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L ABSTRACT

Strontium sulfate in equilibri;m with aqueous
solution leaches selectively from barium sulfate-strontium
sulfate solid solutions at 250 C and 1 atmosphere,
Bquilibrium concentrations of Sr™" and Ba®" in agueous
solution are not significantly different {rom values
calculated on the assumption that the chemical activity
of each component is proportional to its mole fraction
in the solid, The enthaipy of mixing for (Ba,Sr)SO4
solid solutions was determined by calorimetry to be
approximately zero at 25 and 61° ¢. The thermodynanic
properties are therefore characteristic of an ideal
solution,

Crystals of synthetic harite and celestite and
their solid solutions were prepared by recrystalliza
tion in brine by the process of thermal cycling. The
maximum sizes of the crystals are: BaSOl£ - 500 microns,
Srs0, - 70 microns, and (Ba,Sr)SO4 —~ 50 mierons, The
possibility of forming pure barite deposits by recrys-
taellization of a natural solid solution was demonstrated ;
by an experiment in which Sr was removed from a 90 mole

percent BaSOQ solid solution by the process of recrys-—

tallization,
Nearly pure barite occurs frequently in hydrothernal
deposits whereas celestite and (Ba,Sr)S0, solid solutions

of intermediate composition are scarce. Separation of




i1ii

the two sulfates could be the result of fractional
precipitation in the presence of low sulfate concene
trations, leaching of an antecedent solid solution, or
by removal of strontium as SrCO30 Selective leaching
of Sr504 contributes to the separation ¢f barium and
strontivm sulfates in the sedimentary environment and
to the concentration of Sr’™¥ in sea water and BaSOQ in

residual deposits,
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INTRODUCTION

The ratic of barium to sﬁrontiﬁm concentrations
in the earth's crust is 1.13, and the {wo elements
exhibit a similar geochemistry in igneous rocks (Mason,
1966; Rankama, 1950; Hanor, 1966). However, barite, BaSO,,
is a common mineral in hydrothermal deposits whereas
celestite, SrSO,, and (Ba,sr)s0, solid solutions of
intermediate composition are rare (Deer et al., 1962
Palache et al., 1951). Both celestite and barite are
commonly found in sedimentary depesits but intermediate
(Ba,Sr)SOli is apparently rare in these rocks also,
Although the 1—3&8Oi&-»-SI‘SOL.;r system has bheen studied by
others, some of the factors which may govern the geow
chemical distribution of Dbarite and celestite are not
well understood, There was a need to study those physico--
chemical properties which are pertinent to the precipita-
tion and dissolution of (Ba,Sr)SOQ in order to understand
the conditions in which hydrothermal and sedimentary

sulfates are deposited and recrystallized,




Part I
SOLUBILITY AND ENTIIALPY OF TiHE (Ba,Sr}SOé SOLID
SOLUTION SERIES
Purpose
Previous workers have shown by X-ray analysis
that a complete series of synihetic solid solutions

exist between BaS0, (barite) and SrSOQ(celestite) in

%

4

<+

which Ba™™* and sr suhstitute one for another in the
orthorhombic lattice (Bostrom et al,,1968), Some
investigators have reported that it is not gXperie-
mentally feasible to establish a true thermodynamic
equilibriuvm between the solid solution and the agueous
solution of (Ba,Sr)804 (Gordon et al., 1954; Cohen

and Gordon, 1961; and Starke, 1964), It should be
mentioned, however, that their conclusions are bhased
solely on data obtained by precipitation from.aqueous
solution., One purpose of this study is to remove all
doubt concerning the establishment of equilibrium
between the solid and aqueous solutions of (Ba,Sr)804
by an approach {rom the opposite end-point, namely by
dissolving solid (Ba,Sr)SOQt

Previous Studies

Because of the difference in solubility products

10730 ana x. =

of th wo end-member { e .
et ! S5 hBaSOb Srs0,
Fe

0,4 4t L . » . .
10 7°*7, Ba 1s preferentially concentrated in the solid

phase and Sr™" in the aqueous phase in the precipitation




of (}_’;519531").‘:‘%E as shown by the experimental work of

Gordon et al. (1954), Cohen and Gordon (1961), and

Starke (1964), Gordon et al. (195%) slowly precipitated

a s0lid solution of (Ba,Sr)SOQ and analyzed the aqueous
solution: at intervals during the precipitation. The
‘results suggested that Sr is heterogeneously distributed
throughout the (Ba,Sr)SO& solid solution, This heterow~
geneity is presumed to result from each successive surface
layer growiig in response to an agqueous phase of progress-—
ively increasing strontium content,

Hanor (1968) interpreted the data of Gordon et al,
(195%) and Cohen and Gordon (1961) to mean that (Ba,Sr)SOq
is an inert substance which fails to re—equilibrate in
response to changes in the composition of the liquid,
and he constructed a precipitation model that agreed
with the observed frequency distribution in nature,

During the course of a contract research project to
develop & coummercial process for the chemical separation
of barium and strontium in the Mountain Pass, California
deposit, the author discovered that finely divided
(Ba,Sr)SO4 is not chemically inert to aqueous barium
ion (Brower and Bhappu, 1969), This study showed that
when either fine-grained solid (Ba,Sr)SOQ or pure Sr30,
is equilibrated with an amount of barium chloride in

aqueous solution equivalent to the SrSOli in the solid

hase, nearly all the barium is in-. the solid nhase
P 5 p




and approximately 98% of the strontium is in solution
at the end of 24 hours. The metatheses are i1llustrated

by the following equations:

