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Barite solubilities and thermodynamic quantities up to 300'C and 1400 bars

Cue,nlrs W. BlouNr

Department of Geology,Idaho State Uniuersity
Pocatello. Idaho 83209

Abstract

Solubil it ies of specially synthesized coarse-grained barite were determined in HrO solutions
from22 to 280"C and I to 1400 bars, and in 0.2 and 4 molal NaCl solutions from 100 to 250'C
and I to 500 bars. Barite solubil it ies are low, ranging between l0-6 and 10-3 molal. Isobaric
solubil it ies are maximum near 100oC in HzO solutions; the maxima migrate to progressively
higher temperatures in solutions of increasing NaCl concentrations. Isothermal solubil it ies
increase with rising NaCl concentration and pressure. The effect of NaCl on increasing
solubil it ies becomes greater with rising temperature.

Changing temperatures cause different responses, depending on the composition ol the
solution and the temperature range. Init ially-saturated dilute natural waters would precipitate
barite with either increasing temperature or decreasing temperature, depending on the circum-
stances. Saline solutions are capable of behaving much like dilute solutions below I molal
NaCl, but at higher NaCl concentrations the temperature effect on isobaric solubil it ies is
monotonically positive. Barite solubil ity in sufficiently saline solutions in nature would
increase with depth, due to increasing temperature and pressure. Precipitation would tend to
occur during migration of solutions toward the surface. Because the low solubil ity of barite
precludes effective transport of BaSOo in large quantit ies, precipitation of barite by the
reaction of Ba2+ with sulfate derived from the oxidation of 52 may be more important as a
depositional mechanism than changes in the temperature-pressure environment.

Thermodynamic equil ibrium constants (K) and the free-energy changes for the reaction
(AG) for the dissolution of barite were calculated from the solubil ity data. AG values in
kcallmole at I bar are closely reproduced by theequation AG: 1.15046 X l0 1T' - 4.02952
x 10-27 + 15.386 (Iin 'K). Enthalpies, entropies, and volumes ofreaction obtained from the
solubil ity data are in accord with published thermodynamic data. Activity coefficients calcu-
lated using barite solubil it ies in NaCl solutions and log K data are accurately modeled by an
extended form of the Debve-Hiickel eouation

Introduction
This paper presents experimental determinations

of the solubil ity of pure, coarsely-crystall ine barite in
water and NaCl-water solutions over a range of tem-
perature and pressure conditions. The solubil ity stud-
ies provide necessary basic physical-chemical data
needed to understand the causes ofprecipitation, dis-
solution, or decomposition of barite in nature. They
also provide data needed for evaluating thermody-
namic quant i t ies of  BaSOr in  aqueous solut ions.

Barite occurs in a wide variety of geologic environ-
ments. Most economically-important barite deposits
are found in sedimentary rocks as bedded barite
(Brobst, 1970). Barite also occurs in sedimentary

rocks as rosettes and nodules, as a cementing min-
eral, and as residual accumulations. Many occur-
rences of barite are of hydrothermal origin. Sulfide
mineral deposits commonly contain barite as a
gangue mineral. Some gold deposits in the western
U.S. contain frankdicksonite (BaFr) as well as barite
(Radtke and Brown, 1974). Barite is also associated
with some carbonatites (Heinrich, 1966). The ex-
treme diversity of barite occurrences suggests that
barite is deposited under diverse geochemical condi-
t lons.

Many measurements of barite or BaSOn solubil ity
have been made. In most studies, the solid uti l ized
was either a sample of natural barite or precipitated
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BaSOo. The use of either of these solids can introduce
error. Natural barites may contain minor amounts of
other elements, such as Sr, Ca, and Pb, as substitutes
for Ba in the crystal structure. The presence of small
amounts of impurit ies may affect Ba concentrations
in aqueous solutions (Gundlach et al., 1972). Barites
with strontium showed an incongruent solubil ity.
Natural barites may also contain small inclusions of
other minerals capable of dissolving and increasing
the ionic strength. The very low solubil ity of barite,
of  the order  of  l0-5 moles BaSO+ per  k i logram of
solvent causes similar levels of other ions to have
much greater relative effect on solution properties
than they would if concentrations were higher. Ionic
substitution and the contamination of samples with
other minerals can be avoided by using precipitated
barium sulfate. However, these precipitates may be
poorly crystall ine, have a very fine grain size, and
contain occluded barium chloride, sodium sulfate, or
other salts, depending upon the conditions of precipi-
tation. Balarew (1925) pointed out that BaSOn pre-
cipitates contain up to as much as I percent of oc-
cluded BaClr. Even the precipitates washed unti l
negative tests were obtained for chloride released
more Cl- on prolonged grinding. In a recent study of
SrSOn precipitates, Mager and Lieser (1972) showed
that recrystall ization caused the slow release of oc-
cluded NarSOo.

Particle size and crystall inity also affect measured
solubil it ies. Lemarchands (1928) found that particles
smaller than 1.7 microns had solubil it ies as much as
three times that of larger particles. Herovsky and
Berezicky (1929) found that freshly-precipitated
BaSOn was about 8 times more soluble than a precipi-
tate 30 hours old. In studies of SrSOn solubil ity,
Gallo ( 1935) showed that a calcined precipitate had a
lower solubil ity than a newly-formed precipitate.
Measurements of celestite solubil ity by Stri ibel (1966)
and by Blount and Dickson (1967) were significantly
lower than were obtained by Gallo on calcined mate-
rial. If synthetic solids are to be used, they must be as
free as possible of occluded ions, consist of grains
larger than 2 microns, and be highly crystall ine.

Solubil it ies of barite and precipitated BaSOn in
water and in salt solutions made by many in-
vestigators have been summarized by Stri ibel (1967)
and Gundlach et al. (1972). Results of the more con-
sistent studies of later researchers are i l lustrated in
Figure l. Table I summarizes previous studies of
BaSOn and barite solubil ity in various kinds of salt
solutions.

A wide variety of analytical procedures were used
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by different investigators for the solubil ity measure-
ments. Templeton (1960) used emission spectroscopy
for barium and a reduction-colorimetric procedure
for sulfur. Radioisotope methods using precipitated
BaSOo with barium 140 and 133 as a tracer were
employed by Puchelt (1967). Stri. ibel (1967) employed
crystal weight-loss and X-ray fluorescence to deter-
mine barium. Uchameyshvil i et al. (1966) used crystal
weight-loss measurements on barite crystals. Some of
the scatter in experimental results reflects analytical
problems and uncertainties as well as significant solu-
bil i ty differences.

Present study

E xp e riment al mate rials

Samples of coarse-grained synthetic barite were
prepared by slow precipitation from a hot, acidic,
d i lu te (0.01 mola l )  BaCl ,  so lut ions by adding d i lu te
NarSOa solution, following procedures described by
Blount (1971, 1974). The synthetic barite consisted of
0.5 g quant i t ies of  crysta ls  ranging f rom 0.01 to 0.1
mm thick. No amorphous or submicron mateiial was
present. Except for the growth of some crystals to
form aggregates, barite was unchanged after a year of
exposure to solutions at elevated temperatures and
pressures. All experimental solutions were made from
redisti l led water and reagent-grade chemicals.

