbaix, 1956
Seaborg and Katz, 1954

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

Fuger and Getting, 1976

Drobnif 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%

Drobnic and Kolar, 1966

Cordfunke, 1964

Nikitin et al., 19721

Nikitin et al., 1972 + Cordfunke, 1964

Sergeyeva et al., 1972

Sergeyeva et al., 1972

O'Cinn”ide, Scanlan, and Hynes, 19722; Tsymbal, 19692

Sergeyeva et al., 1972
Sergeyeva et al., 1972 + Drobnif and Kolar, 19661
Sergeyeva et al., 1972 + Cordfunke, 1964

Wallace, 1967



Goldenberg and Amis, 1959 + Naumov, Ryzhenko, and

Table 1. Thermodynamic Constants (cont'd.)
3 s° AHOA
3
SUBSTANCES 2] cal/deg mole kcal/raole kCal/mole Reference
U02 (S04)2 aq 29. -671.1 -588.1 Wallace, 1967
U(S04)2-4H20 (o} -836.12.0 Vidavskii and Ippolitova, 1972
U(S04)2«8H20 o] -1117.812.0 Vidavskii and Ippolitova, 1972
CHLORIDES
uci+3 aq -46. -168.3 -157.1 Naumov, Ryzhenko, and Khodakovsky, 1974
uci22 aq -190.6
Khodakovsky, 1974
uo2c i+ aq -4.5 -282.2 -259.4 Naumov, Ryzhenko, and Khodakovsky, 1974
ucil (o (37.99) (-213.0) (-196.9) Latimer, 1952
uci4 (o] (47.4) (-251.2) (-230.0) Latimer, 1952
-243.3 Fitzgibbon, Pavone, and Holley, 1972
-243.3 Cordfunke, Ouweltjes, and Prins, 1976
ucl1, Cc (62.) (-261.1) (-237.4) Latimer, 1952
UcCle C (68.3) (-272.4) (-241.5) Latimer, 1952
uo2c1z2 C 35.98*.05 -300 -277 Greenberg and Westrum, 1956
-291.4 O'Hare et al., 1972
-297.2 Cordfunke, Ouweltjes, and Prinsf 1976
SILICATES
usio4d C (-456.6) Brookins, 1976
[Coffinite] (28.4) (-478.) (-452.) Langmuir and Applinf 1977
usio4d am (-439.2) Langmuir and Applin, 1977

*The value taken from the reference cited has

~“The value taken from the reference cited has

been recalculated in this study.

been calculated to zero ionic strength in this study.

Q;m



Table 2.

DISSOCIATION REACTIONS
HYDROXIDE

UOH+3 + H+ t U+4 + H20

U(OH)22 + 2H+ t U+4 + 2H20
U(OH)” + 3H+ ; u+4 + 3H20

U(OH)° + 4H+ t U+4 + 4H20

U(OH)~ + 5H+ t U+4 + 5H20

vo20H+ + H+ ~ uo2+ + H20

(U02)2 (0H)2+ + 2H+ Z 2U02+ + 2H20

(U02)3 (OH)”~ + 5H+ t 3U02+ + 5H20

CARBONATE

uo2co® Zz uo2+ + co3

U02 (C03)2 Z U02+ + 2C03

uo2(co3)34 ; uo2+ + 3co3

log K

25°C

.68%.04
.65%.04

(1.9)

(4.2)

(7.8)

13.0

5.62

15.63
15.4
15.42

-9.91.2

-16.81.2
-17.01.2
-18.2

-21.4
-23.9
-22.1

-22.1
-22.5

ASR (25°C)
Ca3"/deg mole

-36.
-36.
-33.

-11.

48.8

AHR (25°C)

1,cal/n»le

-11.7
-11.7
(-10.711)

-11.

Dissociation Constants for Uranium Aqueous Species

AGR (25°C)
kCal/mole

-10.6

-17.7

-7.91

-7.67

-21.32

13.5

22.9

30.1

30.1

Reference

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

Baes and Mesmer, 19761

Baes and Mesmer, 19761

Baes and Mesmer, 19761

Baes and Mesmer, 19761

Baes and Mesmer, 1976

Baes and Mesmer, 1976

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

Sergeyeva et al., 1972

Sergeyeva et al., 1972

Tsymbal, 19692

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

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 REACTIONS
SULFATE

uo2so0°® t uo2+ + so"

U02(S04)2 t UO2+ + 250~

CHLORIDE

uci+3 i U+4 + c1"

UCl22 t U+4 + 2c1"

uo2ci+ t uo2+ + Cl1"

Dissociation Constants

-3.
-3.

-1.

-4.
-4.

-3.

log K ASR (25°C)

25°C Ca”/deg mole

141.03

.85

.86 -39.5

(cont'd.)

AHR (25°C)
kcal/mole

-5.H0.4

-7.010.9

-13.0

-1.25

AGR (25°C)
kcal/mole

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

.71

.73

.16

.17

Reference

Wallace, 1967

Wallace, 1967 + Ahrland, 1951
Allen, 19582

Kraus and Nelson, 19592

Wallace, 1967

Wallace, 1967 + Ahrland, 1951
Allen, 19582

Kraus and Nelson, 19592

Kraus and Nelson, 1950

Sobkowski, 1961

Naumov, Ryzhenko, and Khodakovsky,
1974

Goldenberg and Amis, 1959 + Naumov,
Ryzhenko, and Khodakovsky, 1974

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 calculated to zero ionic strength in this study.



Table 3.

HYDROLYSIS REACTIONS
HYDROXIDE
uo, + 4H+ ~ U+4 + ZHEO

<(c)

UO- (OH) - + 2H+ t UO*+ + 2H-0
* (o) * 1

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

CARBONATE

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

CHLORIDE

UC1l4(C) - U*4 ¢ 4Cl-

N 2C12(c, * u°r 4 2C1"

SILICATE

Usio, + 4H+ Z U+4 + H.SioO.
4 (c) 4 4

~“The value taken from the reference cited

log K

25°C

6.010.3

-14.31.2
(- 16.)

-14.3

-14.3

10.

-7.6
-11.0

ASR (25°C)
cal/deg mole

-84.0

52.

61.

-58.

—66.

-32.2

-84.

has been recalculated in

Hydrolysis Constants for Uranium Solid

AHR (25°C)

kcal/mole

-18.61

6 -11.40

-14.0

-9.83

-57.11.5

-23.

-14.3

phases

AGR (25°C)
kcal/mole

[ <))
L

-7.64

19.6

19.6

19.6

-13.

10.4
15.0

this study.

Reference

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

Baes and Mesmer, 1976 + Gayer and
Leider, 1955
Nikitin et al.,
Cordfunke, 1964

Drobni# and Kolar , 1966
Baes and Mesmer, 1976 + Gayer and

19721

Leider, 1955 + Cordfunke, 1964
Baes and Mesmer, 1976 + Gayer and
Leider, 1955 + Drobnic and Kolar,
19661

Nikitin et al., 19721

Cordfunke, 1964

Nikitin et al., 1972 + Cordfunke,
1964

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

Fuger and Getting, 1976

Greenberg and Westrum, 1956

Langmuir and Applin, 1977
Brookins, 1976
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for several of the ufanium hydroxidesr  They have the form
 U(OH)i—x; with x ranging from 1 to 5. Baes and'Mesﬁér

(1976) give the dissociation constant for von™>

as 0.65%.04 .
(reaction 1),

UOH+3 +'H+ z U+4,+ H

L0 R €

a value derived fram reinteréretafion_of‘Kréus and_NélSon‘s
(l955)-§ata. Baes and Mesmer-<l976) aiso‘deierminedfa dis-
sociation constant for the species U(OH)E byrréinterﬁfeting
Gayer aﬁd Leider's (1957) experiﬁenﬁs, giving avlog K&=—3}77

for reaction 2,

Uo, - + 2H

5 - ,0 + OH Z U(OH) ., SRR (2)
(c) : :

and combining this with reaction 3,

vo.  + aut 2 u™ & 2m0 )
(c)
for which aflog K =‘fl.8'was calculated~ﬁsiﬁg’preliminary«
 thermodynamic data for U+4 and uo, (NmB;S,, private'ccm-‘

(c)-

jmunication, p. 176, in Baes and Mesmer, 1976). . From this
combination of reactions, a dissociation constant of'log
K= 16.0 for U(OH)E was.obtained'(reaction’4);~_

viomy + s8° »u™t +sm0. @)

Baes and Mesmer (1976) then estimated the dissociation con-

4

stants  for the intermediate gt hydroxides;fU(OH);+, U(OHX?,} :
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and U(OH)Z, assuming a regular'progression'for'the egquilib=-

ria from UOH™ to U(OH)g.