(Ba,Sr)so + BaCl e BasS0,  +  Srci, (1)
solid) (agueofis) (so1id) (aqueofls)
ST30 + BaCl, =3 BaS0, ~ +  src1, (2)
(sofid) (aqueofls) (so1id) (agueofis)

The process goes nearly to completion because BaSOQ is
more insoluble than SrSOQ, and the system is sulfateoe
deficient: the molar quantity of sulfate ion in the
solid and aqueous phases is less than the sum of the
molar quantities of barium and strontium ion in the two
phiases.  If the Law of Mass Action determines the cute
come of the competition of Ba™ ana sr™t ror SOQZ, the
partitioning of barium and strontium between agueous and
solid sclutions will be determined by the ratio of the
equilibrium constants:

Bt/ tp, erSOh 4000 (25° ¢)

Ng/ Np Xpaso,

where Ny 1s the mole fraction of strontium in the solid

and NB is the mole fraction of barium in the solid,

Thermodvnamic Stability of (Ba,sr)so,
m— X

Three hypotheses that might explain the scarcity
of natural (Baisr)SOQ of intermediate compositions are

(1) & deficiency of any one of the component ioms, (2)

removal of strontium by the process shown in equation (3)

gt B P EENRE . e
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(Ba,sr)so, + ¢o0.7 ——>  BaS0, + SrCo, +

(so1id) * (ag?) y

50,
(so1id) {(sc1id) (ag?)
or, (3) the thermodynamic instability of intermediate
(Ba,Sr)504 relative to the end-members, Since the Tirst
two hypotheses could occur under particular geological
circumstances, this investigation attempts to evaluate
hypothesis (3), 1Is the formation of intermediate
Ba,Sr)SOLL from bharite and celestite a spontaneous
process, and if so how closely does the solid solution
approach ideality?
The free energy of mizing pure bharite and celestite
to form one mole of solid solution is given Dy the Ffollow-

ing expression:
JAY Faix ZSHmix - Télsmix (%)

If the process is spontaneous, then AF

il

nust have a

mrx

negatvive value, For an ideal solution there is no

7

St L

difference in the interaction energy between like and

unlike molecules, therefore the heat of mixing is zero,

I

If the heat of mixing is zero for the (Ba,Sr)SOQ solid
solution, then the heat evolved in +he precipitation

of one mole of (Ba,Sr)S , Should be the sum of the molar
heats for precipitating the individual components.multi-
plied by their mole fractions as illustirated in equations
(5) and (6) where Np and Ng are the mole~fractions of

BaSOQ and S:L"SOZi in the solid sclution respectively,

Al = 0 (5)
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When the enthalpy of mixing is zero, the only
contribution to the free energy of mixing is the entropy

tern, uTéls The entropy of mixing one nmole of solid

mix?

solution is given in (7) and the free energy of mixing in

(8),

Z&smix = mR(NBlnNB + NslnNS) (7)
AFpix = BT(NpInNy 4+ N 1nNo) (8)

Therefore when AH = 0, regardless of the values of the
respective mole fractions, the value of Axpmix is always
negative and the formation of an ideal seclid solution is
a spontaneous process., A more extensive treatment of the
thermodynamics of mixing is given in Hildebrand and Scott
(1964).

To determine how closely the (Ba,Sr)SOQ solid solution
approaches ideality, an expression for equilibrium bhetween
a solid solution and an aqueous solution was derived
as follows, where

[XFS = standard free enevgy of pure Srs0,
K = equilibrium constant for pure SrSOg in

equilibrium with its agueous scolution

!
1{i

standard free energy of one mole of SrSOq
as a component of (Ba,3r)SO, with mole-~

fraetion NS: chemical potential

e

i



K equilibrium constant for SrS0, as a compPoOn-—
2 p

W
1

ent of a solid solution in equilibrium with
its aqueous solution
Z&F(mig) change in AF. when one mole of SrSO, is
S - i@ = S ¥ [ l-i'
mixed in a solid solution of mole fraction
J
hS
The free energy of mixing per mole of S}".‘SOIi is the
difference between the standard free energy of pure
Srsoq and SrSOQ as a conmponent in (BaQSr)Soéas given in

(9).

mix P
AF = AFg = AFST (9)
For an ideal solution AH™™™ is zero and AS™F g
~R1nNg, therefore?ALFSM1X is given by equation (10),
w WiX A
AL‘S = 1:.T111NS (10)

Combining equations (9) and (10) with (11) and (12)

which relate the equilibrium constant of SrSO‘,_i in solid

solution to that of the pure substance,

AFg = ~RTInXq (11)
L~ =il 1 J.Y t pos
Z&FS = ~RTInKg (12}
Kg' = N K {(13)

The derivation of an eguilibrium expression for BaSOQ

i1s analagous to that for SrSOQa
Equilibrium expressions (14) and (15) apply to the

dissolution of (Ba,. ,Sr.. )SC, in water if the solid
. hB’ NS 4

solution is ideal.

(sr™")(s0,7%) = N K (14%)

i § ST 2R



(Ba¥7) (s0,7) = NpE, (15)

EXPERIMENTAL PROCEDURES

Enthalpy Mecasurements

The calorimeter and experimental procedure was
borrowed from Brower (1969) and modeled after that of
OtHera et al. (1961).

