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Thermodynamic saturation coefficients ( K;) and transforma-
tion indices ( I,) can be used to evaluate the possibility of
forming hydro-geo-chemical precipitation barriers and assess
the solid phase (rock) stability in aquifers. Calculations are
made on the basis of data on water pH, E;, conductivity (y)
and some relevant ion concentrations. The dependencies of X,
and I, on water pH and E;, values can be expressed graphical-
Iy to estimate the barriers parameters, Barrier generation
leads to a decrease in concentrations of pollutants due mainly
to precipitation, co-precipitation and/or sorption processes.
Using the diagram K, I,= f (pH, E,), supplemented with
representative data on concentrations of pollutants before and
after the barrier, the elimination and migration of pollutants
can be roughly evaluated (predicted) only on the basis of de-
termining pH and E,, values of water and concentrations of
jons participating in the barrier formation. The proposed
method is applied to assess the migration and elimination of
pollutants (U, 25Ra, B-emitters, SO,*) in Bulgarian urani-

Keywords Water pollutants, thermodynamic calculations, hy-
dro-geo-chemical barriers

Introduction

The knowledge of the possibility for pollutants mi-
gration and elimination in aquifers can help in taking im-
portant decisions, such as: (a) whether a given industry
is dangerous for the environment and especially for the
surrounding soil and groundwater? (b) what are the pos-
sibilities for natural retention of pollutants and for mak-
ing them harmless outside industrial regions’ (¢) what
steps are to be taken in order to restrict pollution and/or
restore the water quality? Is it indispensable to halt oper-
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ations at the mine enterprise”

The main hydro-chemical processes decisive for
forming the composition of ground (and surface) waters
affected by mining operations are: (a) hydrolysis (most
often, protolysis) and incongruent dissolution (leaching)
of the basic rock- and ore-forming minerals, (b) com-
plexation of ions, (c) precipitation of secondary miner-
als, which in most cases are not only a sedimentation
way of eliminating preliminarily leached ingredients, but
also a suitable matrix for their sorption retention. The
so-called hydro-geo-chemical precipitation-sorption bar-
riers are thus formed.

The aim of the present paper is to describe a
method developed for evaluating 1) the possibility for
hydro-geo-chemical barrier formation; 2) the barrier pa-
rameters; 3) possibilities for pollutants elimination (to a
certain degree) .

Experimental
The possibility for a solid phase precipitation can

be evaluated by means of the saturation coefficient K.
For a generalized reaction (in equilibrium) :

A,"*B,"" = mA™* + nB™" (A)
K, is expressed by the following equation:
Ks= a'X“ a'{;”"/PAmB (1)

where A,B, is low soluble compound ( mineral ) ;
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P4 g —solubility product of the compound; as"+, The thermodynamic stability of a given solid phase
can be evaluated by means of the imeversibility (trans-

ap~—thermodynamic activities of ions and m, n—stoi- )
formation) index I,." For a generalized reaction:

chiometric coefficients.

A.B, +uH,0=mA"* + n(BO,)"” +2uH* + ge~ +D,S,, (B)

I is expressed by the following equation:
I,= mlgay,™ + nigage; -2upH+ f(¢, Ey) (2)

where: d, v, u, m, n, p, q, s—stoichiometric co-
efficients; a}*, ago’; —the activities of ions A"* and
BO,”"; f(t, E,) is empirical function, which de-
pends on the temperature and oxidation-reduction poten-
tial of the medium ( f(E}) is related to the number of
electrons, exchanged during the reaction, if any);
D, S,—another (secondary) low soluble mineral.

When K, > 1, reactions of type (A) are directed
to the left, i.e. under specific hydro-geo-chemical
conditions (and at given pH and Ej, values, as summa-
rized parameters) thermodynamically stable solid phases-
precipitates are formed. The elimination of the polluting
ions can take place by (a) participation in the precipi-
tate formation, (b) co-precipitation, and (¢) (most of-
ten) adsorption on the formed precipitate. Reactions of
type (B) are shifted to the left, when 7,>0.

To calculate K, and I,, taking into account also
the complexation of ions and electro-kinetic phenomena
at the mineral/solution interface, computer programs
can be used such as WATROCK? (Fig. 1) to which ad-
ditional thermodynamic data'’® are needed. Concentra-
tions of ions entering the solid phases, pH, E} and con-
ductivity of groundwater are the main parameters (in the
program) needed for a quick estimation of thermodynam-
ic activities. The expressions of the activity coefficients
necessary to calculate the thermodynamic activities are
as follows:

A2y

B (if 1< 0.2 mol/L);
I+ Y if mo) ;

~lgfi =

-lgfi=A z%(;%—O.ZSp)

(if0.2<p<0.8 mol/L), (3)

Introduction of initial cxpcrimental data: pH, £y, X, concentra-
tions of ions entering in the possible equilibrium reactions

Yes

Calculation of the ionic strength (p1)

Ycs

Calculation of the activity coefficients (£, )

v
Calculation of protolytic, stability constants and solubility
products as function of the temperature

y
Itcration procedurc for making more precisc the f, valucs at
incomplcte analysis