Recent updating of the thermodYnamicrconstantS’fOr '

+4_(Fugeriand Qetting, 1976) gives an equilihrium constant

~for reaction 3 of log K = ~4,70 rather than —l;8,»as‘calcu%

‘lated by Baes and Mesmer (1976). A recalculation of Baes

and Mesmer's (1976) dissociation constants for the U+47hy— -

droxides, using the Curreht ihformation_for Uf4,_gives the'
4constants llsted in table 4.

Baes and Mesmer (1976) “also reviewed the hydroly51S-:5

of.UO+', concluding: that (Uo (OH) are

2 2)2 2)3
‘the deminant hydrox1de,spec1es:at 25 C;' The spec1es;U020H+

(OH)2 and (UO

2)3(OH) (Rush' Johnson;

and Kraus, 1962) are also suggested as 1mportant but Rush,

. (Gayer and Leider; 1955) and‘(UO

Johnson, and Kraus (1962) have concluded that UOZOH 'is
1mportant only- at hlgh temperature and that (UOZ) (OH)
(whlch they determlned must have chlorlde ions in 1ts struc-
dture) is lmportant'onlytlnra chloride medium, although,they
did not state the cohcentration of chloride necessafy,’ The

species (UO ) (OH)++ ahd-(UO (OH) and thelr dlSSOClatlon

2)3

constants, as determlned by Baes: and Mesmer (1976), are

used in thls‘study;,
Uranium'oxidé.phases.rahgefinﬁcomp@sitioh from U0

. ' L : : . (c)
to_U__O3 » Thermochemical data for uraninite’(UOé ") ‘were

(c) ey
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‘Table 4. Dissociation Constants for the Uranium (IV)

Hydroxides P
o Log K
Reaction Baes & Mesmer Recalculated in
' _ _ 7 (1976)  this study
. yo. + a5 2™ + 20 0 -1.8 . —4.7
2 , 20
(c) , ,
vor > + mt z U+4 +ZH20 o ' .65 o : .65 .
womt etz vt v mpo 0 206 1.9
U(OH)Z + 3T 2z ot s 31,0 5.8 - 4.2
viom§ + 48" 2 vt & 4H,0 . 10.3 - 7.8
+ ., +4

U(OH)E + 58 Z U + 5H,0 - - 16.0 13.02
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determined by.Fuger.and Oetting (1976}«and V. B. Parker
A(private communication, 1977); these data-do»not differ
greatly from prev1ous calculations-: (Jones, Gordon, and Long,
'1952; Huber and Holley, 1969; and HuntZLCker and Westrum, |
1971),‘ Since othéf uranium.OXLdes vary ;n comp051tlons
' whioh range from ﬁOZ to UOB,and:are not as-wellhcharacter?
ized, the free energies of formationhgiven by'V: B. Parker
(communication'with'Langmuir‘and Appiin,‘l977, p. 58), for
and Uo

the phases U0, are accepted'asuthe best values.

2. 67 37
The" 1mportant uranlum hydrox1de phases ln natural

environments at 25 C'are UOZ-(OH)2 and UO'(OH)ZuH

| (c) 2%(e) |
© (Nikitin et al., 1972; and Baes and Mesmer, 1976) Nikitin
et al, (i972)ndetermined the equlllbrlum constants for

UO (OH)Z( o) and Uo (OI—I)2 ' ( .7 which were recalculated in
this study using the updated- thermodynamlc constants for
UO§+. Through a relnterpretat;on of the data of Gayer and
heider'(l955), Baes and Mesmef (l976).alsohcalculated an

equilibrium constant for UO (OH)Z( . - Their constant, which

o does not differ cons1derably from that of leltln et al,r

‘(1972),.1s.used in thls.study,_whlle the_constant for

UOQ(OH)onZO(é)'frombN;kltln-et al. (l972)tis used.
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'+ Carbonate
Carbonate compléxes are -thought to be the most impor-
tant uranium complexes in natural waters (Hostetler and
Garrels,vl962). Sergeyeva et al. (1972) performed solubili-

ty experiments on UOZCO» (rutherfordine) and calculated

3
(c) _
dissociation constants for U02C03 and UO (CO3)2 After re-
viewing the constants available in the literature, they also

predicted.a'dissociation constant for ﬁOz(C03)54, Tsymbal's

. (1969) dissociation constant for UO (CO =, when recalcu—

3)2
lated to the same standard state, is .in agreemént with that -
of Sergeyeva et al. (1972). Tsymbal (1969) and O' Clnnelde,<'
Scanlan, and Hynes (1972) both calculated a dlssoc1atlon
COnstanttfor’UOZ(CQ3)3 , as well..'Both;of thelr constants,
when récalculated,to standard state}~were in agreemant,
‘althoughithey differ from the values suggested by Sergeyeva
o )_4 sugF
S _ 3’3
gested by Sergeyeva et al. (1972) was Tsymbal's (1969) value.

et al. (1972). The dissociation constant for uo,, (CO

which-they-recalculated to standard state. Sergeyeva et

val s (1972) equlllbrlum constant for U02CO3 and disso-
(c) '
are used in this

'c1atlon constants for U0.COZ and UO (CO

2773 3)2
study, whlle the work of Tsymbal (1969) and o' Clnnelde,
Scanlan,»and Hynes (1972) is used for the dissociation con-
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Sulfate, Chloride, and Sllicate

The dominant uranium Sulfatenspecies-are UOZSOZ and

' UQZ(SO4)=2=° Dissociation constants for these species (Ahr-
land, 1951; Allen, 1958- Kraus and Nelson, 1959; and Wallace,

1967) range from -3.2 to -1, 8 for UOZSO4

=2.7 for'Uoz(so4)2. Wallace (1967),reca1;ulated Ahrland's

and from -4.2 to

(1951) dissociation'constants to 250C:and standard state‘and
found good agreement between thelr calculated values. Krans
and Nelson s (1959) constants dlffer from those of Wallace
(1967),and Ahrland (1951), but thelr'paper dld not 1nclude~'
an explanation of their method. Allen s (1958) constants
also differ. from those of Wallace (1967) and Ahrland (1951).
Wallace's (1967) calculatlons are belleved by the present '
wrlter to -be the most rellable,.and»hls~dlssoc1atlon con-
"stants are used in thls study. Lletzke and Stoughton (l960)
”'calculated entroples and enthalples for these uranium- sul-
- fate‘spe01es, but because.they-used~the dissociation con-
stants given hy'Kraus and Nelson'(l95§);hthelrlwork‘islnot
’.1ncluded in thls study° | | | | |
- The Important uranium chlorlde spec1es 1nclude
.UOZle, whlchwcarrles uranium in the oxldlzed.state, andlthe
+3 '

reduced species UCL ~ and UCI-;-°

for UOZCl was determlned experlmentally by Nelson and Kraush,

»Afdissociation‘constant

(l951), ‘Bale et al. (1957), Dav1esrand Monk (1957), and
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Naumov, Rhyzhenko, and‘Khodakovéky,(l974),- They recorded

values ranging-from-—;38 to -.21. An average of these con-

3

stants, of log K = -.26, is used. For the spécies vc1™ the

dissociation constant of Naumov et al. (1974) is used, and

for UCl;+

thé constaﬁt of Goldenberg and Amis (1959), com-
bined with Naumov et al.'s (1974) cénstaht, is adopted.

. For the uranium silicatemphaSe, coffiﬁite- |
(U(Sio4)i—x(OH)4x” thermodynamicvdaﬁa is‘aVailéble oily for

_thévdehydrated form, with x = 0. The'AGf for USiO4'given by

Brookins (1976) is an approXimatibn'using,the differences in

AGf values of the oxide-silicate pairs of zirconium, thori-

um,  and, thereby, uranium-compouhds. Langmuir and Applin

(1977) did not state their méthod of calculation of the‘A'Gf

of USiO4. Langmuir énd Applih's;(1977) value is used in

‘this study rather.than4Brodkinsf‘(1976)AbecauSe 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):

- deg : w - 3
a5 kasa_ai_l(g/cm sec)
where: 7--
jkd = rete;COnstant for phase o (g/cm2 sec)'
"éa = snrfacedarea for phase o per unit volume of
xfluid (cm2 per cm® of fluld)
caf%_cbncentratlon of ath phase per unlt volume of
| fluid (g per em® of fluid)
ay = activity of ith ion -
» = exponent reflectingvorder of reaction with

irespeet'te ith ion
Reaetionrrate constants et 25°C and the’drder'of reaction
dependency on ion"concentfations are lidted in table 5,”l
_ -; A reaction rate constant for uranlnlte is taken from
jthe results of Grandstaff s (1976, p. 1506, samples L25 -
through L37) experlments on uraninite dissolution in solu-
'tlons.of varylng'carbonate concentratlon., The rates (dca/s )

24
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Table 5,; Kineti¢<Constants_
Mineral i W] log K25oC
g/Cm sec
Biotitel gt | 1.2 -9.6
1 ‘
. Quartz - - ~20.4
—FeldSpar? Ht 1 ~-10.8
Caldite3 catt -5 -5.1
co,- .5
”Uraninité4 mt 1 .43
ZC03 , 1

1l

R. VKolvoord and X. Yorgason,'l972,

unpublished data.