Analytical procedures

Barium determinations on experimental solutions
were made by X-ray fluorescence analysis of ion-
exchange resin pellets after the barium had been
taken up by the resin, as described by Blount et al.
(1971, 1973). Pre-weighed quantit ies of a chelating
ion-exchange resin (Chelex 100) were equil ibrated
with weighed quantit ies of experimental solutions at
a pH near 10. Strongly saline solutions were diluted
l0-fold to eliminate interference by sodium ion. The
resin was recovered by fi l tration, dried, and pelletized
in a 0.5" diameter die. Standard pellets were prepared
by equil ibrating solutions with known quantit ies of
barium with resin samples. Barium recovery was
around 99 percent from test solutions. A Phil l ips
model l4l0 vacuum spectrograph equipped with a
100 kV tungsten target tube was used to measure the
intensity of the BaKa peak. The accuracy of the
analytical procedure was better than *5 percent. The
Ka peak, in spite of high background, showed better
l inearity and reproducibil i ty for the resin sample
analysis procedure than the La line.
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E xpe rimental e quip me nt

Solubil ity measurements were made using the hy-
drothermal solution equipment (HSE) described by
Dickson et al. (1963). A 400 ml capacity collapsible
teflon sample cell, containing 0.5 g synthetic barite,
and fi l led with boiled, CO,-free disti l led water or
NaCl-water solution, was connected to a teflon-lined
stainless steel tube and installed in a large stainless
steel pressure vessel. Pressure was controlled by
pumping COr-free water into or out of the space in
the pressure vessel surrounding the sample cell. Heat-
ing was provided by a large muffie furnace. The HSE-
furnace assembly was rocked through an angle of
l70o to provide mixing of solution and barite. Sam-
ples of this solution were taken from the sample cell
at intervals of t ime (2 to 12 days) by opening a valve
located at the other end of the teflon-lined tubing
connected to the sample cell. Pressure was main-
tained by simultaneously pumping water into the

pressure vessel. Experimental conditions were main-
tained unti l analyses of successive samples agreed
within the uncertainty of the analytical procedure.
Uncertainties in temperature, measured with a chro-
mel-alumel thermocouple, were 1.5 percent. Pres-
sures were measured with a calibrated precision-type
Heise pressure gauge with an uncertainty of t 3 bars.

System BaSOo-HzO

Experimental determinations of barite solubil ity in
water are presented in Table 2 and il lustrated in
Figure 2, which includes data by other workers for
comparison. Solubil it ies were measured from both
undersaturated ("U") and supersaturated ("S") con-
ditions. Table 3 gives solubil it ies at selected constant
temperature and pressure conditions. The isobaric
solubil ity curves in Figure 2 show maxima between
100 and 150'C. Pressure and temperature effects on
barite solubil ity above l50oC are similar to solubil ity
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r  Neumon (1933)
a Srr i ibet i l967)
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Fig.  l .  Resul ts of  previous determinat ions of  BaSOn or bar i te solubi l i ty  in HrO and some NaCI-HrO solut ions Where necessary,  short

interpolat ions or  extrapolat ions were used to obtain values at  the indicated NaCl concentrat ions The numbers next  to data points are the
Dressures in bars.
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Table l .  Summary of  exper imental  condi t ions
solubility of barite and precipitated

94s

used for
BaSOn in

previous studies of  the

sal t  solut ions

Authors and
Experinental

So l i d

Sal t  solut ions
studied

Range of TenPerature
Concentration

Fresenius Q

H in t z  ( 1896

ppt.  BaS04

Fraps (1902)

ppt .  BaS04

Neunan (1935)

ppt .  BaS04

Templeton (1960)

ppt .  BaS04

L iese r  ( 1965 )

ppt .  BaS04

Uchaneyshvi 1 i

e t  a l .  ( 1966 )

bar i te

Puchel t  (1967)

ppt .  BaS04

str i iber  ( r967)

ppt .  BaS0O E

bar i te

NH4C1, Nac1,

HNo3, HC1

FeC 1 
3,  

A1C1 
J

MgCt,

KCl,  KNO3,

MgClr ,  Me(Nor) ,

LaClr ,  La(NOr),

NaCl

Na2S04

NaC1 ,  KC l ,

MgC12, CaCl2

NaCl,  KCl

MgC12, CaCl2

NaCl

0  -  1 0  w t . %

1-100  g / l i t e r

0 .00001  t o

0.036 \nolar

0 . 2  t o  2 0

weight percent

0 . 0 0 0 1  t o

L rnolar

0 .1 -2  mo les / kg

0 t o 2 6

weigllt percent

0-2 noles/kg

Not Given

"oorn 
tenp.

Not given

aoon tenp.

^ -o^

25 -  950C

2ooc

95 -  3700C

25 e sooc

z0 - 6oooc

trends of anhydrite and celestite (Blount and Dick-
son, 1967, 1969; Blount and Dickson, in prepara-
tion), both of which show considerably greater solu-
bility. Isothermal solubilities of all the minerals
increase at increasing rates with pressure rise. Plots of
logarithms of solubilities u.r. pressure at constant
temperature, and us. temperature at constant pres-
sure (above 150"C), are nearly straight lines.

System BaSOo-NaCl-H20

Table 4 gives experimentally-determined barite sol-
ubilities in 0.2 and 4.0 molal (moles/kg HzO) NaCl
solutions, at temperatures from 94 to 253oC and
pressures close to the vapor pressure and near 500
bars. The uncertainty of barium analyses in the 4-
molal solutions is greater (t1Vo) than in water or in
more dilute NaCl solutions. A large excess of sodium
can result in less than a 100 percent recovery o-f
barium by the ion-exchange resin. High results could
be produced by contamination of sample solutions
during sampling. Under these experimental condi-
tions, BaSO4 could precipitate in the cooler teflon-

lined sampling tube and be subsequently swept out
during sampling. The first few milli l iters of sample
solution were discarded in an effort to reduce the
possibility of sample contamination.

Smoothed data corrected to regular intervals of
temperature, pressure, and NaCl concentration were
used in the construction of Figure 3. Vapor-pressure
data for NaCl solutions were from Haas (1971). The
presence of millimolar concentrations of BaSOn have
only trivial effects upon solution vapor pressures.
Barite solubility in NaCl solutions is greater than the
solubility in water at all conditions studied. Increas-
ing pressure invariably increases solubility.

Barite solubilities of Figure 3 were graphically in-
terpolated or extrapolated to obtain solubility values
at 100, 150, 200, and 250'C at the vapor pressure and
at 500 bars. These values were used to prepare Figure
4, in which logarithms of barite solubility are plotted
against a function involving the square root of NaCl
concentration. The curves were positioned on the
basis of an extended Debye-Htckel equation. Solu-
bilities plotted in this way change almost linearly with
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the NaCl concentration function. Figure 9 presents rather good agreement between the solubil it ies ob-

25oC data of other workers plotted in the same way. tained during the present study and those obtained by

Solubifity measurements by previous workers are Uchameyshvil i et al. (1966). Results obtained by

shown for comparison in Figures 3 and 4. There is Stri ibel (1967) and Templeton (1960) are generally

Table 2. Exoerimental determinations of barite solubility in HrO solutions

Experimental Sanple
condition Nunber

Tenptgrature Pressure Approach BaSOo in
i n  "C  i n  ba rs  D i rec t i on  n i l l i r o l es

Equ i l i b .  kg  H rO
I rme uays.