A 4
Calculation of concentrations ol dillerent species, participating in the|
equilibrium reactions, in consideration of complex ion formation

Calculation of K and /,

Fig. 1 Algorithm of WATROCK program for a quantitative ther-

modynamic assessment of water-rock interactions.

where z; is the valency of ion i, p is the ionic strength,
A is the temperature dependent constant and within the
range from 0 to 40C, A is given by the following ex-

pression ;
A =0.000845(T -273.15) +0.488  (4)

The ionic strength u (mol/L) can be found using the

formula .

p=0.5 Sé‘,lci'z% (5)
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where 8 is a factor, that takes into consideration the
complexation (but predominantly with inorganic ligands)
of the ions. It is calculated by use of the following equa-

tion:*

0= -0.09627InM +1.4212 (6)

where M is the mineralization of the groundwater in mg/
L. To evaluate quickly water mineralization and/or ionic
strength at incomplete analysis, the dependencies on the
conductivity y are used; 2"

M=ay? ' (1)

where « and p are constants with values depending on
the water conductivity as given in Table 1, and;

12=0.01835 ¢ (8)

where p is expressed in mmol/L and y is in uS/cm.
The exact analytical relation between 1« and y has to be
predetermined for the particular investigated region.

The proposed method for thermodynamic evaluation
has been applied to estimate the possible migration of
different pollutants (U, *®Ra, B-emitters, and SO>)
in the area of a uranium mine in South Bulgaria. In this
case uranium is extracted by means of underground sul-
furic acid leaching through boreholes. 29 samples of
groundwater have been taken for examination. Values of
pH, Ej and y of the investigated waters have been mea-
sured “in situ” . Concentrations of ions, such as Na*,
K*, Fe**, AP*, U0’ and SO, and of H,SiO,
have been determined with Bulgarian State standard or
internationally approved methods. 5"

Table 1  Coefficients for calculation of water mineralization by
use of conductivity
Type of water Conductivity, ¥ a P
(1S em™)
Low mineralized ¥ <250 0.37 1.17
Hydrocarbonate-calcium 250<y <800 1.04 1
Sulfate-calcium 500<y <3000 1.07 1

Results and discussion

Bearing in mind the composition of the groundwa-

ter, as well as the type of rocks in the region, reactions
given in Table 2 have been chosen for our thermodynam-
ic calculation. Data on the equilibrium constants, solu-
bility products, stability constants and their temperature
dependencies have been taken from the literature "8
The following species have been considered in the ther-
modynamic calculations for the U0,%* - H,S0, system
(reaction 7, Table 2):' UO?*, UO0,S0,, [UO,-
(S0)4]* and UO, (OH), * 2H,0. Reactions 4 and 5
(Table 2) have been mainly used to obtain K, values for
Fe(OH); and A1(OH);, presented in Fig. 2. Most
probable complexes of Fe** and AP* with OH™ (water)
and HSO,~ (H,S0,) as ligands have been consid-
ered.!! Table 3 presents formulas used to calculate K,
and I, (as function of the temperature and Ej,) for re-
actions 8—16 described in Table 2.

The values obtained for K, and I, show that (a)
kaolinite is the most stable solid phase (under the exist-
ing hydro-chemical conditions), (b) solid phases from
Fe(OH)3 and A1{OH); may be formed, (c) the elimi-
nation of U in the form of UO,(OH),*2H,0 is possible
only if pH> 6 and Csof' < 100 mg/L.

Direction estimation for reaction 9, and from 12 to
15 is indicative of the way, in which rocks in the region
neutralize huge quantities of H,SO, (about 200000 t),
introduced in the geological stratum during the uranium
extraction.

Except for the above-mentioned hydrolysis, reac-
tions 4, 5, 6 and 11 are also pH-dependent. Reactions
4 and 5 are also Ey-dependent (in terms of the relation-
ship between pH and E},), and practically the total con-
version of Fe?* into Fe’* for reaction 4 is due to the
highly oxidizing conditions.

K, values, calculated for Fe(OH); and A1(OH);
at different pH and E; values of the groundwater are
shown in Fig. 2. Parameters of the precipitation-sorp-
tion barrier formed can be read from the graph. In the
case being described they are pH values above 3.65 and
E,, values below 402 mV for the iron hydroxide barrier
and pH values above 4.52 and Ej, values below 346 mV
for the gibbside one. Experimental concentrations of
some pollutants (UO,2*, 2 Ra, B-activity and SO,%)
and of barrier forming ions (Fe’* and AP*) are also
pictured in Fig. 2.
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Table 2 Chemical equilibria used in thermodynamic calculation