Barium and strontium chloride solutions were pipetted
into the Dewar flask, and a 15 ml, sample of 1,0 M N32804
vas introduced in a sealed glass ampoule, Afiter thermal
equilibrium had been established, the ampoule was brolen
and the change of enthalpy was measured, The heat of
dilution of 1,0 M ha,50, was also measured, and the result
used to calculate enthalipies of precipitation at infinite
dilution. Experimental error in repeated runs was 4 0,2
kcal/mole,

Xeray Diffraction dMeasurements

A=ray powder diffraction patterns were obtained
using K. radiation from a copper target, The Norelco

. o . -1
diffracioneter was run at 1/8° min

and the recorder at
0,250/13’1011° Ultrapure RbI was used as an internal standard
since the 200 peak at 20 = 24,22 is well defined and

L and SI'SOIi

respectively. FRach 111 diffraction peak was scanned

located between the 111 and 002 peaks of BaSoO

twice in both directions, and the d-spacing of this peak




versus mole percent BaSOQ is plotted in Figure 1,

The angle 2 & was measured to + 0.01° which gives a
relative error of 1% in composition between the barium
and strontium end~members of the system,

Equilibration Experiments

Solid solutions were prepared at 25° ¢ by instant-
aneous precipitation from solutions containing bariun
and strontium chloride on addition of excess Na2804
solution, Digestion time was less than 30 minutes, X-
ray diffraction patterns showed that the precipitates
were composed of a single phase for each (Ba,Sr)SOQ
composition,

Four grams of each (Ba,Sr)Soq precipitate were
equilibrated in 2 liters of distilled water for one
weelks During equilibration the vessels were continucusly
rotated,

Concentrations of Ba®™™ ana sr¥* in solution were &
determined by atomic absorption with a model 303 Perkipe
Elmer spectrometer, ¥herever possible, analyses were
checked by the conductimetric method, The maximumn
relative error for the atomic avsorption analysis was
+ 10%, Analyses by the two nethods agreed within 5%,

To analyze for sulfate and for barium in solutions
containing less than 1 ppr, 2 liters of the solution were
evaporated to dryness and the residue fused with Na2
The sulfate was determined gravinetrically as BaSOg and

CO., .
2

the harium determined by atomic absorption,
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Serial Leaching Experiment

A 12 gram sample of (Ba0.2598r0080)804 and 15
liters of distilleq water were placed in a 20 liter
bottle which was rotated for a month, A 0.5 gram sample
of solid and most of the liquid were then removed for
analysis., A fresh portion of distilled water was added
to the bulk of the solid and the extraction repeated
seven times, Since the amount of solid removed repre-
sented a significant fraction of the total, the volume
of fresh water added was also reduced for subsequent
leachings by an appropriate amount,

Particle size of the starting material ag well as
the leached solid was below the limits of resolution with
an optical microscope at 500x,

The composition of the solid phase was determined
from the value of the dmspacing of the 111 Xeray diffrace
tion pealk by using Figure 1 as a calibration curve, The
sp*t conecentration in the aqueous phase was determined
by atomic absorption Spectrometry,

Solubility Measurements

The concentrations of SrSOQ and BaSOQ at the various
temperatures were determined conduotimetrically between
29 ana 95° C. A beaker just slightly larger than the
conductivity cell was nearly filled‘with a slurry of
water and either barium or strontium sulfate, and the con-

ductivity was measured at each degree change in temperae=
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ture;, A calibration curve to convert conductance to
concentration was prepared from handbook daia on eguive
alent‘conductance of separate ions at various tempera.
tures (Steinbach ang King, 1950),

Solutions containing added electrolytes (data in

Tables I and II) were analyzed for Sr¥™" ang pa*™ by

atomic absorption Spectrometry,

DISCUSSION

Enthalny Measurements

The enthalpies of mixing were evaluated in this
study by direét calorimetric measurements of the heat
of precipitation of solid solutions of Sr804 and BaSGQ
at 25° ana 61° ¢,

The ohemioallreaotion thaet takes rlace in the calo-

rimeter is given in equation (16),

N, BaCl, + Ng srcl, = Ka,80, - (BaNT},SrNS)so4 + 2NaCl (16)
(ag.)  (aq.) (aq.) (solid) (ag.)

That the brecipitates formed in the calorimetry experim-
ments were true solid solutions was deternined by Xerzy
diffraction. The (Ba,Sr)804 precipitates gave sinzle-
phase patterns whose diffractior beaks were shifted in
Proportion to the change in mole composition as the series
progressed from one end-nmernber to the other, The d~spacing
of the 111 diffraction peak is plotted versus mole percent
BaSOQ in Figure 1,

The data obtained from the calorinetry ellperinments
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are summarized in Figures 2 and 3, A plot of enthalpy
of precipitatiqn versus mole fraction of either compo-
nent should give a straight line for an ideal solid
solution, The theoretical lines representing [}HmiX:O
are shown for comparison with the analytical results,
The mean AH of precipitation for BasS0, and Srso0, is

- 3.7 and + 0,45 kcal/mole respectively at 250 C and

~ 2,0 and + 3.1 kecal/mole at 61° C, The values of AN
for intermediate -composition have a mean deviation of
0.2 keal/mole from the theoretical lines; thus, the
(Ba,Sr)SO% solid solution is nearly ideal, Ludd and
Lee (1961) give the lattice energies of Bas0, and
Sr50, as 578 and 591 kecal/mole respectively, The
deviation of the experimental values of AH from the
theoretical line representing Alnmixz 0 is less than
0.04% of the crystal lattice energy.