2R

4

B 1
B 2
D J

B 4
B 5

B 6
B 7

B 8

B 9
8 1 0

B11
872
813

874

B 1 6

B17

8 1 8
B19

B20
b z L

822
b z 5

824

826
827

96
9 7
99

9 5

9 7
9 6 . 5

9 7

189
189

189
189
188

190
189

248

249

247-
249

247
249

279
279

Z L J

Z I 6 .  )

2 7 7
2 7 7

2 7 7
224

24
24

23

22

r57
156
1 5 8

36
4 7
46

496
460

882
862

466

402
404

100
100
106

904
902

s 2 2

484

956
1010

92
104

994
996

492
468

4 7 2
456

106
176

I002
10  08

500
5 1 8
508

r406
L392
14  10

102
702
1 1 0

0 .01.7 4
0.  01 76
0.01 7t

0 . 0 2 5 8
0 . 0 2 4 2

0 . 0 5 7 5
0 .0342

0 .0253

0. 01 50
0 .  014  6

0 .  01  00
0 .  0 l  04
0 . 0 1 0 5

0 . 0 2 3 7
0 .  0239

0 .  0083

0 .  00  79

0 .  0140
0 .0147

0 . 0 0 4 8
0 . 0 0 4 8

0 . 0 1 2 0
0 . 0 1 2 5

0 . 0 1 2 4
0 . 0 1 1 8

0 . 0 1 1 5
0 . 0 1 1 7

0 . 0 0 7 s
0 . 0 0 6 6

0 .  0289
0 . 0 2 8 d

0 . 0 1 8 2
0 . 0 r 7 7
0 . 0 r 8 7

0 .  0546
0 . 0 5 s 2
0 . 0 s 1 8

0 . 0 1 7 9
0 . 0 1 5 6
0 .  0 1 6 0

u 2
u 1 2
u 3 7

U 5
u 1 1

U 3
U 6

U 8

S 4
S 9

S 4
U 3
U 5

U 6
u 1 1

s 2

U 5

U 4
U 8

S 3
J O

U 5
u 7

D J

s 1 0

U J

U 8

o

7

/ K

8

9

10

1 1

1 lR

I 2

1 5

T4

t 5

1 6

828
829

Y I
\2

I 5

Y4
Y5

Y6
Y7
Y8

Y9
Y l0
Y l l

S 3
s 1 4

U 2
U 8

S 5
S 6
s 1 0

U 7
u 1 0
u l l

S 3
5 0

S 9
t55
157
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solubility inBori te Solubi l i ty  in Woter Table 4 Experimental determinations of barite
NaCl-H"O solutions

Smple Tenperature
Nuber in oc

Pressure Equil ib, NaCl in Baso, in
in  bars  T ine  no les  n i l l i no les

in days xcH-F 
--Tc 

H-I-

a-\
c\l

-

c|.)
)<

a
q)

-
L

.o2

c . o o 7

^$r-) .oo5
a
o
m

.oo3

o02

3
5

3
9

3
1 0

2

L 2 4
728

t 2
8

5

253
253

177
767

1 1 8

478 73
492 20
492 49

5 0 0  t 2
500 14

502 9
482 19

106 2
103 3

o l

245
245

246

94
96
95

3
7

t4

Y
Y
Y

Y
Y
Y

50

202
202
203
203
202.5
200
200

z 7
z 2

z 3
z 4

z s
z 6

z 7

z 8
z 9
270

zt7
zt2

274

224

9 6 . 5
9 4 . 5

98
9 8  . 5

100

t49
150

t34
726

520
480
500

0 , 2 0

4  . 0 0

0 . 0 7 7
0 .069

0 . 0 5 8
0 . 0 5 7

0 . 0 7 7
0 . 0 7 6

0.  084

0 .  1 0 6
0 . 1 0 8
0 .  1 1 3

0 . 1 1 5
o . ! 2 t

0 . 0 8 8
0 . 0 9 2

0 . 0 5 8
0 . 0 6 2

0 . 3 2 4
0 .  3 1 1
0 . 3 0 7

0 . 2 6 0
0 , 2 6 5
0 .  2 5 5

0  . 5 1
0 . 5 0
0 . 5 3
0 . 5 2
0  . 4 9

0 , 6 9
0 . 7 3
0 . 7 6
0 .  6 9
0 . 7 4
0 . 7 3
o , 6 4

o Present Study
+ Melcher ( l9lO)
^  Neumon (1933)
r Templeton (1960)
^ srri lbet (1967)

A\

300 350roo t50 200

Temperoture
250

"C

6
33
39
4 2

5
L4
7 7
2 L
73

1 0 6
106
92

560

492
500
500

4 5 6
500
507
498
499
470
492

Fig. 2. Solubi l i ty of bari te in HrO as a function of temperature at
several pressures. Results by previous workers are shown for
comparison. The letters "U" and "S" indicate whether the data
point was approached from undersaturated or supersaturated
solut ions

higher than those obtained in the present study. Bar-
ite solubility determinations of this study and by
Uchameyshvili et al. ( 1966) give internally-consistent
data over the ranges of temperature, pressure, and

Table 3 Barite solubi l i t ies in mil l imoles,/kg HrO in HrO solut ion
at various temperatures and pressures NaCl concentration conditions covered. Table 5 pre-

sents a summary of barite solubilities at even values
of temperature, pressure, and NaCl concentration.

Geological applications

The behavior of barite solubility below the Earth's
surface is a function of many factors besides temper-
ature and pressure. Such factors could include the
presence ofl other dissolved substances in solution,
ion exchange with clay minerals and other sub-
stances, and the possible instability of barite under
sulfate-reducing conditions or under conditions that
favor the formation of witherite, Ba COa. The experi-
mental measurements give the chemical tendencies
for idealized circumstances, which may not be ap-
proximated in nature. Striibel (1968) suggested that
barite could precipitate from natural saline waters by

y 7
Y 8
Y 9
Y 1 0
Y 1 1
Y L 2

Y 1 3
Y14
r  l 5

Y16
Y77
Y 1 8
Y 1 9

1 5 3
1 5 3
1 5 2 . 5
752.5

ls2

loc
Low*

Preaaure
Pressure 1000
500 barg bars

100
bare

1400
bare

z )
60
80

100

L25
150
175
200

225
250
300f

0.0106** 0.0L17
0.01.52** 0.0163
0 .0160* *  0 .0L75
0 .0158  0 .0180

0 .0166  0 .0180
0.0146 0.0r .58
0 .0113  0 .oL24
0.0084 0.00920

0.00620 0.00575
0.00445 0.00470
0.00248 0.00250

0 .0184  0 ,0290
0 .0236  0 .0350
0 ,0251  0 .0380
0 ,0260  0 .0390

0 .0261  0 .0405
0.0232 0,0375
0 ,0187  0 .0307
0 .0141  0 .0240

0.0107 0.0190
0 ,00790  0 .0147
0,0044 0.0089

0.0480
0 .  0510
0.0535

0 .0s60
0 ,0540
0.0465
0 .0360

0 .0301
0.0243

*Pregsure equals I bar up to l-00oc, the vapor preseure above
1000c.