 '2Aagéardiand-Hélgeson, 1977.

3'S':]Eiberg,

1976.

“Grandstaff, 1976.

Geochemists,

“ARCO,
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he recorded contained the effeét of hydrogen ion activity
and'total'carbonate activity, allowing the'rate’conStant to
be calculated dsing the relation

dc

dt

a

uran

ZCO3

kuran = —
' +
: g &



URANIUM SOLUTION CHEMISTRY

The effects of complex1ng on uranrnm solublllty in .
'Vaqueous solutions" of varylng chemlcal comp051tlon are calcu-
lated using the mass balance,and mass action eguations that
define equilibrium conditions in aéueonsvsolutions (Helgeson,

Brown, Nigrini,.and-jones, 1970; Van Zeggeren and‘Storey,
11970}1and Knight, 1976). Given,the.pH,]temperature, and -
‘total‘molalitiesrofvconponents in a solution,"the molalities r-
and activitiesrof'all'species presentfin-the SOiutiOn are
calculated. | |

‘The effect'of complegingvon~thersolubility of ‘urani-
um at 25°¢ and 1 atmosphere is 1nvest1gated for an acidic’
,rgroundwater and for a hlgh carbonate groundwater,f Calcula—
‘tlons 1ndlcate-that the carbonate.groundwater,-w1th'10—l
smolal carbonate, would carry “two orders of magnltude more
]uranlum in solutlon than- the lower carbonate, ac1d1c ground-
water, withrlO.3 molal~carbonate, due to the greater'. '
complex1ng of the uranium carbonate spe01es 1n the hlgh car-
bonate solutlon (flgures 2 and 3). It is also noted that a
t.decrease-1n~e1ther PH ‘or oxygen fugacityiwould-produce a re-
ductionvin nraninmasolnbility in both.solutione,kfrom log
'Vfoz $,—45vto,460 in’tberacid groundwater,fanaffrom:log
fo, %_—45:to -70 in thélcarbonate:groundwater,
27 | |
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URANINITE

SOLUTION

H=9
o> P

Log2 Mco=-3.0

70 —60 -50 -40
Log fOj

Figure 2. Solution mineral equilibria diagram for solution
with log = -3.0, T = 250C, P = 1 bar, a**0 ~
=1, and I = 0.1 molal.

4

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
-2 Uo2
2-2Y
-4
pH=9
SOLUTION
Ch
- 8
PH=S 2-2Y
U(OH) ” Log 2 Moo=-
-10
T =25°C
U(OH)f
-70 -60 -50 -40
Log fOi
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 1lines 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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Acidic;Groundwater

Ac1d groundwaters in arkosrc sandstones contaln ap-‘
prox1mately 10 -3 molal carbonate and pH.values ranging from
v6 to 8 (Whlte, Hem, and Warlng, 1963;.and faces, l972)
Uranlum complex1ng and solutlon—mlneral equilibria are cal~
3culated,-for a range 1n oxygen fugac1t1es and pH, for these
'groundwaters.° In these solutlons, uranlum_complexes w1th
,chydroxide and carbonateiions.arebimportant,_while those with
| "suifate-and Chloride,ionsrao'not affect‘uranium solubility _
Significantly,neven at_relatively high»concentrations of .
total sulfur and chlorideol | | |

| In reduced groundWaters (log fA2 é lO A»)Vuraniumr
(IV) hydrox1de species. control uranlum solublllty (figure
4),/ U(OH)- is the domlnant complex in these solutlons, for
the:pH%ranée.studled (flgure 5).' Under oxidized condltlons
_ the uranlum (VI) carbonate species domlnate,vaS“Shown in
flgure 4. The most 1mportant uranium (VI) carbonate com-

plex from pH ~ 5 to 7 1s UOZCO from pH. N 7 t0-8 is

3’

UO (CO and from pH > 8 is Uoz(CO3)§4 (£igure 6)°

3)2'
. Variations in oxygen fugacity and pH will'cause ura-
'rnium aqueous- complex1ng to affect uranium solublllty in the
sOlution} as- shown 1n flgure 2 Thls phase equlllbrla dia-

gram (flgure 2) is a compllatlon of solutlon dlstrlbutlon

calculatlons Wthh shows varlatlons in uranium mlneral
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n -9

CpP

—60
Log f

Figure 4. Log activity uranium aqueous species vs. log

uranium complexes in a solution with log EMy =

= -4.0, log
25°C, P = 1 bar, aH20 = “>and I = 0.1 molal.

for the dominant

-3.0,

T =



oT

y (OH)
o .5 U(OH)
ol
v)
o>
_Log f02=- 70.0
Log 2 Mu=0.1
+4
T=25°C
2 4 6 8 10
pH
Figure 5.

Log activity uranium aqueous species vs. pH depicting relative
stabilities of uranium hydroxide species in a solution with log £Q2 = -70.0,

log zZMy = 0.1, log EMcqgi = 0.0, T = 25°C, P = 1 bar, a?*p0 =1/ and 1=0.1
molal.
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UcLCO ”
U09++
(U02)3(0H)5 --.U0, (C03)
-5
Q
D
o
0)
o (UO,UOH)
- 6
o>
(o)
Log f02 =-45 .0
.7 Log SMy =-4.0
Log 2MC03=-3.0
T=25*0
Figure ¢ . Log activity uranium aqueous species vs. pH depicting relative
stabilities of uranium species in solution with log = -45.0, log ZMy =
-4.0, log EMCOs - -3.0, T = 25°C, P =1 bar, 3-20 - 1/ and I = 0.1 molal. 8
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equilibria with changing ongenlfugacity'and,pH° Solutieuf
-_mineral equilibrium surfaces for pHs ranging. from 6 to‘é‘are'

'iudicated by-the.solid lines,'.UOé(OH)z-is the stablé phase
that occurs in equilibrium With‘ﬁhe oxidized selution; log
f02'> -45, while UO,

. equilibrium with the'reduced:soluticn,

(uraninite) is the stable phase in

- The maximum concentration of uranium that can be

-3.7

" transported in this acid groundwater”iSJlo molal at

pH = 9 to 10742

~molal at pH = 7; under oxidized cdnditions
 (log f62->.—45), as shownuin-figure'Z,' In this.euvironment'
'total uranium is independent'dvaXYgen fugacity because.the
stable phase in this region, UO (OH)2 ., contains U (VI), .
and the domlnant species in this soluéi;n is a uranium (VI)
icarbonate;

2x

: . y_ + 7 = o 2=
UOZ(OE)Z + (2-x)H »+.xqu Z Uoz(co3)x 5

(c) 3 M
| (5)
'Tue trend ‘in this‘solution-is fer a'decrease«in,pH
- to produde'a reduction'ineuranium'sOlubiiity - This trend is
reversed in an ox1dlzed solution; With log foé > =46, at
i pH s > 7, because of the 1ncrea51ng 1mportance of the urani-
umr(VI) hydroxide speeies,,KU02)3(OH)5, over the‘carbenate
species in the more acidic.solutions.' ' |

As oxygen fugacrty decreases by 2. log unlts, in the

range of log f = -45 to apprOXimately -57,\total uranium
o)) ' oL - :



35
in solution decreases by appfoximately a log unit (figure
2) . This occurs becaﬁserthe stable phase in this»region is
uraninite,'Which contains uraﬁium in the reduced staté,
while the dominant sﬁécies in sOlution is a uranium (VI)

carbonate, as shown in equation 6.