Investigated reaction K, I,
1. CaCO=— Ca®* + CO;* <l
2. CaMg(CO;);== Ca®* + Mg** +2C0;*~ <l
3. CaS0,*2H,0 == Ca®** +S0.2~ +2H,0 <1
4. Fe(OH)y=== Fe’* +30H" generally>1
5. Al(OH);== AP* +30H" generally>1
6. Mn(OH),== Mn** +20H" <l
7. UO,(OH),*2H,0 == U0,2* + 20H" +2H,0 <1, >1°
8. FeS, + 8H,0 == Fe?** +250,2" + 16H* + 14e” <0
9. NaAlSi;Oq + 4H,0 + 4H*== Na* + AP* + 3H,Si0, <0
10. ALSi,05(OH), + 6H* == 2AP* + 2H,Si0; + H,0 Generally > 0°
11. Si0, + 2H,0 == H,Si0, Generally > 0
12. NaAlSi;Op + H* +4.5H,0 == 0.5AL,Si,05(0H), + Na* + 2H,Si0, <0
13. KAISi;O5 + H* +4.5H,0 == 0.5AL5i,0s(OH), + K* + 2H,Si0, <0
14. CaALSi,Og +2H* + H,0 == AL,Si,0s(OH), + Ca’* <0
15. [6Cag 167AL, 33Si3 6/010(OH), + 2H* + 23H,0 ==7ALS},05(OH), + Ca®* + 8H,Si0,1/6 <0
16. ALSi,Os(OH), + 5H,0 == 2A1(OH); + 2H,Si0, >0

¢ at pH < 6 and [S04*] ~ 100 mg/L; b at pH> 6 and [S0,> ] < 100 mg/L; © except for samples with pH<3.35.
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Fig. 2 Dependence of K, and concentrations of pollutants on pH and Ej, values of groundwater.

Having in mind (a) the clearly pronounced de- by the thermodynamic calculations), (b) the thermody-
crease in concentrations of pollutants in the thermody-  namic impossibility for precipitation of UO,(OH),-2H,0
namically determined pH-E)}, region, where precipitates  and the possibility for uranium migration in the form of
from Fe(OH); and Al(OH); may be formed (as proved  complexes U0,S0,° (under the investigated conditions) ,
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(') the sorption capabilities of Fe(OH)3 and AI(OH)5,
a conclusion could be drawn that the elimination of the
polluting ions (of U and other radio-nuclides, and
S0,%) is due mainly to their sorption on the hydroxides
formed and on the stable alumosilicates. The observed
“delay” in SO,4* elimination ( compared to the elimina-

tion of U, ?*Ra and some B-emitters) could be assigned
to the higher sorption (ion exchange) capacity of alu-
mosilicates and colloidal HySiO, with respect to radionu-

clides, as compared to the capacity with respect to
SO42'.11

Table 3 Expressions used to calculate K, and I, for reactions presented in Table 2

Reaction No. according to Table 2 : Formula
8 I, = 1g[Fe** ] + 21g[ S0, ] - 16pH - 11.6 — (70449.5 E, - 29295.38)/T
9 I, =1g[Na* ]+ 1g[ AP+ ] + 31g[ H,Si0, ] + 4pH — 3.94 + 0.038( T — 298.15)
10 I, = 2g[ AP+ ] + 21g[ H,Si0, ] + 6pH - 7.63 + 0.0823( T - 298.15)
11 1, = 1g[HSi0,] +0.09+ 779/ T
12 I,=1g[Na* ] + 2lg[ H,Si0,] + pH - 0.046 ~ 0.00323( T - 273.15)
13 I,=1g[K* ]+ 21g[ H;SiO, ] + pH - 0.01629( T - 273.15) + 2.931
14 I,=lg[Ca* ] +2pH - 18.84 + 0.07114( T - 273.15)
15 I,={lg[Ca* ] + 2pH + 8lg[ H,Si0,] - 0.01143( T - 273.15) + 16.6} /6
16 i I, =21g[H,Si0,] - 0.02(T - 273.15) + 8.79

[ion] is the activity of an ion.

The formation of a hydro-geo-chemical precipitation
barrier from Fe (OH); and Al(OH); can also cause
elimination (by sorption) of other heavy metal ions. Ac-
cording to some authors'? Fe(OH); and AI(OH); have a
good sorption capacity with respect to ions of Cd, Cu,
Pb, Se, Zn, and As.

As a result of long-term and representative mea-
surements of pH, E), y, Ca, Cr. and concentrations
of pollutants, graphs similar to these shown in Fig. 2
can be drawn. Using these graphs, only on the basis of
data on pH, Ey,, Cy and Cp, values, an express evalu-
ation can be made of (a) possibility for formation of hy-

* dro-geo-chemical precipitation barriers, (b) barrier pa-
rameters; pH and E) values at which it is formed, its
width, concentrations of pollutants beyond the barrier,
(¢) probability for sorption elimination of different pol-
lutants .

Conclusion

The hydro-geo-chemical barrier formation and the
elimination of different pollutanis by these barriers can
be shown by graphs drawn with the aid of thermodynam-
ic calculations based on a representative set of data. Pa-
rameters of the barrier and the extent of elimination of
possible pollutants can be predicted by use of these dia-
grams and only on the basis of pH, E) data values of

the water and concentrations of ions participating in the
precipitates, forming the barriers in the aquifer.
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