**Solubll it les based on studleo by Melcher (1910) and
Tenpleton (1950).

+Vel.ue6 obtalned by short qtrapolatton.
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Fig.  3.  Solubi l i ty  of  bar i te in HrO and 0.2 and 4 molal
NaCl-HrO solut ions as a funct ion of  temperature at  the vapor
pressure and 500 bars.  Previous resul ts are shown for  compar ison

cooling, or by reaction of Ba-containing solutions
with sulfate produced by oxidation of sulfide ion;
conclusions of this study are in agreement.

The solubil ity data can be used to construct dia-
grams depicting saturation conditions in the Earth's
crust. Such diagrams are generally for simplif ied and
essentially artif icial conditions. Curves in Figure 5a
depict constant-composition sections through the
barite saturation surface projected onto the temper-
ature-pressure plane. The saturation surface is termi-
nated at low pressure by the curve representing the
vapor pressure of saturated solutions (which is in-
distinguishable from the vapor pressure curve ofpure
water at the scale of the figure). The dashed lines
represent two possible temperature-pressure condi-
tions for an assumed geothermal gradient of
30'C/km. The first is for a pressure gradient of 100
bars/km, as a simple approximation to that of a
column of water (hydrostatic). The second is for a
pressure gradient of 250 bars/km, as a simple ap-
proximation to that produced by a column of rock
(lithostatic). Solubil it ies under these two conditions
are i l lustrated in Figure 5b. At a given depth, barite
solubil ity is invariably greater at the higher-pressure
conditions. Barite crystals would therefore tend to
dissolve at points of pressure and precipitate between
detrital grains where the pressure is lower. Barite
could also precipitate at constant temperature by mi-
gration of solutions along pressure gradients as, for
example, from places at high pressure to fissures with

lower pressures. For the models used here, barite
solubil ity under the low-pressure conditions passes a
maximum at about 4 km. Under the high-pressure
conditions, solubil it ies remain nearly constant below
4 km. Therefore, barite-saturated ground waters
moving in the Earth's crust could either dissolve or
precipitate barite according to the direction of f low
and the nature of pressure gradient. An important
possibil i ty is that barite could be precipitated from
barite-saturated ground waters migrating toward hot
regions in the crust.

The importance of NaCl solutions in barite deposi-

o . r . 2 . 3 . 4 . 5 . 6 . 7

2 , ,  t
m  - ( N o C t )  /  l ?  m  - ( N o C t )

Fig. 4. Barite solubi l i ty in NaCl-H,O solut ions as a function of
the NaCl concentrat ion. Previous results are shown for
comparison. The curves represent solubi l i t ies calculated from
equilibrium constants and an extended Debye-Hiickel equation
(Equation l2 in text)

o
N

-

c'l
)<

a
(D
o
E
=
C.

Og
U)
om

r Templeton (1960)
o Uchomeyshvil i et ol. (1966)
a srri iber (1967)
o Present Study

NoCl 
.JVloles 

/ Kg,H2O
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Table 5. Barite solubi l i t ies in NaCl-HrO solut ions at even values of temperature, pressure, and NaCl concentrat ion

Temp.  Press .

' c  bars
1*0 . 0

NaCl  in  mo les /kg  HrO

o , 2  0 . 5 *

(BaSOO in nil l imoles/kg HrO

100 1
500

4-5r
500

13-151
500

36- 39r
500

0 . 0 1 6 8
0 . 0 2 6 0

0 , 0 r 4 5
o,0232

0 .0084
0  . 0 1 4 r

0  . 0044
0 . 0 0 7 9

0 . 0 5 8
0 . 0 8 4

0  . 0 5 6
0 . 0  7 8

0 . 0 4 1 5
0  . 0 7 0

0  . 0  305
0  . 0505

0  . 0 7 9
0 . 1 r 2

0 . 0 8 0
0 . 1 1 8

0 . 0 5 7
0 .  108

0 . 0 5 3
0  . 0 8 7

0 . 1 2 3
0 . L 4 7

0 . 1 4 3
0 . 1 8 8

0 . 1 3 0
0 .  208

0 .L25
0 . 1 9 5

o . L 7 2
0 , 2 3 3

0 . 2 2 0
0 . 2 9 7

o . 2 3 2
0 . 3 4 0

o , 2 4 7
0 . 3 5 0

o .240
0 . 3 3 0

0 .  3 3 7
0 . 4 4

0 . 4 3
0 . 5 6 2

0 . 4 9 5
0 . 7 2

0 .290
0 . 3 8

0 . 4 2 5
0  . 5 2

u .  ) ) )

0 . 7 2 5
1 . 0 3

0 . 3 3 3  0 . 3 8
0 . 4 1 5  0 . 4 8

0 . 5 0  0 . 6 1
0 . 6 3  0 . 7 4

0 . 6 8  0 . 9 0
0 .  9 0  r .  1 5

0 . 9 4  1 . 3 0
r . 3 2  L . 7 7

150

* in te rpo la ted  so lub lL i ty
* *ex t rapo la ted  so lub i l i t y

frange of vapor pressures

t ion is attested to by the occurrence of concentrated
salt solutions in barite fluid inclusions (Roedder,

1972).ln solutions with NaCl concentrations above I
mole/kg HrO, barite solubil ity shows no maximum
but increases continuously with increasing temper-
ature. Barite solubil ity in NaCl solutions would in-
crease with depth because of increased temperature
and pressure. Therefore, constant-NaCl barite-satu-
rated solutions that migrate upward from depth to-
ward the surface could deposit some barite. The dilu-
tion of barite-saturated NaCl solutions with HrO at
constant temperature and pressure would produce

Pressure in bors
roo 500 rooo

undersaturated solutions. Barite solubil ity in HrO

and in NaCl-HrO solutions is quite low. The pres-

ence of MgCl, and CaCl, (Uchameyshvil i et al.,1966)

increases barite solubil it ies, but only to a minor ex-

tent. Oxidation and reduction of sulfur species in

solution probably have a more important role in the

precipitation or dissolution of barite in nature than

solubil ity. Barite solubil it ies are so low that the trans-

por t  of  large amounts of  BaSOn in s imple HrO or

NaCl-HrO solutions seems highly improbable'

Therefore, the deposition of barite in nature most

likely requires the mixing of two different ground-
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Fig.  5.  Bar i te solubi l i ty  in HzO solut ions at  depth under speci f ied geothermal  pressure-gradient  condi t ions (5a) Constant-conposi t ion

curves (mi l l imoles/kg HzO) on the bar i te saturat ion surface projected on the T,P plane (5b) Bar i te solubi l i ty  at  depth in km, obtained

from 5a assuming a geothermal  gradient  of  30"C/km at  condi t ions approximat ing hydrostat ic  and l i thostat ic  pressures

@
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500 bars
-1og X

1 bar
I"C -Iog K

Table 6.  Evaluat ion of  log K for  the solut ion of  bar i te in water clude:  logar i thms of  thermodynamic equi l ibr ium
constants, log K; standard free energies AG; en-
thalpies, A11; entropies, AS; volume changes, A Z;
and heat capacities at constant pressure, ACo; and
heat capacities at constant temperature, AC7.1 The
reaction considered for these calculations was.