Uo + (2-x)HT + 0.5 0, + XHCO; Z H,O +

“(g)

w

Z(C) o |
Uoz(co3)i'2,X (6)

In thié'range of oxygen fugacities; a~pH decrease of 1 unit 
will decfease.maximum.uranium in.solution by .7 tob;4 log
 units, dependingzonvthe_initiél pH (figure 2). | |

| ‘.With continued éeciease iploxjgeﬁ fugagity}flog.ioz
‘< -57, tdtai»uranium ih-solution'is dependent on pH alone, =
bresulting‘from increased importance of the réduced-uranium,
hydrOXide,speqiés( U(OH)E, bverAthe oxidized uranium car-
bonate épeéies:

Vo, |+ 3H,0 T U(OH); +EH . (7)

Z(C) 2

. In_this_fo range a pH'decrease of 1 will decréase uranium

2
‘solubility by 1 log unit.

»Bicarbonate'Groundwater

Solution—mineral-eqﬁilibrium for a high carbonate

grdundwaterithat.éontains.lo_l molal total carbonate, with'
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a oH ranging from 7 -to 9, was studied by the same methods as.
were usedgfor»examination of the acid groundwaters. ' The ma-
jor_difference'between.these two solutions, as can be Seen‘
- - through a_comparison'oflfigures 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'groundwaterw

A maximum of 10‘l°5:molal uranium can be transported-

in this carbonate sclution; under oxidizing conditions, log

fo2 > =45, As in the acid groundwater, total uranium is in—;.
'debendent»of,fozbecause the uranium (VI) cdrbonate and ura--
“nium (VI) hvdrox1de spec1es domlnate. Below log f02~? -45.,

‘uranlnlte becomes the equlllbrlum phase,- In this reQion'theA
uranlum (VI) carbonate spec1es.cont1nue to dominane the‘
solution, and a- decrease in. oxygen fuga01ty of 2 log units
requlres the uranlum concentratlon (log ZMU) to decrease by"
1. Also, in thlS“compos1t1onal 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 l 20 log units in total uranium in solutlon°
ThlS pattern of reductlon of maximum total uranium ln solu-
tion w1th'change-ln_ox1datlon and pH will contlnue‘untll log

foz.deCreases*below,-69. At this point the uranium (VI)
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- hydroxide species, U(OH)E, 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 UO2 and
| | - %o

: Uoz(oﬁ)z, . ~Coffihi#e, U(sio (OH)4g, is also a pos=--

2 (o) 4)1-x |
" sible precipitate from these solutions, depending on pH and
the activity of silica in the solution, as shdwn in equation -
8°

uo,, +__H4S:LO4 z U(SJ.O4)1_X(OH)4X + 4gH + (2 .4x)H}20H7

(8)

. Coffinite sﬁabiliﬁy, with respect to uréﬁinite, increases
with an“increaSe(in:pH or activity qf H4Si04. Calculatioﬁs
) based.On thé>a§ailable-data, whiéh are fqr the dehydrated
form;AUSiO4,.indicate that coffinite rather than uraﬁinite
wouldAprecipitate'if the activity of silica in solution

-2.9 =2.9

exceeded 10 . 'This value of 10 would change with pH

for the naturally bccurring hydrated form.



NUMERICAL SIMULATION OF ORE FORMATION

~Mineral zoning dharacteriéticsubffa Wybming #oli¥-
type uranium deposif could be formed as (1) an'aerated
"-acidiq groundwater'circulétes into and reacts with the py—
rite, biotité; guartz, feldspar,rand calcite within a more
reduced zone of ﬁhe sandstone'or_(2):a.caﬁbonaté,gréﬁndWatér

(log IM >'¥1),,near equilibriﬁm;with,the«pyritewbearing

CO-
sandstOne3in Which it is contained, either Circulatés_into
and reacts with a clay énd-hematiteréaring sandstoneror
‘mixes with an acidic groul}dwéter° |

| The ermation df theSe'deposité'was studied,by'nu—
merical Simulatiﬁn'of the irreversible reactions beﬁween a
kg packet oflOréffbrming~solutién’ahd the rodks'throﬁgh
-which it cirCulates;. The mass transfef‘reactibné;bétweéﬁ
~solutions and‘feactaﬁt minerals,-charaqteristic:of~the-ore
depésit environment, were calculatéd usingka modification
_of~the éompdterjprogram PATH (Helgespn;«1968;'Helgespn,
 Garrels, and MaéKenzie,fl969;'Helgesbn.et al.pll9707>ahd
Knight,'l976). Tﬁéiextent to which minerals are pfoduced or
'déstroyed,as»a function éf reaction progress iS‘calculated
by simultaneous solution of the’différential equations_de—
,_scribing theiéonsefvation‘of méss;fthé'éonservation‘of'
‘.chérge,'ana the ﬁéversible mass_trénsfer.in the system;‘.

38
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'These-qalCUlations assume ﬁhat (l),homogeneoué équilibrium
prevails among species in the;équeous soluﬁion,-(é)'hetero—A
' genéous.equilibrium existsvbetﬁeén sblu;ion and.sélid
:phases, (3) no mass is exchanged between the syStem and its
surroﬂndinés, and (4)>the activities of.the solid phases and
HZO‘are unity.v |

Variations in the composition of the_soiutiqn packet
ére,defined byvthe extent of reaction With the hostArocks;
“The effect of continued sélution movement-alonévits flow
‘path israpproximated by an_openléystem calcdlétion.ih whidh
prodUct phases are remoﬁedlfram the system as:fhey form,
»'thefeby making reaction ﬁfogress pﬁopoftional’to~distaﬁce
'alongithe'fiow path, ‘ | | | | |

Aerated Acidic Groundwaters. Reacting
‘with a Pyrite-Bearing Arkosic Sandstone

Vinfiltration'of_avpacket‘of rainWater”inté.an‘érkose
cohtaining biotite, quartz, feldspar,'and.caICite produces‘a
cdmpoéitional shift in £hersolﬁtion toward equilibfium with
these minerals. Chemical chanées which fesult from the
1 reaction of‘this'fluid»paCEet with»the«sandstone'are‘an in-
érease'in‘the doncentraﬁionvof iéns in.soluﬁioh}>a.decrease
of foz,';nd'an ;nc;ease iﬁ'pH,bqaused by thékdiééoiution-of
theﬁfeldspars_and,biotite. ‘The cdncentratioﬁ.of-urahium in

this solution is increased by dissolution of uranium from-
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-thersedimehts,' The groundwater produced by,these.reactions
is of the type that has been proposed in- the llterature as.
a solutlonvcapable of forming uranlum ore,dep051ts. Calcu—
lations, in this study, indicate thatAflOWVOf this solution
~into a more reduced zone in the sandstone produces a mineral
zoning seguence similar to‘thatrassociatedrwith Wyoming
roll—type.deposits, and, iffthe concentration of uranium in
solution ls high enough, a uranium ore -deposit will form;
First,ﬁthe composition of this proposed ore-forming

solution, an acidichgroundwater, was,estimated by'simulation
-of the reactions between rainwater and the biotite, quartz,
lfeldSpar, and calcite cement that typlcally compose the‘
,sandstones1surrounding>these ore bodies. Initial composi4
tions ofdthe»rainwater and arkosic sandstohe are given in -
tablesf6 and 7, respectively.- Relative reaction rates for
the reactant;minerals are listedAin tableh7.and-were calcuf
'<lated'frdm'thezkinetic data in table 5 and the - reactant
surface‘areas giveh'in table'7 Reactant surface areas for
"'quartz,.blotlte, ang - the feldspars were calculated assuming

: a_graln_51ze of .03 cm and 15 percent por051ty for the sandef

stone. Calcite s surface area was calculated assumlng it
"occurs as coatlngs on the sand gralns (of less than .1 mm)
The rate of depletlon of dissolved oxygen from the solutlon.

. was estlmated for the rate of oxygen consumptlon by the
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<Tab1e 6.. Initial Comp031t10ns of the Ralnwater and Aerated
: Ark051c Groundwater; _ :

'.Rain;~‘ 1 - ‘Aerated
_ I . Groundwater
- Temp. . 25% : ‘.. 25°¢
log £, S 2257 -30.
2 , : o
log fa. - -1.5° | -1.7
g cop, T ' sl
pH .44 | 6.0
1-. - ' ‘ LogVZMi
a1 -10.0 . - -9.6
K . : - 5.2 -3.6
Na - 4.7 . -4.5
’Ca . . ,. - 4.7 . .- I_ -—207
Mg S ~-5.0. . =5,1
Fe - =11.9 0 =12.9
si - 4.2 0 =3.1
S - =47 =47
c T -3.0° . 3.0
e TS =204
v =T
Dissplve& 02 = 2,95’ N ) . =5.8

g L

lRaln composition taken from. Garrels and MacKenzie (1971)
and Sugawara . (1967)

2B;aas Becklng, Kaplan, and-Moore (1960) -

3fco2 and total carbonate for rain in contact w1th soil hori-

' zon, Paces (l972)

4Calculated pH for rain after. increase in fCO2 due to inter-
action with soil horlzon. -

SBerner, 1971, p. 118. -



.Table 7.