The linearity of the enthalpy of precipitation with
respect to mole fraction is also a measure of the true
linearity of d-spacing in the crystal lattice as shown
by the following: The lattice energy of a crystal, U

oF
is related to the internuclear separation, do’ by equa~-
tion (17) where N = Avogadro'!s number, A = Madelung
constant, e = charge on the electron, Z = integral

charge on the ions, and n = Born exponent

. 2 .2
U, = N A& e” 77 (1 - %) (17)
1
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Assuming that a deviation in crystal lattice encergy in
the mixed crystal would be manifested as a deviation
in AH .., the relative deviation from linearity in

d-spacing should not be greater than 0,2 Leal = 0,04%,

~ T

U
0
Since the measurement of d-spacing (Figure 1) is

subject to 1% instrumental error, the linearity of
enthalpy versus mole fraction imposes a stricter limis
on the linearity of d-spacing,

Equilibration Experiments

The ideality of the (Ba,,s:r).%‘oii salid solution was
further tested by determining the concentration of srt™
ion in solution in equilibrium with solid (Ba,Sr)SO4
of various compositions, The data for barium concene-
trations in solutions saturated with (Ba,Sr)SO4 or
miztures of pure B3804 and SrSOQ are relatively in-
accurate because the high sulfate concentrations
depress the barium concentration to levels below the
limits of detection with the atomic absorption spectro-
photometer, The data for Ba++, however, are all within
an cordexr of magnitude of the values predicted by
equation (15),

For an ideal solid solution in which NS é 0.1
the Sr'" concentration should be approximately equal
to that of sulfate since KS>>KB° For agueous solutions

saturated with respect to solid solutions having

compositions clusterecd about (BaO mes ST Zq}soa, the




.

strontium iomn concentration was found to be néarly
equal to the sulfate as predicted by the solubility
products. Styrontium ion conéentration versus%fﬁ is
plotted for a series of solid solutions in Figure 4,

For an ideal solid solution the activity of the
solute in the agueous phase is equal to its concentra-
tion , and the activity in the solid is equal to its
mole fraction., A plot of sr** concentration versus
the square root of the mole {raction in the solid
should give a straight line for an ideal solid solu-
ticen. The graph in Figure 4 shows that ideality is
closely approached for strontium mole fractions above
0.30, The mean deviation for the cluster of points
at%@g = 0,45 from the line representing the ideal
solution is approximately 3%% and corresponds to an
activity coefficient of 0,5 for the sclid in the
solid solution or 1,5 for the ions in solution.

Assuming the discrepency is real and not the result of

imperfcct equilibration, there would be a difference of

only 0.4 kecal/mole between the real and ideal chemical

potentials as ecalculated from (18),

(18)

-¢ - ol _ - Fed o 2
AFLoa N\Flgeal = RTIn(Sr +1dehl)o
meas., )"

(sr*

Serial Leaching Experiments

The solubility of intermediate (Ba,Sr)SOZi is

pertinent to the problemns of barite~celestite deposi-
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tion in hydrothermal veins and marine environments,

It (Ba,Sr)SOQ remaing  ipert after being precipitated,
its composition is an indicator orf initial deposifional
conditions, but if it equilibrates freely with its
environment its composition is determined by the poste
depositional history. This problem was investigated by
following the change in composition of a Sr-rich solid
solution as it progressively leached in successive POY e
tions of distilled water. Data .at 250 C for serial leachw
ing are summarized in Figure 4,

The experimental values of the strontium con-
centration in aqueous solution in the series of leach-
ings of a strontium-rich (Ba,Sr)SOQ sanple are in close
agreement with the theoretical values calculated from
equation (14). Althousgh the Sr¥* concentrations for
leaching a bariun-rich solid solution were lower than
the theoretical values, the change in concentration from
one leach solution to the next in the series was in
agreement with that predicted by theory.

The X~ray diffraction patterns of solid (Ba,Sr)SOQ
obtained after each equilibration show that the mole
fraction of baxium sulfate increased systematically
and that finely powdered strontium-rich (Ba,Sr)804 can
be converted to a single phase homogeneous solid solution

of higher barium composition by le aching,

The diffraction peaks of all the solid solutions of

e S L
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intermediate composition were broadened relative to the
end-members as shown in Figure 5, and the broadening was
most extreme for equimolar (Ba,Sr)SOQ. The diffraction
peaks of the leached series were also broadened and
appeared nearly identical to the peaks of the freshly
precipitated (Ba,Sr)SO4 of the same molar composition.,

Two factors which influence the broadening are
crystallite size and strain, and these have been ex—
amined in another study (Renault angd Brower, in press).
Only the crystallite size was found to be an important
cause of broadening.