( l )  BaSOo(c)  :  Ba '* (aq)  + SO!-(aq) ,

in which the reactant is barite (c) and the products
are the ions in solution (aq) at the hypothetical stan-
dard state of  uni t  mola l i ty  (m :  l ) .

Eualuation log K and LG

The first step in the treatment of the solubil ity data
was to calculate values for log K using the relation-
ship,

(2 )  l og  K  :  2 l og  m  ' r  2 l og  7^

in which m represents the molality of saturated solu-
tions and 7- is the mean activity coefficient on the
molality scale. Activity coefficients were calculated
using an extended form of the Debye-Hiickel equa-

'The superscr ipts and subscr ipts commonly used in thermody-
namic expressions,  as in the tables and f igures,  have been omit ted
from the text  to reduce the t ime and cost  of  typeset t ing.

I00 bars
-Iog K

1000 bars 1400 bars
-Iog K -Iog K

25
60
80

100

L25
150
I75
200

225
250
300

9 . 9 8
9 . 6 7
9 .  6 3
9 .  s 9

9 . 6 2
9 . 1 3
9 . 9 4

L O . 2 2

I C . 5 3
10,  80
LL.44

9 .  8 8
9 . 6 1

9 . 5 3

9 . 6 5
9 .  8 6

1 0 . 1 1

1 0 . 4 0
t 0  . 6 9
1 1 . 3 1

9 .  5 1
9 . 3 0
9 . 2 4
9 . 2 2

9 . 2 2
o  l t

9 . 5 0
9 . 7 5

9 . 9 9
r0 .24
1 0 . 7 3

9 . L 2
8 .  9 6
8 .  8 9
8 . 8 7

8 . 8 5
8 .  9 1
9  . 0 9
9 .  3 0

9 . 5 0
9 . 7 2

1 0  , 1 3

8 .  6 9
8 .  6 5
8 .  6 1

8 . 5 7
8 .  6 1
o .  t  5

8 . 9 5

9 . 1 4

water solutions. For example, a Ba2+ solution could
encounter  a SO! solut ion,  or  a solut ion conta in ing
both Ba2+ and some sul f ide ion could encounter
oxygen-bearing ground waters that can oxidize sul-
fide to sulfate.

Thermodynamic quantities

Inlroduction

This section presents thermodynamic quantit ies
calculated from barite solubil ity data and compares
them with l iterature values. The calculated quantit ies
for the reaction of barite with aqueous solutions in-

Table 7.  Values for  - log K for  bar i te solubi l i ty  at  I  bar

s

. i o. d o

o p
P r d

d v

O N

p v
</)

O a
4 0
O \ O
b o o

o e

o o

. i v

d d=

P ^

i @

6 . i
F

P
t r >

.  o d

E  O P
o ( J  ' r u )

F t a

o v

3 5
50
6 0

o )

8 0
9 5

200
2 2 5
2s0
2 7 5
300

r00
L  Z >

1 5 0
775

9 .  5 0

L 4 0

9  . 4 7

9 . 6 0

9 . 8 3

9 .  9 8

9  . 6 7

9 . 6 3

v .  J v

9 .  6 0
J . t 5

9 . 9 4

1 0 . 2 2
1 0 . 5 3
1 0 . 8 0
L I , 1 2
L t  , 4 4

9 .  9 6

9 . 7 0

9 .  s 8

9 .  9 6
9 . 8 3
9 . 7 1

9 . 6 6

L62
9 .  5 9

9 . 7 2

9 . 4 9

I  . 4 4

9 . 4 5
v .  J )

9 . 7 0
9 . 9 0

1 0 .  r 5
1 0 . 4 5
1 0 . 9 0
1 1 . 4 5
T Z . L J

9 . 7 0

9  . 4 2

9 . 2 2

9 . 3 4

9 . 6 7

1 0 .  3 4

1 1 . 0 5

9 . 9 7

v .  5 0

9  . 4 9

9 .  5 0

r 0 . 0 0

r0  . 47

1 I . 1 0

9 . 9 7

9 . 6 0

9 .  5 3

9 . s 2
9 . 6 0
9 . 7 5
o  o /

r 0 . 1 8
r 0 . 4 6
1 0 . 7 5

I 1 . 4 0

9  . 9 7

9 . 6 6

9 .  5 9

9 .  5 9
9 . 6 5
9 . 7 8
9 . 9 6

1 0 . 2 0
r0 .47
r0 .77

T I  . 4 7

*Calculated using Thermodynamic data in the l i terature.  Refer to text .
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t ion

(3) log ̂ y^ : GIZ*Z-l A* { l^)
/ ( l  *  B^a , l  I ^ ) .

in which lZ*Z-l is the absolute value of the product
of ionic charges (4 for BaSOn), A^ and B^ are tem-
perature and solution density dependent parameters
that include the dielectric and several other physical
constants, -f- is the ionic strength of solutions on the
molality scale, and c1 is an ion-size parameter. The
required physical constants were obtained from the
Reuised List of Physical Constants (National Bureau
of  Standards,  l97 l ) .  The d ie lect r ic  constant  was cal -
culated from equations 1, 2, and 3 given by Quist and
Marshal l  (1965),  which depend only upon temper-
ature and solut ion densi ty .  Solut ion densi t ies at  the
low concentrations considered were assumed to be
the same as those for water at the same temperature
and pressure. Water densities were obtained from
Kennedy et al. (1958) and Holser and Kennedy
(1958). An average value for the ion-size parameter
was obtained from Kielland (1937). Log ^y^ values
ranged from 0.013 to 0.036 for the experimental con-
ditions covered in this study. As previously stated,
uncertainties in the solubil ity data were about t5
percent or t0.02 in log m. Since uncertainties in log
^yn are much less than the calculated values, the un-
certainty in log K is essentially 2 times the uncertainty
in log m or t0.04. The 300'C values of log K have an
uncertainty of *0.10 introduced by the short extrap-
olation needed to obtain log rn values.

