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Peirography, Minsralopy and Geochumisiry
Academy of SCI.(:LECO&», US3R, Moscow

(ABSTRACT)

Ionizallon censtants of uranium compeunds in agueous solution were used

oL

to estimate the forms in which nranfum cceurs in ground witer, and the

conditions necos:
acid, noofrel, and weaekdy alkaline ground waiers of different mineraiizo-
tion charucteristies uranium ceeurs predominantly as uranyl di- and ri-

e

sary for ils precipitation, iz shown thatl in normol wealdy

carponate anlons. The Eh values caleulated for various theoretica!l comno-

torata

sitions in cquiiibrben willy zolid U0y are in rood agreement with aporopriate

hydrogeochemical duln,  The £h value at the beginning of the precipitation
of Ut from pround waters ranges from approximately 0.0 to ~0. 2v dopend-
ing on the concentration of uruniom in the soluiion, the magnitude and
character of the salts in the water, its plf, and the concentration of the
HCO3 ion.

The composition, temperature, Fh, pH, and fotal uranium countent are
given for 11 ground waters.

The role played by grountd water in the deposition of uranium ore is
clearly scen in deposits localined in water-bearing sedimenlary rocks.
The relation botween chomicnl composition of ground water, localization
of ore, and alteration of the wail vock has been esiablished for a nnmbir
of deposity of this fape [1]0 To determine the conditions of deposition of
sitch ores, il is nevessary to mew the mede of ocenrrence of uranitm in
ground witer, Dircet determmotion of uranium compounds dissolved in

water is a complicated problem [2], and i the case of ground water it
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becomes even more difficult, for it is necessary to prevent reaction be-
tween the dissolved vronium compouwnds and air, However, the available
physicochemical data on uranium solutions make if possible to calculate

the proportions in which various uranium compounds may be present in
water., The prohlem is simpiified by the fact that down to a depth of a few
hundred meters the temperature of ground water is usually from 20 to 20°C,
and therefore equilibrium constants usually glven for tcmperatures of 20~
25°C can be used without correction,

A method is presented here for caloulating the proportlons of different
uranium compounds disselved in ground water, and for defermining the
conditions of equilibrium between definite concentrations of these com-
pounds and a solid UD, phase. The results of calculations are compared
with the data of detailed hydrochemical investigations,

It is definitely known that only the compounds of quadrivaient and sexi-
valent uranium are stable in natural waters, In pure water, uranium may

exist in the form of vranyl fUOE*) and uranium (U¢7) ions and their hydratcs.

In the presence of other salis (e‘(cept in perchlorate solutions) the uranyl
Ic:’n will form cation or anion complexes, and so will the less well known
Uit jon,

It may be expected that a complex muiticomponent system such as ground
water will contain not only the simple U+ and US™ ions but also various
complexes formed by these ions with all the free complex-forming ions

Table 1
Physicochemical Constants Uged in Caleulation of Equilibria of
- Uranium Compounds Cecurring in Ground Waters.
. Refer-
Equation ' K | ence
! us*
| GOHOH), =U0,0H*+0H~ 10-8 ?
1U0,0H > == UD}"+OH- 1039 ‘
UB,{COH,0)] =1 0] +2C0+2N,0 Jomi¢ s
UO,(CO,)Y:U[):‘.}._‘}CO:* §0—10.2 5
Uo,CIr =t +-C1- 100 6
UO,SO.-—._-UO;’-{-SO:“ (071 for jonic strength pe=t !
UO:(SO¢}§-=UO§+2501' . 10_2'55 for P=’ !
U0,i8C,)} =U03" +3501" . 0~ for p=1 ?
U