AComp051t10n of the Sandstone and Relatlve Reaction Rates of the

Mlnerals R
Phase Arkose Arkose‘ Log K 0 Volumetric 'Relative
: . 25°C , Lve
with . Surface Reaction
.. Pyrite .. .. . Area. . ... ....Rates . ..
o S g :
wiR wed o T/emsec emi/emeyugqc L

' Quartz 49 47 -20.4 13.3 -

. K-Feldspar 44 44 ~10.8 12,0 .18
Albite - 2.5 2.5 -10.8 .7 o1 -
Anorthite 2.5 2.5 -10.8 .7 .ol

‘Biotite Fe .9 .9 - 9. 2 x 1072 55 x 107%
Mg 1 - 9. 2x 1073 .5 x 107

© calcite 1 1 - 5.1 1.8 .04
Pyrite 2 ,Qla .

4 ' ~4P
Dissolved Oy .1 x 10
(g) _
............................. to .03°

8gxtimation based on relative abundance

bEstimatiOn based on the rate of oXYgen

Estlmatlon based on the rate of oxygen

- and pyrlte,

in the rock.

consumption by

consumption by

the reactant biotite. .

the reactants biotite

(474
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reactant mineral biotite,.,The'acidic‘groﬁndwater_derived
from the.above-mentioned reactions (composition listed in
.table‘G) is in equlllbrlum w1th Ca—montmorlllonlte and hema-
tite, is supersaturated with respectrto gquartz, Stlll has
minor concentrations of dissolved oxygen,aandVCOntains 10_7
"molal (24 ppb) uranium

The amount of uranium in thlS solutlon is cons1stent
with uranlnlte klnetlc data . (Grandstaff 1976), listed in
table 5, whlch.lndlcates that 10 7 molal uranlum.could.be
accumulated infapproximately three days by;an oxidized
grOundwater (log*_ZMCO3 = -3.0, pH-=5;5X‘flowing through-an
-arkoee;dwith,ls percentbporosityvand'lo ppm uraninite (ura—'
ninite”reactant'snrface area iS‘lO_S cmz'per'cm3.of'fluid)
.Also, Sato's (1960) work on .the oxygen content of mine wa—
ters 1nd1cates that groundwater malntalns some dlssolved
oxygen until it comes into contact w1th_oxygenedeplet1ng
minerals. SuperSaturation with respect tO‘quartzdis consis-
’.tent with the. observatlon that srllca solublllty, at low
‘temperatures, 1s controlled by amorphous 51llca (Slever,
1957). | | |

| Next,rreactionsfbetween tne oreFforminédsolutiOn,
,derived.from the'above’considerations, and:the ore enViron—
dment; composeddof.éyrite,-biotite, qnartz,dfeldspar, and

~calcite, Wereacalculated-for,a rock‘composition;and for
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mineral reaction rates,. summaiized in-tablef75 As a packet
of this acid groundwater flowé.into this reduced sandstone
environment, fhe'net effect is a decrease inAthe oxygen-fu— ‘
gacity and an increase in pH of the solution, as shown in
figure 7. |

As the packet of 1 kg of-acidic groundwatér,_ini—
tially ih.equilibriﬁm with hematite and Ca—montﬁorillonite
and with lbgfoz = —30;0,_logfco2 = -1.5, pH = 6.,0-,4 and
log ZMU %,f7°0) f;ows through and reacts With,theVSandstope,
'.foé décreases,but_pH and.fébé‘do not, as shown ipffigu;e 7;;
zone 1. Decrease ip foé is'caused by the'dissoiuti?n of:
:'pyrite apd biotite.' pH remains constant, becauéé the'net‘
decrease in hydrogén ion produced_by the dissolution of the
feldspars is'bcﬁh replenished_bywthe precipitation §f Ca—‘
montmOrillonité and is partially‘bufferedAby £hé-carbonate
cOmplexeé.‘. | | | | ‘

*Aé‘arresultVOf.this:decfeaéé in £02; b£5ﬁQﬁt about
by the continued reaction between this packet'of.aéiaic
groundwaﬁervand the sandstbne,‘a'séquence of minerél prod—'
ﬁcts forﬁs, as shown in figu:e-é. "The first precipitate is
uraninite,“Which‘gquilibrates with thgisolution at ;og foé‘=
_49,5,.as shown iﬁ figure 2;Vpoint A. As uraninité precipi-
’ tétes, éafbonété is reieased'from the uranium carbohéﬁe‘

complexes, but, as can be seen in figure 9, it is in such



_Figure 7. Log fOZ log fC02 pH as a functlon of log reactlon progress for
reactlons between acid groundwaters and a pyrlte—bearlng arkose.

Chemical evolution of the solutlon, deplcted 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

'prec1p1tat10n and dashed lines representlng reversible dissolution.
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Figure 7. Log foz2f log fCo:f PH as a function of log reaction progress for

reactions between acid groundwaters and a pyrite-bearing arkose.
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Figure s . Relative mass of mineral produced as a function of reaction progress

for reactions between acid groundwaters and a pyrite-bearing arkose.

The chemical evolution of the solutions is divided into three zones, which
are indicated at the top of the figure.
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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 atfect-on:the totalrcarbon-
vtate in SOIution;v Reductlon of . the fluld packet to- log foz =
~-56 6 consumes all the dlssolved oxygen. in the solutlon,‘at |
which point the solution compositiOn shifts away from hema-
tite equilibriumr "This is a result of the net decrease in
Fe+3, in spite of the increase in'total iron'from therirre—_
=ver81ble dlssolutlon of pyrlte and blotlte, Next, pyrite‘
p'Wlll equlllbrate with the solutlon at log f02f= —67,4 but |
will continue to dlssolve, producrng a:change-in the style\i
hof.compositional'Variation with further reaction progress;
.Uraninite‘and Ca-montﬁorillonite precipitation from -
fthe groundwater, w1th concomltant pyrlte dlssolutlon, buf-
hhfers the oxygen fuga01ty, causrng pH to increase’ and fco2 to
- decrease with contlnued reactlon progress (flgure~7 zone 2).
’Pyrlte dlssolutlon is a consequence of two factors.» (1) the
'~increasing pH, brought about.by the.dissolution;of ‘the feld-
f:Spars,'and’(z)fthe oxidizing'effect_of"the conversion of
'-foxidized.uraniuml(Vi).carbonate'species'to'reduced;uranium
',(IV)'for'uraniniteﬁprecipitation.: Increasrng fCO2 with
- these reactions is in response to-the-hydrogen ion decrease
'whlch produces a decrease in the concentratlon of H2CO3 w1th
3°
'flow and reactlon of ‘the packet of groundwater w1th the

The pH decrease, with contlnued

'~;sandstone, w1ll shift the solutlon comp031tlon away from
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uranihite eéuilibrium, at loéf02 =‘—67s4,.pH % 6.7;tlog
fop. = -2.0, and log My = -11.0, as shown on figure 2,
- point B. ThlS Shlft from uranlnlte equlllbrlum is a result
- of the 1ncreased 1mportance of the domlnant uranium complex .
1n this solutlon, U(OH)S,'w1th increasing pH, shownrln f;g—
ure 9, zone 2. | ‘ |

With further influx of:the'fluid>paeket ahd reaction
with the sandstone, pyrite will begin to precipitatesas a
result of theudecreasing f02 caﬁged‘by biotite dissolution.
- Figure 7, zene 3;Vindicates that £ 2'again'decreases while:
-pH.incteases,ahd fC 0, decreases with . reactlon progress.-ITher_
decreasihgthydrogen 1ons, in conjunctlon Wlth the inecrease
lln potass1um from the dlssolutlon of the feldspars, Shlft
.the 31llcate equlllbrlum in the fluid packet from Ca—
montmorlllonlte to K- feldspar (flgure 10) at: log f02 =
"—.57,4, pﬁ--f__--6.7, and 1qg_-fcoz-=_.-_-2,o (flgut:e 7). This de-
- crease in:the;concentration'othydrogen ions, along with thet
:sﬁall'chan§e7ihtf 2, Wlll shlft the solutlon comp051tlon
back tovhematite equ111br1um«at log f o, = =67.6, PH = 7.1,
and log fCOé 2 3 (figure. 7) Contlnued reactlon of this
"packet of'groundwater as 1t.flows through‘the host.rocks
' w1ll flnally Shlft its comp051tlon into . the ca101te Stablll—
ty field at log f o5 -68.2, pH = -‘7.‘7',’ and log £, 2__=_f_—2_,9»

(flgures 7 and lO) With continued reactlon progress,_the



Flgnre 10. Act1v1ty—act1v1ty dlagram deplctlng the reactlon path between the
acid groundwater and sandstone at 259C, 1 bar agplids = 1, and agoo = 1.