Calculated values for log K are presented in Tables
6 andT and plotted against l/I in Figure 6. There is a
maximum in log K near l00oC at all pressures. In-
creasing pressure causes log K values to increase al-
most l inearly. The I bar log K values above l00oC
were calculated from solubil it ies estimated by extrap-
olating downward from solubil it ies at the vapor pres-
sures. Uncertainties introduced by the short extrapo-
lation are small and therefore do not significantly
affect the uncertainty in log K values. Many different
values for log K, most of which were at or near 25oC,
but some at elevated conditions, have been cited by
Si l len and Marte l l  (1964, l97l ) .  Values at  25oC and
above,  obta ined f rom the studies by Melcher  (1910),
Templeton (1960), Stri. ibel (1967), Malinin et al.
(1969),  and Helgeson (1969) are g iven in Table 7.  The
solubil ity data of Melcher and Templeton were in
agreement with the present study, and their log K
values naturally agree. Values reported by Malinin el
al. are higher (less negative) below 150'C and lower
above this temperature. Helgeson's log K values are

. f-u; : ,$tti"*t'-3:=;-' i
ir'$':', 

g-bu'u-- 
"" u---oir'::'{

.uo9.-i .6

A I  Mo l in in  e l  o l .  (1969)
(  ) t

Y'  r  Helgeson (1969)
. Bosed on Criss s Cobble

" € o o o o o

s':*':::--.u o

(1964 o,b)

- i  o C
r50 roo 60

I

300

ot

1 6  2 0  2 5  3 . O  3 4

l / T  K  x  l O 3
Fig.  6.  Values for  log K as a funct ion of  the reciprocal  of  the

absolute temperature at  I ,  500,  1000, and 1400 bars.  Log K values

obtained in previous determinat ions or  calculated f rom

thermodynamic data are shown for  compar ison Dotted curves
represent values calculated f rom equat ion 5 in Table l0 Dashed

curves represents values calculated f rom equat ion 3 in Table l0

Size of open circle represents the uncertainty.

higher at all temperatures. Log K values calculated
using thermal data for crystall ine barite (Kelley,
1960),  entropies for  ions (Lat imer,  1952),  and en-
tropy and heat capacity data for the ions in aqueous
solution at higher temperatures (Criss and Cobble,
1964 a,b) differ from values obtained in other studies
except at25"C. The differences can be accounted for
by changing L,H by 300 calories or AS by I entropy
uni t .

AG values calculated from the equation,

(4)  LG :  -2.3025 RT log K,

are l isted in Table 9. Uncertainties in AG range from
60 to 250 calories, depending upon temperature and
uncertainty in log K. AG values are positive for all
conditions, and steadily increase in value with in-
creasing temperature. The value at 25"C and I bar
agrees with Parker et al. (1971) but disagrees with
Latimer et ql. (1933) and Latimer (1952) (see Table
8 ) .

Eualuation of L,V, AH, and AS
The calculation of other thermodynamic quantit ies

requires evaluation of the following relationships,
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Source of

d a t a

ACo -

kca l /m1e

Table 8. Comparison of thermochemical data for dissolution of
bar i te at  298.15'K and I  bar

with almost an equal degree of f itness. Calculated
vaf ues for LV are i l lustrated in Figure 7. Values are
markedly negative under all conditions. A maximum
occurs near 75oC. Quadratic equation values are
more negative than linear equation values. Also, val-
ues obtained from quadratic equations all showed
that A Z increased with pressure, as i l lustrated by the
1000 bar curve in Figure 7. Uncertainties in the AZ
values are estimated to be about + l0 percent of the
value.

For comparison, A Z values were also calculated
from the molar volumes of barite (Robie et al.,1967),
corrected for thermal expansion (Skinner, 1966) and
the partial molal volumes for the ions (Ell is, 1967,
1968;  and Mi l lero,  1972) us ing the equat ion,

(8) AV = Vsa++ * Vss^ - Vbarrte rc)

Results of these calculations are shown by solid dots
in F igure 7.  Below 150'C,  values obta ined f rom
linear equations are closer to those based on data for
ions, whereas values obtained from quadratic equa-
tions are closer at higher temperatures. The solid
curve in Figure 7 represents AZ values calculated
from an empirical equation (equation la in Table l0)
based upon data for ions up to 200'C and the values
obtained from quadratic equations above this tem-
perature. The values obtained from this equation are
within uncertainty estimates of Ell is (1967, 1968). AV
values at 1000 bars were obtained by taking the dif-
ference between the l- and 1000-bar values obtained
from the quadratic equations, and adding this differ-
ence to the l-bar values calculated from the empirical
equat ion.  Since most  of  the 1000-bar  values of  LV
fall 15 percent above the l-bar values, they differ

Aao^ aso-
E H

kcal/rcle caUrcle K

Parker et af.
(19  71)  *

La t iner  e t  a1 .
(19  33)

Latl.mer et a1.
(  19  s2)

Present study
(De l ta  Process)

Equatlon 3
Table L0

+ 1 3 . 6
I  0 . 2

+12 ,06

+ I3 .6
!  0 . 2

+13 .61

+ 6 . 3
to .25

+ 5 . 4 6

+ 4 . 6 3

+6. 35
= \ .  z

+5 .0  3

- z c . )
i  0 . 4 5
- 2 7 . 7

- 2 4  . 5

- 2 4 . 3
r  3 . 5
- 2 8 . 8

*Uncertainty fron Parker as a personal comunlcation

(5) QLG/aP)r :  -RT(a ln K/7P)r :  AV

(6)  t la (LG/Dl / la ( t / r t ] tP  :

-R[a  ln  K /a( l /T ) lp  :  LH,  and

(7) -QLG/aT)p :  R@ tn K/07)p
* R l n K : A , S .

The data for log K and AG can be modeled by many
different empirical equations (e.g. equations 3,4, and
5 in Table l0). Values for AV, AH and AS are repre-
sented by the appropriate first derivatives of these
equations. The values obtained, however, depend
upon the type of model equation used. At present
there is no theoretical basis for selecting a particular
model equat ion over others.

Volume changes. A Z values were obtained by dif-
ferentiating both linear and quadratic equations that
modelled isothermal variations of AG with pressure

Table 9 Thermodvnamic ouant i t ies for  the solut ion of  bar i te at  I  bar

Temperat ure

K

AGO-
n

kca l
mle

AHo
R

kca l
mole

^ ^ o
6

ca l
nole

n

mole

^,?o-*
'E

kcal'
mole

nHo **
E

nole

l,qo *
fr

ca1
rc1e

298, L5
3 3 3 . 1 5
353 .  L5
37  3 .  L5

398. t5
4 2 5 .  L )

448 .15
473  .  15

4 9 8 . l s
J Z 5 .  L J

5 7 3 . 1 5

1 3 . 6 1
t4 .74
15 .  56
16 .37

t 7  . 4 9
1 8 . 8 4
20 .39
2 2 . L 2

23 .99
t  q  { e

30 .00

2 . 9 7
1  . 0 4

-  0 . 8 9

-  3 . 3 0
-  ) . l Z
-  8 . 1 3
- 1 0 . 5 5

-L2.96
- r5  . 37
- 2 0 . 2 0

- 2 4 . 3
- 3 5 .  3
- 4 I . I

- 4 6 , 2

- 5 2 , 2
- 5 8 . 0
- b J .  b

- 6 9 . 0

- 7 4 . 2

- 6 t . 5

- L .24
-1  no
- 1 ,  1 1
-1 .  18

-I - .  35
- r .  5 8
- 1 . 8 7
-2 .  ZO

- 2 , 5 8
- 2 . 9 8
-  ?  R 7

6 . 3
J . J

0 . 0

-  4 . 0

-  8 . 9

-L4.4
- 2 0 . 4

) . u
2 . 7
1 . 0

-  0 . 5

-  2 . 6
-  q n

-  7 . 7
- 1 0 . 5

- L 6  . 7
- 2 3 . 8

- 2 4  . 5
-34  . 0

- 4 3 , )

- 6 4  . 6

*Ca lcu la ted  us ing  da ta  fo r  ions  g iven by  Cr iss  and Cobb le  (1964a,b) .
* *Ca lcu la led  by  d l f fe ren t ia t ion  o f  equat ion  3  ln  Tab le  10 .
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significantly from A V at 1 bar . One calculation of A I/
a t  i000 bars and 25 'C,  us ing par t ia l  mola l  ion ic
compressib i l i t ies and equat ions of  Owen and Br ink-
ley (1941),  is  24 percent  above the I  bar  value.