VO, = Ui 4 40H 401106 $
Uit HL,0+UOHS - H* ' R [ s
-U"-J—EH,O:L’{OH):‘-HZH* 018 [}
jUCI":UU.{.C[- 40098 &
UG = e 42C1- 01 a
jUSO1’=U4‘+50:' jo—*2¢ for p=3.5 7
IU{SO,},:Ucv+zso:' qp—44t for p=3.5 7
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present in the water, Under equilibrium conditions the proportion of these
ions will be determined by their ionization coustants, and their maximum
concentration will be determined by the charzcter of the medium determin-
Ing the activily coefficients and the oxidation-reduction eguilibria of the
components present in the system,

The most commen ions present in ground waters are C17, S0~ and COE‘,
and it is these iens that will combine with the uranium ions to form com-~
plexes. The equilibrium relations of the uranium compounds most likely
to occur in ground waters, the activity cocfficicnis of uranium oxides, and
the prinecipal componentis of uranium ores deposited by ground waters are
glven in Table 1.

It can be seen from the values of the activity coefficients of UO,{OH),
and U(CH),,that the UCY™ and U+ ions may become concentrated only in
waters with low OH™ content, i.e,, in acid waters, and that uranyl ions
will predominate. Among the complex uranium ions the uranyl carbonate
ions are most stable. Their ionization constants are many times higher
than those of the uranyl sulfate and uranyl chloride complexes. Evidently
the urany! carbonate ions will predominate, not only in the bicarbonate,
but also in the neuwtral sulfate and chloride or weakly alkaline ground waters
which usually contain a certain amount of bicarbonate ion.

The calculation of the proportions in which various uranjum compounds
occur in ground water requires simulaneous solution of all equations listed
in the tables, However, the ions formed by dissociation of salts with low
activity coefficients and the ions with low ionization constants may be
neglected without affecting the accuracy of the ealculations, This is il-
lusirated below hy a calculation in which all uranium ions iikely to occur in
ground water arc faken inte account.

Analysis of Water from Black Uranfum Ore in Carbonate Rocks

Dissolved ions ' ci:)li?ri]l%?ﬁ
: characferistic
| a- | sor | nco; [raven] o | mgee bou Eh, Vi ptts f %0
g/ﬁ |1,n231 ﬂ.uNiIi.Hﬂi |n.?49 |n,311 [0‘011 A-10-¢ 0,425 6.6: 20
g—ion(at}/lj 0.020 | 0.602 | 0.023 I 0.03¢ l 0.015 | 0.008 | t.7.10-8

In this case the ionic strength of the solution, i, e,, half the sum of the
products of molar concentration of the ions by the square of their valences,
Is 0. 065, In a solution with this lonic strength ihe activity coefticients
used to change from the steichiometrice to the active (thermadynamic) con-
centrations of jons with valences of 1, 2 and 4 are: f(1) = 10°%1, [(2) = 19708
and {(4) = 107132, respectively (9],

a) RELATION AMONG THE U{* COMPOUNDS
(Flighest pogsible concentraticns)

Using the activity coefficient of U{OIl),, we calculate the active concen—
tration of uraniunt ions in the water under consideration:

e
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using ..
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104146

I — —¥.n
aUH' — ("J—?.l}‘ -

Substituting this value in the eqguations of the ionization constants of U4t and
using data from the chemical analysis of water, we have:

aU(OH,3+:=: 10-".“

aU(OH) :§ e 10"-—11.-“

Auciy = 108

+ ~—~b.44
Buciy’ = 10

[USOT'y ., 1= 1r.0r
[U(SOi}y) = 1073040

Thus, the maximum concentrations of these forms of U4t are vanish-
ingly smalil as compared with the analytically determined concentration
{1,7:1078 g-at/I). Even the hishest active concentration of U™ in the
form of U(OM3" is lower than the actual concentration by a factor of 104,
1t is evident that practically all uraniuin in the solution is present in a
higher oxidation state.

b} RELATIONS AMONG THE Uf* COMPOUNDS

The quantitative relations among the US® ions are determined by their
lenization cocificients, and ihe sum of these fons equals the total econcen-
tration of uranium as determined by chemical analysis. Saolving the system
of equations simultancously for the conditions determined by analyses of
water, and neglecting as negligibly small the concentrations of ionic forms
lower than [UG{"], we get:

VO] o gomtet
[UO,0H*) s 1074 — 2,19~ 10
(U0 (COs)z (H0)} ) = 105" 1 4. 10" — 8235

1pF-40 L. 3. 10 . JBY,
LU= L-107 = 18y

UG, (CO,) ) =

Therefore, almost all uranium is present in this water in the anionic
form, predominantly as uranyl dicarbonate diliydrate and partly as uranyl
tricarbonate.