The
_the
A -

H O O w .
1

Q. =
1

system is UOZ—UO3~CaO—K20—A1203 Si0p- SO4—H28 CO2~H7O0. Circles represent .

following phase boundaries:
Starting solutlon and 1n1t1al uranlnlte saturatlon at log fo2 = -49.6 and
pPH = 6.0; ' ’ ’
Hematlte out of equlllbrlum at log. f02 = —50 6 and pH = 6.0;
Pyrlte equ111br1um at ‘log foz = ~67.4 and pH = 6.0; ‘
Uraninite out of equlllbrlum at log f02'=”—67 o4 and pH = 6. 7
Silicate equilibria shifts from Ca-montmorillonite to K- feldspar at log
| aHg5iog = -2.9, pH = 6.8, and log aK+/aH+,—‘3 55; '
Hematlte equlllbrlum at log fO = ~67.6 .and pH = 7.1;

Calclte saturation at log fCO2 = =2, 8 and pE = 7.7,
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Figure 10. Activity-activity diagram depicting the reaction path between the

acid groundwater and sandstone at 25°C, 1 bar, “solids = 1lr and a%"o = 1l
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_chemical composition of the'fluid packet Wiil'ulﬁimately
shifﬁ inro oyerall equilibrium'with"the~reactantiphasee and
final produce minerals. |

Tnis groundwater which transports 16_7 molal uranium
-(24, ppb) Will initially'precipitatet2,7'x 10—5 grams of
'uranlnlte per kg of solutlon J.nflux° 'With continued‘influx
of fluld packets into the sandstone aqulfer, an ore grade
depos;t will eventually be concentrat-e_d° As the acid
groundwater, carrying 10_7 molal uranium, flows through'the
“sandstone aqulfer (whlch has a density- of 2 6 g/cm ), it
' fWLllyconcentrate .25 percent UO2 1nto a- 4 m w1de ore body,
after’96,000 kg of solution influx. With a constant flow
rate of’J.O-3 om3/sec in:the aquifer,_irywould'takerapproxi—
dmately 3,00Q-years to concentrate thieloreﬂbody. If rhis,
acidio-ore;forming-Solution?hadfconcenfrafed:oniy iofs,nolalf
o urainium’(2,4uppb);,uraninite Wouidﬁhave‘precipitateddat'a

52

lower £ of 107°% (as. shown in figure 2), than-fOr.the

02'
higher uranium solution. _A solution of this composition ‘
- would precrpltate 2. 7 x. 10 ~6 grams of. uraninite per kg of -
"solution and would take approx1mately 30, 000 years to con-

centrate a .25 percent uo 4m w1de orefbody, as discussed

2!
above.
' The masses- of other mlnerals produced or destroyed

per . kg of - solutlon 1nflux are llsted 1n table ‘8 _andythe;
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' Table 8. _Total Mass of Minerals Produced and Destroyed per-
kg of Acidic Groundwater Reacted to Calcite

Equlllbrlum 1::
Mineral - Mess Preducedrr .. Mass Destroyed )
() N (g)

R-Feldspar 5,02 x 1072 9,90 x 1072
‘Albite ‘ " ;dﬁz.lz-x.lo_z .
Andrthite_. , ,d - | ‘2,24 x 1072
Biotite»ere o | 2.27 x 107

Mg 1.11 x 1073 9.46 x 1076
Pyrite - Co5.20 % 1075 ' 8.85 x 1077

. Hematite o o 1.1 x 1074

Calcite . . 3.23x 1077
Ca—mentmorillonite 1 6.53 x 1072 |
_Uranlnlte ‘ o ' 12,70 x 1072

Dlssolved 02( y R . ..‘_.16 x 10~
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relativevmasSes of minerals produced With:reaction-prcgress
are shown in figure So 'Reactioh—progress,isrrelatire'te
.distance along the solution flow path;_therefcre, figure 8
represents the sequence of mineral depositiondwithin the ore -
deposit, with the altered sandstone on the left and the un-
'altered sandstone on the right.' The vertical'aXis,onvfigure
8 1is proporticnal £o the mass_of mineraidprcduced; Calcula-
. tions ihdicate, as shown on figure_8,.zone l;'that'when
uraninite_initiaily equilihrates with the‘solution the
greatestvconCentration_is precipitated-at:the_contact with
' the'altered sandstone,h There is also‘a gap, containing mi-
‘,nor»amounts of uranium, betWeen'this»uranium—rich'zohe and_
the region where theumost pyrite is,precipitated; Pyrite

j,also‘deposits?in theﬂlargest quantity’withfinitialzprecipi—

"-tatlon and tapers off w1th contlnued solutlon flow (flgure,

8, zone 3)° Ca—montmorlllonlte prec1p1tates at ‘an almost
fconstant.rate in the altered sandstone (flgure 8, zZones l
“and 2), until the solutioh shifts to K—feidSPar equilibrium.
This calcuiated patterh of miheral precipitation in. -
hthe ore zone is consistent with that characteristic of these
.:ore'bcdies, such as (l) the occurrence of the greatest con-
ecentratlon of uranium at the contact w1th altered sandstone
'and (2) depos1tlon of the major concentratlon of pyrlte be—
'.yond this region of gredatest uranium concentratlon and

extending into unaltered sandstone.
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Variations iﬁ:thé mineral zoning associated with

each particular-depoSit may bé7a prodﬁcﬁvéf differences in
composition of the Ore;fcrmipg solutions and gangue minerals.
In the same manner, différences<bétween these predictions
and mineral zoning seen in nature may also be a result of
the selection‘of initiai solution ana:feactant minerals.
For example, these calcﬁlations indicate:that hematite-wili
preciéitate from the acid groundwatéf'in the altered sand-
stone while pyrite is reacting,.only if-there is dissolved
oxygen presént in the.solution.‘»Thefefore, if diéSolVed
oxygeh ié_consumed before uraninite precipitation; a band of
bléachedVSandstone, without'hematité,'forﬁé on the altered
side of the roll, as-described by Grénger and Warren (l974)f
These-éalculations,do_not,accoun£ for the occurrenéeyqf un-
weatheredteuhedral pyriﬁeﬂgrains foundfin this band in some
localities (Granger and-Warren,-1974);~"

A’In summary,-the:Qélculated;miheréi zoning sequénce
‘produced during the reaction'of_a‘uranium—bearingAaerated
acidic'groundwater‘Qith_a réduCedtregiOn-in the arkqéic.
bsandstoné“through.ﬁhich it flows is asAféllows:'z(l)'A |
ﬁbleachedk205e7in which thebacidic oxidized sOlution:dié-.
SOlves'célcite; pyri£¢, quartz; féldspar( and bibtité and
‘pPrecipitates Ca—mqntmorillgnité_and hémétite in the ielétiVeA

‘total cohcehtrations shown in figure'8,_b(2) A uraninite
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Caﬁmontmorillonite zone-containing a band'Of‘hematite at the
-contaCt.With'zone'l Dissolution of calc1te, pyrite, quartz,
, felaspar, 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 eguilibrium with the solution andjbecause the solution at
this bOint of influx:is,reducing.andnearly.neut-ral° - How-
'.ever,,calcite cement has»been leached from-this,zoner” (4)
UnalteredksandStone containing pyrite and.hematite,vbut'no
"calcite, “(5) Unaltered sandstone containinq pyrite, hema-
tite, and.calcite; (6) Barren unaltered calCite-cemented
sand-s.tone° . | |

';Bicarbonate Groundwaters Reacting with’Altered
- Host Rocks or Mixing with Acidic Groundwaters

If'uranium'is aVailable in thevsediments; it will
iconcentrate during the- formation of a high carbonate ground—
water and through evaporation and reactioanith'the sedi-