Heats of reaction. Differentation of empirical equa-
tions such as 3 and 4 in Table l0 which model log K
or AG variation with temperature (equations 6 and 7
in this section), produces A/1 and AS values at25"C
that do not agree with values calculated from stan-
dard-state data of Parker et al. (1971). AH values
were therefore calculated using a delta process based
upon text equation 6. Differences between values for
LG/7, (-RlnK), for successive data points l isted in
Table 6 were divided by the difference in l/T values.
The Atl values at mean temperatures shown on Fig-
ure 8 do not fall along simple smooth curves. Uncer-
tainties are large, and linear equations calculated for
l ,  100,500,  and 1000 bars f i t  the data wi th in the
uncertainty l imits shown. The terms of the four equa-
tions varied almost l inearly with pressure, and the
four equations were combined to produce equation 2
(Table 10), from which Atl values may be calculated
for desired temperatures and pressures. The solid
lines of Figure 8 are based on values calculated from
this equation. A closer reproduction of the data
points in Figure 8 by higher-order equations is not

Table 10.  Equat ions for  thermodynamic quant i t ies and parameters
for  Debye-Hi ickel  equat ion

. , ,o  ,  ̂ 5 - -1LV-"  =  -1 .3722 x  r0 -?  
-  -  1 .2039L T  +  767.58

^ ?
a v ,  a n  c m  / m o a e

ufo = - t . r t ,  
"  103?-1 -  2.8788 x to-2? + 18.35

, , pa v  
R  

a n  c a f / D o l e s  D a r

ttto, = 2.9614 * ro-2w - 96,594 r - Lo.76g6 p + 35L54

A1o" ln cal /oole

aco"  =  l . t toou  ,  Lo-4r2  -  4 .02952 '  1o-2?  +  15 .386

adoo in kcal/no1e

Log Ko =-1 .45823 *  103?-11ogr  +  3 ,5547LogI  -  9 .036696
- ?

x l0 
-?los?

Log .(o = (L.4g325 x Lo-2P-4a.67) loe|

+  (2 .3s365p -  toaz . to r -L  -  4 .398 x  to -2p  *  t3o .o t9

a .  =  3 . 8 3 9  +  5 . 1 5 5  x  t o ' 3 r  -  t , z 6 s ,  1 0 - 5 ? 2  +  1 . 4 0 1
L

x 1 0 - P - 1 . O 2 x l O - P ?

4i 1n AngstroEs; paraEeter ln eq 12

c  =  -0 .484 +  2 .376 \  to -3r  -  3 ,33g *  to -6r2  -  t . t l

t  l O  ' P  +  1 . 0 0  x  1 0  ' P r

paraoeter ln eq 12

\

o Mi l lero (1972)

o Lineor Equol ions (aG'*  vs P)

a Quodrof ic  Equot ions (aC' ,  vs P)

A avh Volues ol  IOOO Bors

X From lonic Compressib i l i t ies
- r 8 0

a) -80
o

\ -,.r.t
ro
E

f r  - l ? O

(rb)

300 400 500 600

Temperoture in K

Fig.  7.  Change in volume for  react ion of  bar i te wi th HrO at

inf in i te d i lut ion,  LV as a funct ion of  temperature at  I  and 1000

bars A Z value calculated f rom part ia l  molar  volumes of  BaSO, in

solut ion and molar  values of  bar i te are shown for  compar ison (see

text)

justif ied, because of the large uncertainties in the
data. The average difference between the Ail values
calculated from the equation and the data points is
*l.2 kcal/mole. The Af1 values at 25oC and I bar
calculated in this study agree with At1 values ob-
tained using standard data cited by Parker et al.
(1971) and Parker  (personal  communicat ion,  1974),
as shown in Table 8. Values obtained from Latimer et
al. (1933) and Latimer (1952) do not agree with those
from Parker or based on the present study.

Entropies and heat capacities of reaction. Values for
AS were calculated from Gibbs-Helmholtz equation.

(9) AS : AH/T + 2.3025 R log K,

using log K data from Table 6 and AH values calcu-
lated from equation 2 (Table l0). Values for AS at I
bar are given in Table 9. The value at 25oC agrees
with that calculated from standard-state data (see
Table 8) .

As a further check on the calculation procedures,
equations I and 2 in Table 10 were compared, using
the following thermodynamic equations of state,

( 1 0 ) @ A H l a P ) r :  A C r :  L , V  -  T ( a A V l 7 T ) p a n d

( l l )  ( a L V / o T ) P :  - @ A S / a P ) r .

( 2 )

( 3 )

( 4 )

( 6 )



o Present study
o Templeton 1960
o Bosed on ion dolo

Criss B Cobble (19640.b)

954 BLOUNT: BARITE SOLUBILITIES

o)
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o
-

T in  K
Fig. 8. Evaluation of the heat of reaction at inf ini te di lut ion, AH,

as a function of temperature at constant pressures of l, 100, 500,
and 1000 bars. The open circles represent values obtained for
successive temperature intervals of the function,

lLG,r",/ T - AG,r,,/71/( / T, - | /T),

plotted at the average temperature. The length of vertical bar gives
thelncertainty in the calculation. Refer to text for descrintion of

Values for ACs calculated from equations I and 2 in
Table 10 are in good agreement, considering the un-
certainties in the data. The cross derivatives in equa-
tion I I were also found to be within acceptable agree-
ment.

Values for All and AS from 25 to 300oC were also
calculated, using data for ionic entropies and heat
capacities given by Criss and Cobble (1964a,1964b),
data for barite given by Kelley (1960), standard data
for ions given by Latimer (1952), and standard-state
data given by Parker et al. (1971). The results ofthese
calculations are given in Table 9. AH values at I bar
are also shown in Figure 8. The agreement between
the sets of AH and A^S data in Table 9 is good. Most
values are within estimated uncertainty ranges.

Values for ACo obtained by differentiation of
equation 2 in Table l0 are markedly negative (-96
cal/mole oK at I bar). Uncertainties are very large.