The ecorectness of the caleulations of the dominant uranium compounds
present in water which is assumed to be saturated may be checked by cal-
culating the Eh of the equilibrium between water and ore, and then compar-
ing the caleulated valucs with those measured at the sampling locality.

For example, the equiiibrium between UD?(CO:)J(M,‘O);" and UQyg) is
determined by the equation:

UO;(S) +4 200%™ + 2H.Q = UQ; (COu), (Hg{)}g" + e~

et Wi o sl L
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= e
g5 2 =
The oxidation-reduction petential of this reaction at 25°C and & total £ E8 ¢|’ <
pressure of one atmosphere is; E = 3
- =
. il
Y0, (CO,): {H0)1— @ ) e -
ER o= = 0.207 + 0.0310gmmr - 2r 0% [11}, g B RE e
GLO1=~ = - -
1 . .E; -
_ o onl .
Substituting numerical data for the sample in this equation, we get: E‘ — § Sl :
Pa - = | -
1038, p—T.06 o ety g | -
Eh=—0,2074003lge e e = 0. 13v, 2 e B
po—aesayt I =t SR
IR e
The Eh for the equilibrium between UOHCOy){~ and UOy(g) is given by Lied [B7
the equation: : 8 ~lz %
1o ~ o | e
) m| 1851 TI°
20, (€015 HEEEE R
Eh = 0,32 + 0.0310z [11]. Elais
6co1— S
: 81 g =
HE 2| & ; 3
And in our example: * “lIE |8 ele
Bla 8]«
Eh a2 1g—T.82, | i.%e Y =
= —0.32 + 0.0310g Gomeay = ==0.13v, R
\ S M ——
Under the counditicns of chemical eguilibrium the oxidation-reduction ! S'.‘? - §
potential of a solution determines the proportions of all oxidized and re- f = ;' £
duced compounds capable of reversible oxidation-reduction reaction present i a3 ?
in it. Therefore, the calculated values of Eh for the above reactions when ! a= "U—[
UQys) is in equilibrium with ground water must correspond to the Eh of a ’ o

water solution saturated with uranium.

In our example the value of Eh of water measured at the sampling local- - ;
ity is -0.125 v, or practically the same uas the caleulated value (Eh=10.13 v} i
The results of calculations of the uranium compounds present in ground c

waters, the Eh values computed for definite concentrations of these com- o ' .

pounds in equilibrium with UQyg), and hydrogeochemical data measured o § s

in the field are given is Table 2, ] .é’ o 1oz
It can be seen from the table that the uranyl carbonate complexes always g ; %

predominate, whatever the composition and total alkalinity of ground water. 2e

The concentration of the sulfate and chloride complex ions in common £ é

ncutral and weakly alkaline ground waters has little significance and may be 8 & =

of the Eh at the Beginning of the Precipitation o

neglected in culculating uranium compounds present in the waters,
The first two examples are of waters taken directly from deposits of
black uranium ore. The Eh valucs for these waters apree well with the

Table 2. Results of Caleulations of Uranium Compounds Proesent in Ground Waters of Diff

measurements of the oxidation-reduction potential made in the field, indi- S
cating that the waters are saturated with uranium, It ig evident also that
waters with different uranium concentrations are saturated with this ele- i o
ment, . _ E o
The oxidation-reduction potential at the beginning of precipitation of U0, | PR
from ground waters bears a complex relationship to the character and ! 2812
magunitude of total mineralization of water, its pH, the concentration of the { E O
complex-forming substances, and the total uranium concentration.  All ot &
these factors must be considered in caleutating the Eh of the beginning of B o
precipitation of uranium trom ground waters, 5
Many supergene uranfum deposits exhibil epigenetic zonation determined | _ _ 2
-
é’ 8 g
| ~ el

r

T
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by variations in hydrogeochemical conditions.