. ments, A comparison cf’figures 2 and 3 shows that high

carbonate groundwater can transport orders of magnitude more

" uranium than the a01dic groundwaters preViously discussed

A zoning. sequence s1milar to that aSSOCiated With uranium
- roll-type deposits Will,form when thisluranium—bearing high
carbonate solution,.near equilibrium with the_minerals that

etypically-comPOSe the sandstone‘associated with,these
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deposits (pyrite, biotite,'quartz;:feldspar,‘andhcalCite), |
flows from thispenvironment.intO'a weathered zone in the
. sandstone. This zoning sequence_wonld,aiso be produced if
acidic grOundwaters3infi1trated:into.the environment cf the
'carbOnatevgroundwater and mixed Withlthem;

The COncentraticns'of the majcracoﬁponents in this
proposed ore—forming solution are taken from Eugster's (1970,
'p; 211, table 2) measured compcsition of carbonate grcundwa-
ter as5001ated w1th a present day carbonate evaporlte lake
env1ronment, The actual solutlon comp031tlon used in these
.calcuiations‘(llsted in table 9) is Eugsteras groundwater
,composrtion modified.as fOllows:'.(l)'not supersaturated-
“with any mlnerals except quartz, (2)Hin equilihrium With:A
'ca101te and ‘K~ feldspar,,and (3) near equlllbrlum with pyrlte
and blotlte.l,Thls;groundwater,'then,_represents a solutlon
nearly in equlllbrlum w1th a pyrltlc arkose in whlch it is

contalned hav1ng a carbonate concentratlon of 10~ =52 ~molal

-w1th‘pH»; 9.and 10 =3 4 molal uranlum.,”
;‘ﬁeactions betWeen’this.ore—fdrming‘soluticn and the - .
’ weathered sandstonefenvirOnment are'simnlated by.reacting a
.kg of carbonate’ groundwater (comp051tlon in table 9) w1th
kaollnlte and hematlte (hav1ng relatlve reaction rates of

10:1, respectlvely) These calculatlons also 81mulate the

effect of mixing ac1d groundwaters, present in the altered



Table'9{I;Composition‘of_Bicarbonate,Groﬁndwater

fo.2 R -68.0

,fcoz , | - 2°lj:

'pH S 9.0

a1l - 9.40
Na  ” : - .06
ca - 4,91

Mg . | . -10.00

si . -'3.52

Fe . - 9.00

ct - . | - .97
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,"sandstone,'withAthe carbonate4groundwaters_found in‘the
ffark051c sandstones of the basrn,cr | o
As a packet of carbonate groundwater, 1n1tlally in -

eguilibrluva1th calcite and K—feldspar, with log foz-——68 l
log fCOZ = -2.1, pH = 9.0, and log ZMU'='-5.4;-fiows through"
dh’and reacts‘with the altered:sandstone, it will'initially
'eundergo a decrease in f02 wrth no change in pH Xokall fCOZ (f£ig-
-:'ure 11, zone l) -The oonstant pH;assoc1atedaw1th 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 SOZ,

'Aand an 1ncrease in HCO., at the ‘expense of coz, Decrease in

3'
foé is a result-of conversion of SOZ tO'HSf,.an'effect which
is greater than the oxidizing effect of hematite'dissolution

(flgure'lz; the change in SO, is too . small to be apparent on

4

-~ this. flgure) The decrease in COB’ as HCO3 increases,

~causes -the solutlon to undersaturate w1th calc1te, although ,
{1t 1s not a large enough change to affect fCOZ (thlswchange
SlS also not apparent on flgure 12) - |
| - The sequence of mineral products fOrmed;asfa result
of the continuedireaction of this,packet of groundwater with
 the aitered-sandstOne is shown inhfigure_lB.»’Pyritevequili-
rbrates with the groundwater at log f02’= -68. 0 vin'response
1*rto both the decrease in foz and the 1ncrease in iron concen-—

,tratlon-ln solutlon as.a result»of hematlte dlssolutlon.



Figure 11. Log f02, log fCOz"pH as a function of 1ég reaction progress for
: reactions'betweenlbicarbonate 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 repreésenting reversible dissolution.



K-MICA
K-FELDSPAR

PYRITE
CALCITE HEMATITE
URANINITE
02
9.0-
Cco
-67 -
8.9-
- 68.-
_ 69._
-70J
-IT -9 -7 -5
LOG REACTION PROGRESS
Figure 11. Log > log PH as a function of log reaction progress for

reactions between bicarbonate groundwaters and altered sandstone.
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Figure 12. Log activity vs. log reaction progress of aque-

ous species relevant to the discussion of the reactions
between bicarbonate groundwaters and altered sandstone.

The chemical evolution of the solution is divided into three
zones, which are indicated at the top of the figure.
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Figure 13. Relative mass of mineral produced as a function

of reaction progress for the reactions between bicarbonate
groundwaters and altered sandstone.
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The»f02 deérease w;ll also shift the'solution to uraninité‘
equilibria at log fo2 =--68.3; caused~by:a'decrease in ﬁhé»
oxidized uranium”(VI)_carbonate.species, as shown in_figure
12. | |
K—feldépar pregipitates With éontinued sblution flow
and reactioh progréss'and céuses a decreése inﬂpoﬁassium.aﬁd
-silica Qohcentrations in the éolution (figure'l2), eventual;
 ly7resultiﬁq?in a shift in éilicéte equilibria‘from K- |
feldspar~£o K%micé,'at log:foé = —69;9,,1Qg fcéz =v—2fl,.andl
PH = 9. With K-mica precipitation, oxygen fugacity will befA
 §in to increase féther than'decrease_és,before, again with;‘
no affect7on‘pE or fCOQ" | .
| This increase’inlfoz,‘with-coptinued reaction bef |
tWeenvthe paéket 6f gfoundwaferland the‘altered sandstone,7
“is a result of: (1) a decrease‘in_thé.nét-increasé éf hydro-
_ genrions caused by kaolinité dissolﬁﬁion; thereby,reducing'
thé,éffect_of HS_;coméiexing onfO2. Thié chaﬁge:in the
_raﬁe.of hydrégen ion increase is a result of K-mica érecipi—
tation rather than K-~feldspar precipitation as in previoué
reactions. (2) the 6éidizing'effect-of hematité diss@lu—
“tion, and (3)'cgn£inﬁed pyrite pfecipitétion,.és é result.of'
increasingrtoﬁal_iron,through hematite dissdlution. Pyrite
' p:écipitatibﬁ deplétés:the‘soiﬁtibn“bf'éulfate aha sulfide

ions, but,‘bécause sulfide is orders of;maghitude less than
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.the,snlfate.concentrations,,there is a ﬁarked decrease>in
sulfide, while the concentration ofbsuifate changes only
slightly. |
Theveffectrofrthisrincrease:in oxygen,fugaCity on
“the mineral Zoning_produced is shown in figure:l3° Ini-
tially, the'solution will shift'its equilibria away from
uraninite at log f 0y ='-69 .8, resnlting from an increase in
the uranium (VI) carbonate spec1es, . Next, hematite'will
dequldlbrate w;th'the solutlon at 1og-foé-% 768.05 .Hematite
continues‘to'dissolvej and, in conjunction with kaolinite
dissolution, pyrite and K-mica precipitatiOn}‘pH‘willvbegin
to decrease.While foé_continues“to inCrease, but at.a much
slower‘rate than before (figure ll,dzone 3).