The results of the serial leaching experiment show
clearly that fiﬁemgrained (’Bei‘,Sr)SOZi solid solutions of
intermediate composifion are not chemically inert with
respeoﬁ to distilled water., Conseguently, under the
conditions of the experiment, the composition of the
so0lid phase reflects the final rather than the initial

environmental ccnditions.,

Solubility Measurements

Widely different results for the temperature depend-
ence of the solubility of SrSOzi in water have been
reported (Holland, 1967), The disagreement may be due
to difficulty in achieving saturation; therefore, in this
study the measurements were repcated in the temperature
range 2 - 950 C being careful to verify the attainment

of equilibrium by approach from bhoth higher and lower

concentrations, Monitoring conductivity as a function of
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as a function of time, the author has found that
equilibrium is reached in less than one minute by
dissolution but may he much slower by precipitation.
Because the solubility of Sr504 is greater at lower
temperature; accurate solubility values were obtained
rapidly by saturating first at high temperatures,
measuring conductivity, and then gradually cooling to
lower temperatures and higher concentraticns of sy’

The solubilities of BaSO4 and SrSOQ were measured
in a variety of electrolyte solutions., Although NaCl
is the only uni-univalent salt that is geochemically
important, emmonium nitrate and chloride were used to
measure solubility at high ionic strengths because they
caused much less interference with the atomic absorption
analysés than metallic salts. The solubility data at
various ionic strengths are given in Tables I and II,

The temperature dependence of Sr804 solubility is
shown by & plot of log X versus 1000 in Figure 6 where

T

T is absolute temperature. The slope was determined at
points cerresponding to 250 and 61° C, The enthalpies
calculated from ecquation (19) are + 0,54 and + 3.8
koal/mole respectively and agree within 20% of the calo-
rimetry values,

d(log K) = - H (19)
da(i/1 ) 2,51

The temperature dependence of DBasS0, solubility was

measured and log X plotted versus 1000 as shown in Figure
m
L




Solubility of Srso, (in moles x

TABLE I

107 /1iter)

in electrolyte solutions at garious concentrations

Molarity of
Electrolyte

0,00
0,001
0.01
0.025
0.1

0.5

.0
N

A% BN

Molarity of
Electrolyte

0,00

0,01

1.0

MzCl
0,66

2

0,84

9.1

at 257 C
Electrolyte
KC1 NH401 NH4N03 Ca012
0.66 0,66 0,66 0.66
0,760 0,70 0. 7% —
0.97 0.83 0.92 1,36
1.7 1.4 1.7 B
— 3ak 3.9 —
4,0 4,1 561 9.6
. 5.9 Te3 ——
. 5.7 8.9 e
T 57 o ,m 5
—_— 10.3 — —_ ﬁ
Electrolyte I‘
NaQSOQ CaSOQ MgSOZ£
0,66 0.66 0,66
e 0,40 0,21
0.1 — e

e evcoma,

0,1
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TABLE II

‘ !
Solubility of Baso, (in moles/liter x 107)

in electrolyte solutions at garious concentrations

at 25 C

Molarity of Electrolyte

Electrolyte NaCl XCl NHQCl NH%NOB Sr012
0,00 0.1 0,1 0,1 0.1 0,1
0.1 ’ — e 0.2 0,14 0.4
0,5 o e 0,0 0.2 e
1.0 0.73 0.k 1,0 1.5 1.5
2.0 e — 1ok 2,6 ——
3.0 e — 1.5 3.8 ——
4.0 — _— 1.6 e e

5¢0 — e 1-5 506 o—
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7. IEnthalpies calculated from the slcpe at 250 and 61° ¢
are = 5.2 and = 2,3 lkcal/mole respectively and agree with-
in 25% of those determined by calorimetry,

The solubilities of BaSoé and SrSOll are markedly
increased by a rise in ionic strength, and the molar
solubility of BaSO4 is increased somewhat more than that
of SrSOZio Preliminary experiments show that in the
presence of sodium chloride 5150, will he selectively
leached from (Ba,Sr)S0,. Roedder et al., (1968) report
that fluid inclusions in barite are salinej therefore,
barite either Tormed or recrystallized from a saline
medium,

Since an increase in temperature up to the boiling
point of water decreascs Ksr504 and increasecs KBaSOQ’
the possibility exists that at temperatures consistent
with hydrothermal vein deposition the two values could
be equal and intermediate (Ba,Sr)SOQ could precipitate

from a sulfate-deficient system. In Figure 8 the log K

versus 1000 data have been extrapolated to their tem-

rll
perature of intersection, Barium sulfate and strontium
sulfate would heve the same solnbility in water at not

less than 3600 C.
Helgeson (1969) has calculated fronm thermodynamic
data values of KBaSO at high temperature which are

4
listed as follows:
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I.c Log X
25 _ 9.7
50 9.42
60 9,54
100 9,22
150 9.54
200 9.76
250 10,54
300 11.05

The trend of increased solubhility with rise in tewmper-
ature reverses at approxinmately 1250 C. If Helgeson's
calculated values are correct, the equilibrium constants
for barium sulfate and strontium sulfate probably do not
intersect at any temperature,

Data given by Roedder et al. (1968} determined by
fluid inclusion thermometry indicate that barite deposie-
tion occurs between 130 - l"’/‘OO C. Thus, in low tempera-
ture hydrothermal environments, the solubilities of
barite and celestite are probably not equal, and except
in the case of & stoichiometric excess of 804= one would

not expect celestite to precipitate.