A.K. LISITSIN

In such cases the presence

of dissolved oxygen in ground water is indicated by limonitization of the

country rock,

in the oxidized zones wedging out from the ore there is a

sharp decrease in the Eh of the ground water from high positive values to

in the water,

negative values, accompanied by a decrease in the concentration of uranium

This indicates that uranium is still being deposited. Before

passing through the ore bodv, ground water has a higher uranium concen-
tration than afterwards, and this indicates that it is contributing uranium
to the deposit [12, 13].

The diagram compares the data of hydrogecchemical investigations in
the field with the resulis of calculations of the Eh of the equilibria between
water and UG,(g) based on theoretical deter mination of the uranium com-

pounds present in water,
water are the uranyl earbonate anions,

The predominant uranium complexes in ground
Before passing through the ore

body ground water is undersaturated with uranium with respect to UOyg),
In the ore body itself it is saturated, and at the wedging out end of the

deposit and beyond it is oversaturated although its conceniration of uranium

is strongly decreased.
from ground water at the wedging out end of the oxidized zone is caused by

oxidation-reduction reactions is confirmed by calculation,

The hypotnesis that the precipitation of uranium

Thermodynamic calculations are applicable to cquilibrium conditious,
It is very probable that the ohserved oversaturation of water in uranium
for a given Fh and pli at the wedging out ends of ore bodies and beyond
them in the direction of water tlow reflects the slow rate of formation of

minerals containing UG,

It is pussible also wnat metuslable forms includ-

ing complexed U4! ions form in Lthe water,
Ground waters are undersaturated in uranium when the rocks through.

which they circulate are delicient in uranium,

Mixed waters composed of

waters [rom uranium deposits and from uranium-poor rocks belong to this

category. In areas with oxidized uranium ores, waters witihh high Eh contain

ZU,g/1Eh, v wfh = —m o

rn ez megsured
s I
e o
| e . e -
- Ebequil_ with UU:;E;S \
- \
Proportion of = ¥
uranium com- 2- 050
pounds in Ug,{c0sk, {it,0);
ground waters 4-
_ % CAGIA

Comparison of caleulated data wilh the results of
hydrogcochemical investigations {generatized outline) .
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anium in concentrations of the order of n-107% g/1, approximately cor-
-esponding to the solubility of the U hydroxide in such waters. This is
0 be expectt,d when there is a scarcity of aniony capable of fixing the
-ativnic uranium in solution in the form of difficuity soluble secondary
winerals.
Thus, the data of physical chemistry can be used to calculate the prinei-
pal forms in which uranjum cceurs in ground waters and the conditions of

25 preC}.Pltathl'l. The results of such calculations arve in good apreement

+ith the data of hydrogeochemical investigations. Of course, it must be

amdersiood that these caleulations are applicable only to solutions with

.nic strength less than 0.1, which corresponds to a tutal salinity of 4-6 g/1.
The calculations show ihat in the common weukly acid, neutral and
~cakly alkaline ground waters of different compesitions uranjum occurs

n,dmmnzmtiy as uranyl di- and tricarbonate anions, Uranium is precipi-

mted from such waters in the quadrivalent form when the uranyl carbonate

complexes are destreyed by oxidation-reduction reactions. The Eh value

st the beginning of precipitation of uranium from ground waters varies {from

tto about -0, 2 v, depending on the concentration of uranium in the solu~

tion, the magmnitude and character of the salts in the water, ils pH, and the

concentration of the HCO7 ion.
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