This high carbonate'groundwater transpOrting;lOf5°4
molal uranium- (. 9 ppm) will pre01p1tate l x 10 3'grams of
huranlnlte per kg of solution flowing through the rock. Con-
tinued flow of uranlum—bearlng-groundwaters into ‘the altered
sandstone:would eVentually concentrate an ore grade deposit
It would take 2, 600 kg of solutlon 1nflux 1nto this altered
sandstone (hav1ng a den51ty of 2.6 g/cm ) to produce a 4 km -
w1de,»0,25 percent Uozf-ore deposlt?‘-W1th a constant flow
rate of 107° cm3/seC‘f0r the Qronndwater'passing into the
'altered7sandstone, it would take approx1mately 8 200 years

f

to concentrate this ore body
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The masses of_other minerals produced or destroyed
per kg of solution'inﬁlux.arehlisted'inxtable ld,~and?the'
.relative masses.of.minerals produced with reaction progress
are shown in figure 13. Figure 13 (Similar to the previ—
ously discussed figure~é) represents the predicted sequence
“of mineral*depositiOn.within the deposit,iwith the'altered‘
‘sandstone-On,the'right“and the unaltered-sandstone on'the
left. Pyrite deposition'extends beyond the uraninite ore
zone on both'sides into altered and unaltered éround'(figure
13) . Pyrlte preClpltates at nearly a constant rate, leav1ng
Valmost the same concentratlons 1n all reglons where 1t is
prec1p1tated° UranlnlteAls_preclpltated in only-mlnor-con;
centrations_at:the contact with the'altered sandstone, with
major concentrations of_uranium occurring a_shortfdistance
into thelunaltered.sandstone.‘hThis is'contrary‘to'what=is'
noted for:uraniumhoccurrences in nature, in which"the'urani;
um 1s concentrated at the contact w1th the barren altered
sandstone. These calculatlons do show the occurrence of un-
weathered pyrlte extendlng into the altered sandstone, and
'a zone of non—hematltlc altered sandstone at the contact
with the ore zone, as dlscussed by Granger and Warren (1974)

In summary, the zonlng sequence produced when a ura-:
'-nlum—bearlng carbonate groundwater reacts Wlth a weathered

-sandstonewthrough Wthh it flows,.or mixes w1th an.ac1d
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~ Total Mass of Minerals Produced and Destroyved per

Table 10.
: kg of Bicarbonate Groundwater Related to Hema-
tite Equlllbrlum V
Mineral Mass Produced "Mass Destreyed
' (9) (g9) .
L | -2

Pyrite .22 x 10 :
Hematite .15 x 10‘2
‘Uraninite .10 x 10-2

Kaolinite .24 x 1070
K-Feldspar .36 x 107

Muscovite .75 x 1072
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slightly:moreroxidizeddéroundwater,"is: (l)‘an alteration
mineral zone'in the sandetone;containing pyrite, biotite;
quartz, feldspar; and calcite cement,;in which the carbonate
groundwater ie near’equilibrium, (2). pyrite-bearing'sand—f
stone from which thefcalcitevcement;and pyrite were leachedv
during.initiai weatheringAand from which the clays and hema~-
tite were dissolved by the“ore—fOrming soiution, (3) same as
‘Zone.Z, withtthe-addition of uraninite, (4) same as zone 2,
with the addition of K-mica, and  (5) altered sandstone con-
taining hematite and clay minerale;: | |

| - These:CalculationsIindicate'that'a uranium-bearing
-carbonate groundwater ‘could be respon51ble for the formation
vof a zonlng seguence that lS characterlstlc of roll-type ‘ura-
'nlum dep051ts, These high carbonate ore-formlng solutlons
.Wlll prec1p1tate two orders of magnltude more- uranlum than i
an equlvalent 1nflux of acidic groundwater, thereby decreas—
:1ng the amount of solutlon flow necessary. for -ore formatlon°
A more concentrated carbonate.brlne solution could carry
‘much higherramounts of;Uraninm and could, thereby, precipie
tate.greaterdquantities of nraninm'per kg.of.solution.
,Theforigin.for these high;carbonate'groundwaters
would beztnersame'mechanism.responéible-for the formation of
ftne carbonate'brine-solutionslfrom which the trona beds in

' the Eocene Green River’Formation of_southweatern Wyoming
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2

Charged;grOundwate:s that react with igneous and metamorphic

precipitated; Bugster and Surdham (1973) suggested CO

. rocksiaS'they flow into a closed baéin under.intense“évapOf
ritic conditions.as the mechaﬁiémrof carbonate brine forﬁa--
tion in this Eocene basin.v It is possible that thevsame.‘
:mechaniSmroperéted in other areas of Wyoming during ﬁhe
Eocene to'tra? high carbonate groundwatérs in the‘sediﬁénts;
-The source.of'weathered sandstone;,in this discussion; WOuld‘
be a buried, ancient surface weathering zone.

If the ore formation is & resalt of carbonate grouhdj
,waters §assing from theirvequilibfium en&ironment by tiltiﬁg
. Or c0mpaction, or-otherbstructural'readjustments-of the sedi-
ments, it:is apparent ihat the shape'of«thé deposit would be
-indistinct;»as is truebof many,ufanium occuirenées, dué1to
the slow tate~bf solution flow. For the éame reason, é
reverse réll would not be expected; If ore fofmatioﬁ»is a
reéultlbf acidic groundwater infiltratingrinto and;mixihg”
with ﬁrahium—bearing,carbonaﬁe quundwaters;'then it is_pos—4

sible.tﬁat the model crescent roll shape would be formed.



CONCLUSIONS

'Two trOposed,mechanisms of.uraniumvroll-formationr
haverbeen studied using thermochemicalAdatafand'computations
of irreversible mass transfer reactiOns; 'They are: (l)
formation by;an 0xidized aCidic;groundWaterginfiltrating in~-
to a’reducedvrone in.the sandstone through which it floWs, a
'process currently popular in thevliterature} andl(Z) forma-
tion byla carbonate groundwater floWing into and reacting
with'an'altered.sandstone, or mixing'with'an'aCidic ground—
water,. | | o |

It is also.apparent froﬁ this study'that changes in
the chemlcal character of the ore—formlng solutlon across
the mlnerallzed zone are the same for both mechanlsms, al—
though the solutlon in the altered sandstone is ox1dlzed and
ac1dlc, whlle in the unaltered solutlon 1t 1s reduced and
basic. The-major‘dlfference between these-two modes of.for-
mation'is the source"region for”uranium; the ac1d1c ox1dlzed
Agroundwater leaches 1ts uranium from the altered ox1dlzed
sedlments, while- the carbonate groundwater derlves 1ts ura=-
nlum from sedlments in the baSln,

Fromvthis study it is eVident that'the‘ﬁechanismiof
. ore formation by an ox1dlzed acid groundwater pass1ng 1nto a
_reduced zone in the ‘sandstone 1s probably an 1neffect1ve

68 .
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mechaniém_for.trapsporting»uranium'ovétILOng'distanééé in
the Subsurface'envifonmént._ This isﬁéo‘becéuse the oxida-
tion potential'of-grounawaters changeé rapidly from surface
cOnQitiOné‘of foz'm —25;-to'foé m'—GS; as they reacﬁ With
pyriteféhd biotite in the sediments,';heréby losing their
ability~tbltrans§ort ﬁténiuﬁ,';Less Ehan_Z;x ZLO'—5 g‘of bio-
tite and 37x'10‘5 g of pyfite w¢g1d have'to dissolve into a-
kngfﬁréinwater to decrease its oxygen{fugécity below the |
Value:lp_ss;: At»thisﬂfoé, acid ground&aters would not be
able.toftransport significant COncentrations:of_uréniﬁm‘
(figﬁre 2); Further,reduétioﬁ of ﬁhis solution would not
be a-meChanism.for ore féfmation, whilé a pH decféase’would
(figufe 2), thoﬁgh.thié'is unlikely at depth in a feldspar-
1 rich'envirohment;' This'indicatesfthat]feductioﬁ of_aéidic
':grouﬁdwétérébwould be<én effeétive.meéhanism fof uréﬁium ore
' déposition cver'relatiQelj short distances of,soiutiOn in-
Vflux'ffom thé surfacéf |

| ,éince'reduced cafbgnate—rich»grdundwaters are pOs}
éiblé»oré—formihg’solutions, clOsed‘bééips containing saline
,fluids;vpaftiéulérly if these.solﬁtionsfcqntaip'ZMCOSW,10—;,
-are possibie exploration targets. This is‘based'on'the pos-—
V_sibility of high enoughiamounts of uranium being céncen%
trated in~saline.basin'gfoundwaters for. later depbsition{at

the Quter boundaries of the restridted}b‘as»inlenviron_ment°
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‘Fiom this,étudy of the chemistry. of thisrofe dépositA
environment, it is apparent that.the—reaction of éolﬁtibns
- with.rocks is important to uranium ore . formation. MOreéver,.
 'a'more-complete.understanding-df the mechanism of formaﬁidn
requires>knowledgé of the abundance and composition of ﬁin—
eralg which occur in this enviroﬁﬁeht, in partiéulaf_the,
élteratién 6f gangue_ﬁinerals.needs td be«quéntitativély
}defined, Further tésting.bf_these.twb hypotheses-alSO re-
‘quires an understaﬁdiﬁg of theyp?ecipitation mechanism of ™.
moindenum} selenium, and other elements that bccur:as,pért
- of the zoning sequence. Such an’expansion-of‘this study
'wouldvrequiré a cbmpiiationvofvthe thermochemical'détalfor

the minerals and aqueous species of these elements.
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