The linear equation used to represent LH data varia-
tion with temperature assumes that A.Co does not
change with temperature. It is known that A'Co values
vary with temperature (Criss and Cobble, 1964b; and
Criss, personal communication, 1974). The values
obtained from equatio n 2 at each pressure then repre-
sent an average value over the temperature range 25
to 300'C. The average value at I bar is fairly close to
the average obtained from values given by Criss and
Cobble. Pressure rise significantly increases ACo val-
ues. Most of this change is due to changes in the ionic
heat capacities. Details of both the temperature and
pressure dependences of ACo cannot be evaluated
from the solubility based data.

Calculation of log K from AH data

Integration of equation 2 in Table 10 with respect
to 1/T yields values for log K and AG. Integration
constants were calculated from the log K values of
Table 6 at 298'K. Since the integration constants
varied almost linearly with pressure, a single equation
of log K was obtained and is given in Table l0 as
equation 5. Log K values obtained from this equation
are given in Table 7 and illustrated by dotted curves
in Figure 6. There is good agreement with log K
values in Table 6 except at 60 to 100'C. The differ-
ences in this temperature interval are greater than the
uncertainties in log K values. The model, equation 5
in Table 10, is too simplified. The closeness of the fit
at most temperatures shows that log K calculations
are not very sensitive to the values of ACp. Values for
ACp obtained by successive differentiation of equa-
tions 3 or 4 in Table 10, which model the log K and
AG data very well, differ markedly from those ob-
tained from Criss and Cobble (1964b) and Criss (per-
sonal communication, 1974). However, values of
AC, obtained by such differentiations are generally
little better than guesses.

Actiuity cofficients for BaSOn (aq)

Barite solubilities in salt solutions and the pre-
viously-determined equilibrium constants were used
to calculate logarithms of the mean activity co-
efficient, 7-, for BaSOo in solution, using text
equation 2. Barite solubilities in 0.2, l, and 4 molal
NaCl solutions from Table 5, the values of log K at
the temperature and pressure specified, and the calcu-
lated log 7. values are given in Table 11. Barite
solubilities at 25oC were obtained from Puchelt
(1967, Fig. 2). Log 7- values become more negative
with increasing temperature or increasing NaCl con-
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Table I l. Measured and calculated activity coefficients for BaSOo in NaCl-HrO solutions
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0 . 0 8 7  0 . 8 5 8

0 . 0 7 7 *  1 . 0 3 6

4 .25  -0 .073

4 .00  -0 .062
4 . r 4  - 0 . 0 5 2
3 . 7 6  - 0 . 0 7 6
3 . 8 2  - 0 . 0 6 4
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0 . 9 8 1
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4 .00  -0 .062
4  . 7 4  - 0 . 0 5 2

3  . 76  -0 .  076
3 . 8 2  - 0 . 0 6 4

3 . 4 5  - 0 . 1 0 7

3 . 4 4  - 0 . 0 9 2

3  . 07  -0 .  153
2 ,99  -0 -137

centration. Increasing pressure causes values to be-
come less negative.

The solubility-based log 1- values were compared
with values calculated from text equation 3, an ex-
tended form of the Debye-Hiickel equation. Values
obtained from equation 3 disagreed systematically
with those obtained from equation 2, Equation 3
assumes that the mean ion-size parameter does not
change with temperature and pressure. Malinin et al.
(1969) varied the c1 values in their calculations of log
K at high temperature. However, the use of their a,
values resulted in an overcorrection. Also, variation
of the ai parameter alone did not result in a satisfac-
tory correction. In a study of the thermodynamics of
CaSOn.2H2O in NaCl solut ions, Marshal l  and
Slusher (1966) varied the product B^a1 and added
terms to the Debye-Htickel equation that were pro-
portional to the ionic strength and the square of
the ionic strength. It was found necessary to add a
term linear with respect to ionic strength to equation
3 to produce the equation,

( t2)  los^y^:  ? lZ*Z- l  A^f i ) /
( l * B - a 1 { 7 * 1  + C I *

in which ai and C are temperature- and pressure-
dependent parameters. Log 7* values calculated us-
ing equation 12 and the appropriate as and C- para-
meter values are l isted in Table I l. Equations for cal-
culating at and C are given as equations 6 and 7 in
Table 10.

Curves representing barite solubility variation with
NaCl concentration in Figures 4 and 9 are based on
solubility values calculated using equati on 2, log 7*
from equation 12 and log K from Table 6. A marked
discrepancy exists between solubility measurements
at 25oC of Puchelt (1967) and those by Neuman
(1933, in KCI solut ions),  Templeton (1960),  and
Striibel (1967). Puchelt's results agree with those cal-
culated from equation 12. To fit the solubility data of
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other workers, 41 in equation 12 would have to be
near 2 X l0-8 cm, which does not agree with Kiel-
land's value (1937). Furthermore, an abrupt change
in the temperature-dependence of the ion-size para-
meter ai would be required. Therefore,\the solubil ity
measurements by Neuman, Templeton, and Stri ibel
in salt solutions are probably too large. Templeton's
(1960) data were used to calculate log K and AG
values at 25"C (Parker, personal communication),
and this value is based upon extrapolation of data
that may not represent the solubil ity of coarsely-
crystall ine barite. The AG value may sti l l  be correct
within the uncertainty l imit given by Parker (see
Table 8) .

Conclusions

Barite solubil it ies of this study have been com-
pared with previous determinations and have also
been used to calculate thermodynamic quantit ies for
the dissolution of barite in aqueous solutions. There
is considerable disagreement between the results of
this study and most previous studies. Barite solubi-
l i t ies of this study were made using a pure, coarsely-
crystall ine barite under reproducible and reversible
conditions. Present results show smoother variations
with temperature, pressure, and NaCl concentration
than do most previous results. An additional impor-
tant observation that seems to confirm the greater
accuracy of the present solubil ity measurements is the
close agreement between thermodynamic quantit ies
calculated from these solubil it ies and those calculated
from thermal and solution density data. Barite sol-
ubil it ies of this study are compatible with the stan-
dard-state quantit ies reported for barite and BaSOn
in solution (Parker et al., l97l). Although uncer-
tainties are rather large, thermodynamic quantit ies
calculated from the solubil ity data at temperatures
from 25 to 300'C agreed with those obtained from
the literature for partial molal volumes, enthalpies,
entropies, and heat capacities. Activity coefficients
obtained from barite solubil it ies in NaCl solutions
and solubil ity-based log K values were accurately
modeled by an extended form of the Debye-Hiickel
equation up to high NaCl concentrations. Most of
the previous solubil ity data produce calculated ther-
modynamic quantit ies that differ significantly from
those based on thermal measurements. The results of
those thermodynamic calculations support the accu-
racy of the solubil it ies of this study and those of the
studies by Puchelt (1967) and Uchameyshvilli et al.
(  1  966) .

The solubil ity of barite is very low under all experi-

mental conditions examined in the present study. No
mechanism can be predicted from solubility data or
the thermodynamic calculations that would signifi-
cantly alter the solubility relations so that appreciable
BaSOr can be carried in hydrothermal solutions. The
most probable cause of BaSOr deposition is the oxi-
dation of reduced sulfur species to sulfate in solutions
carrying barium.
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