CONCLUSIONS
The enthalpy of mixing BaSOq and SrSO4 is nearly
zero at 25° and 61° ¢, The entropy of mixing should
closcely approximate the ideal value, mR(NBlnN + Nslnﬁ

B S)!

and the mixing process should be spontaneous over the

entire range of compositions., This implies that in
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nature the solid solution (Ba,Sr)SOQ, should precipitate
from an aqueous solution of sr** anda Ba? in any pro-
portion provided that a stoichiometfic amount of sulfate
ion is available, However, the rarity of intermediate
composition in nature suggests that 8043 is often
deficient during the deposition of barite or that SrSOQ
is removed following deposition,

Strontium sulfate leaches selectively from the
solid solution at 25° €, and sr*" and Ba®t concentrations
in aqueous solution approach the ideal value calculated
from the assumption that the chemical activity of each
component is proportional to its mole fraction in the
solid. 1In natural sysitems strontium sulfate should be
leached from the solid solution which then beconmes
enriched in barium sulfate because surface waters are
undersaturated with respect to Srsoq. These experiments
were based on fine-grained material so that the agUueous
solution was rapidly saturated with SrSO&; however, if [
natural crystals are coarse-—grained, the process might
£0 very slowly,

Optimum conditions for le/.ching SrSOQ from (Ba,Sr)SO4
are lovw temperature and high ionic strength, Carbonate
ion, if it were present and equal in concentration to
sulfate ion, would have a profound effcct by forning the
more insoluble SrCOB as shown in equation (3).

The separation of Dharium and strontium in nature could

result from leaching (Ba$Sr)SOZi possibly in conjunction
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with metathesis by carbonate ion. Strontianite is fre-
guently associated with bharite, celestite, and calcite

in veins either in limestone oy in sulfide veins (Palache
et al,, 1951), Schraut (1951) reports the occurence of
strontianite with barite, witherite, and celestite in

the Rosiclare fluorite district, and Grawe and Nackowski
(1949) report the occurence of strontianite with fluorite,
chalcopyrite, sphalerite, calecite, barite, and witherite

in the Southern Illinois fluorspar district,




Part 1I

DEVELOPHMENT OF A TECHNIQUE FOR GROWING BARIUM--STRONTIUM
SULFATE CRYSTALS

Purpose

It is possible that natural macrbsoopio specinens
of intermediate barium-strontium sulfate solid solutions
are rare because the crystal lattice of either BaSOlf oxr
SrSO4 is strained by substitution of the opposite end-
member, Strain in the lattice may inhibit the growth
of the crystal regardless of the availability of the
required Ba®", sr*", or 804: ions,

A conplete series of synthetic solid solutions has
been shown to exisd betwesn BaSO!f and SrSO4 hy X~ray
studies, but the synthetic materials are fine=grained
precipitates. The dGiffraction peaks of all the inter-
mediate menbers in this study were broadened relative to
the end-members, and the broadening was most extreme for
equimolar (Ba,Sr)Soq.

The results of electron~microprobe analyses of
single crystals of barium-rich (Ba,Sr)804 are available
in the literature (Hanor, 1966). The crystals Ilanor
analyzed contained no more than 9 mole% strontium., To
the Ikmowledse of the author there are no published chemie
cal analyses of single crystals of (BaN ) STy )SOQ for

B S
which 0,1 <N’B<G,9a

Thus it is desirable to synthesize large homoge-

gﬁa"“
e



neous crystals of the BaSOQMSrSO4 series ond study their
physical and chemical properties,

Methods 01 Crystal-Growing

The most important step in growing large crystals is
the choice of a suitable solvent, Crystals grow most
easily from very concentrated solutions, and workers who
are experienced in the art of crystal-~growing recommend 2
solvent capable of dissolving 10-~60 weight percent
solute (Kohman, 1963), Crystal growth in the solvent is
controlled by the rate at which the solvent hecomes super—

saturated with respect to the solute; therefore, it is
important to choose a solvent that can be supersaturated
easily by a physical or chemical process such as evape
oration, heating, cooling, or change in pl (Buckley,
1951).

It is difficult to grow large crystals of a substance

-

that is just slightly soluble in all solvents even

i
when the solubility can he either increased or decreascd iﬁ?f
rapidly with a rise in temperature. When a solvent é
containing solute at low concentraticn is gradually
supersaturated either by a temperature change or evap-
oration, a copious fine~grained precipitate may form
instead of a small number of large crystals, The ex-
lanation may be that nutrient cannot diifuse rapidly
enough to reach the sites of the seed crystals already
available in the solvent hefore a large nunber of new

crystallites are nucleated, Spontancous nucleation can
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be prevented by controlling the rate of supersaturation
in the solvent, The usual technique for‘growing large
crystals of a slightly soluble suhstance is to place
seed crystals in a compartment of the crystal-growing
apparatus separate from that of the nutrient (Buclkley,
1951; Ballman and Laudise, 1963).

The solvenits considered for crystallization of
bariun sulfate and strontium sulfate were the following

acids and salt solutions: concentrated H soé, 6N HC1,

2
5M NaCl, 5M CaCl,, 3.5 MgCl,, 10M NH4Cl, and 10M

R, NO The formation of bisulfate ion is responsible

5
for the dissolution of barium or strontium sulfate in
the concentrated acid solutions as shown in equations
(20) ane (21), and the high ionic strength is responsible

for the enhanced solubility of BaSO4 and SrSO4 in salt

solutions,

o+

S

BaS0, + HCL =3 Ba”" 4+ HSO, +C1 (20)

L

SrS0, + HNO—— srtt 4 NO,” + HSO, (21) i

Experimental Procedures

Solubility measurements

The solubility of barium sulfate was determined in
each of the solvents mentioned above, except concentrated
stOQ, and the values are given in Table III, The
solubility of BaSOQ was estimated by putiting a measured
volume of a particular solvent in each of & series of

flasks and then adding to each a different amount of

e .



Solubility of BaSOJi and SrSC, in concentrated acids and

salt solutions in moles x 10°/liter at 25° ¢

Solvent

BaS0
6N 1C1 e
6N HNO3 10
5M NaCl 0.5
3.5 MgCl, 0,5
51 Ca012 1
10H NH4N03 5

TABLE III

Sr504

10

40

10

e



equivalent portions of agueous H2SOA and BatCl The

o
solubility of BaSO4 in the solvent was estimated to
be the starting concentration of pRat™ and SOQZ in the
flask in which a precipitate Just barely formed on
standing 24 hours, The experiment was repeated for

5r30, in several of the solvents, and the values of
EY

the estimated solubilities are given in Table III,

Reeryvstallization of barium suvlfate and strontium
0

sulfate under hvdrothernal conditions

The most successful method for growing synthetic
barite and celestite crystals was by recrystallization
under hydrothermal conditions.

In order {to recrystallize under hydrothermal
conditions a special apparatus was designed to permit
thermal cycling, The apparatus consisted of an aluminum
blocel, 14"x3”x3", with 12”X5/8” cylindrical holes for
the glass sanple tubes, a hot plate for heating the
metal bloeck, and a timer which turned the hot plate on {
for 3 hours and off Tor % hours,

Approximately 5~7 mg., of finely-powdered bariumnm
sulfate and 12 ml, of 5M NaCl were sealed in a heavy
glass tube, and the tube was inserted in a hole in the
aluminum block, The maxinmun temperature measured by a
thermometer inserted in the block was 220° C and the
minimum 35° ¢,

Lach weel the sanple tubes were removed from the
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block and the crystals examined through the glass with

a hand lens, Shiny, crystal fTaces appeared as the nmate~
rial coarsened with time, The finely-powdered barium
sulfate dissolved, and the larger crystals grew,

The largest barium sulfate crystal was 500 microns
and had heen recrystallizing for 2 months, Most of the
large crystals were 100 -~ 250 microns.‘ The crystals
seem to grow outward from aggregates of finely~powdered
starting material, An aggregate with crystals radiat-
ing outward is marked with an arrow in picture 2 of
Figure 9.

Samples of strontium sulfaote were prepared for
thermal cycling hy sealing 15 mg,. of finely powdered
SrSOzi and 12 ml, of 53 NaCl in a glass tube. The
largest SrSOQ crystals grown were 40 - 70 microns.

Samples of solid solution of various molar compo-
sition were prepared for recrystallization by sealing
8-12 mg, of finely powdered (Ba,Sr)SOQ and 12 ml, of
5M NaCl in a glass tube. The starting material was
prepared by the instantaneoﬁs precipitation of an
aqueous solution of barium and strontium with a stoi-
chiometric excess of sulfuric acid, MNost of the solid
solutions did not form crystals largexr than 50 microns
after 2 months of thermal cycling. A preliminary

xamination of the solid solutions with a Philips

Electron Microprobe Analyzer AMR/3 suggests that indive-
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idual crystals contain both bharium and strontium. A
present the results are not quantitative,

Robert Horrigan of the metallurgical laboratory
at the White Sands Missile Range reported strontium
below the limits of detection by electron microprobe
analysis in crystals formed by recrystallizing 10 mg.
of finely~powdered (Bao.9’sr0,1)804 in 12 ml of 5
NaCl, The limits of detection are approwimately 0,1%,

Preliminary experiments

Crystallization of barium sulfate from sali solutions:
Each solution was heated to the boiling point, stoi-
chiometric amounts of Ba012 and HQSOQ solutions were
added, and the solution was cooled with stirring to
cither room temperature or 79 ¢ (refrigevator tempera-
ture). The cooling period varied from 20 nminutes to

2 weeks, The paximum size of the crystals was 20 microns,

and the size showed no c¢lear relation to the rate of
cooling., The temperature of the solutions was regulated
by means of a thermostatic water bath,

Eventually it was possible te obtain crystals up to
30 microns by the method of recrystallization, The
solution was heated to the bhoiling point and saturated
with BaSO4 by the zddition of stoichiometric amounis of
BaCl, and HQSOQ solutions, VWhen the solution cooled, most
of the fine precipitéte was renoved by decantation, On

reheating to the boiling point the solution became ncarly

clear, The solution was cooled to room tenperature




again, but this time the preecipitate was coarser and
was not decanted, The process of heating to dissolve
the finest precipitate and then cooling to supersaturate
the solution so that the coarsest crystals could grow
was repeated until shiny, crystal faces could be o0bw
served in the precipitate with a hand lens.

The salt soluitions used in this series of pre-
liminary experiments include %.5M MgClg, 5 CaClz,

5 NaCl, and 10X NHQNO The coarsest crystals were

3:
grovn in 5M NaCl, The other salt solutions seemed to
be nearly equal in value as a solvent for recrysitalliz-

ing Basoq,

Crystellization of bharium sulfate and strontium sulfate
from concentrated acids:

The supersaturation of concentrated acids with Bas0,
£S
or SrSO‘,_i resulted in the precipitation of a poorly

crystallized material as shown by optical examination,

The method of supersaturating each acid with Ba804 is ;F
sunmarigzed as follows:
(1) concentrated sulfuric acid

A bealier containing 50 ml of concentrated sulfuric

acid saturated with solid BaS0,, and an evaporating

4
dish containing 50 ml of water were enclosed in a rlass
container. The solution became supersaturated as the

acid absorhed water, The solubility changes from 7,05

weight percent barium sulfate in 96% sulfuric acid to

0.05 weight percent barium sulfate in 83% sulfuric

acid (Seidell,1940)
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(2) 6N HCl

(a) Bquivalent portions of aqueous BaCl, and II,SO

2774
were acdded to 100 ml of 6N IIC1 in an open beaker. The
acid was supersaturated by enclosing the beaker in a
dessicator with an evaporating dish containing an
equivalent amocunt of NaOH,

(h) Two sealed flasks, one containing 100 ml of
Ba504 in 6N HC1l and the other an eguivalent amount of
NHQOH, were connected by a glass tube, and the system was
evacuated,
(3) GN'IHﬂOB

A slightly undersaturated solution of BaSO& in
6N HNO3 was supersaturated by neutralization of the acid
with ammonia, An open beaker containing 50 ml of nitric
acid and an evaporating dish containing an equivalent
amount of ammonium hydroxide were placed in a dessicator,

Conclusiong

When a wvariety of concentrated acids were saturated
with Basoq and SrSO‘,Jr and supersaturated by slow neutraliza-
tion, the resulting precipitates were poorly crystallized,
Concentrated sulfurie-acid is a good solvent for both
sulfates, but the high viscosity may have interfered
with ecrystal growth. Poor crystal growth in 6N IIC1l and
ON HNOB could be attributed to low concentrations and

the fact that the solvent was not stirred during chemical

neutralization,
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Small erystals, 10-30 microns, of BaSoq were grown by
recrystallization from concentrated salt solutions,
Finely-powdered BaSoO,, Srs0, , and (Ba,Sr)SOli were
recrystallized in brine by the process of thermal
cycling in a hydrothermal apparatus. The maximum size
of the crystals are: Basoq, 500 microns, SrSOé, 70

microns, and (Ba,Sr)SO 50 microns. Qualitative ana-

1:{-’
lysis by the electron microprobe of the solid solution
crystals show that individual crystals contain both
barium and stroniium,

The prgliminary results suggest BaSO% grows faster
by recrystallization than either Srs50, or (Ba,Sr)SOQ,

The conversion of (Bao.9,81'0&1)80‘,_i to 100% Baso,
by recrystallization is consistent with the Law of Mass
Action because the volume of brine solution in the tube
was sufficient to dissolve all of the SrSOzi contained
in the original finely-powdered precipitate. This
conversion shows that a barium-strontium sulfate solid
solution can achieve equilibrivm with its agqueous solution
by the process of recrystallization, Crystallization of
(Ba,Sr)E_‘aOAi by slow cooling in a hydrothermal environ-

ment should also enable a crystal to achieve equilibrium

with the ore solution,
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Part IIX

GEQCHEMICAL CONSIDERATIONS

Introduction

The purpose of this section is to relate the
geological occurence of the baritew-celestite series to
the thermodynamic properties,

The hydrotheimal environment

The nearly ideal behavior of the barite~celestite
solid solution series is consistent with the observed
relative scarcity of celestite in hydrothermal deposits
and the rarity of intermediate (Ba,Sr)SO4 members in
both hydrothermal and sedimentary environments,

Consider a single hydrothermal ore solution, The
compositions of a solid solution formed from this ore
solution can be calculated by estimating activities for

e -

- .L+
Ba’

s Sr , and SO&: in the agueous phase, The following

three cases show how the composition of the solid solu-

tion varies with change in values of the activities of

+-+ -+ -+ =
Ba' ",Sr ", and 504 o

Case #1
aSr++ = aBa+4
e = e . ;
aSO"k-— == aBa - B asr’i‘ +
' . ~10
aBa++ b aSO = = LBaSO = 10
oy 4 6.4
aSr++ x aSOlz g hSrSO = 10
y 4

The products of the ionic activities are equal to

or greater than the equilibrium constants, and sulfate
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activity is equivalent to barium plus strontium activities,

Therefore, bariwa and strontium coprecipitate as

(BEN ,SrNS)SO4, and the mole fraection of each component
B

in the solid solution is related to its activity in the
aqueous solution as follows;

N, = a, -+ Na = a

. = o
Ba™ ™ S Sr

- a “+ a + = a +
Gpatt  t Bgt Ba Sr
Assume, Tor example, that the ectivities in the ore~form-

ing solution are as follows:

aBa++ = 0,002
aSr++ = 0,001
aSO = = 0,003

The activity of sulfate is equivalent to that of barium

Ba’

plus streontium., The product a. ++ % ag, = is 6 x 10™0
}_1
thich greatly exceceds the equilibrium constant of 10—10

b
1 g . - -5 .
and the product Ag ek X 8gq = 18 3 x 10 which exceeds
4
the equilibrium constant of 10m6°4.- Becazuse the aqueous
solution is saturated with respect to both end-members
& solid solution precipitates having the same molar

composition as the aqueous phase 3% mole% SrS0, and 6
| q ! ] 4

mole% Ba.SOlie

Case #2

A, 44 n "
Batty 8gpt

a = oA, v+ b oa. 4+
50,% T 9pg sr*?

: >

a - X oa = = K

Ba BasSo
SO& 4
8o t++ X = K
“opt 3504 < 8r30,
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This ore solution is saturated with respect to pure
barium sulfate and undersaturated with respect to pure
strontium sulfate, The mole fraction of strontium sulfate
in the solid solution is determined by the activity of
strontium sulfate in the agueous solution.given by the
following:

3 Bggtt X ag

K

Sr50,
For example if all activities given in case #1

are reduced by a factor of 10, they will be:

dp t+ = 00,0002

B bt = 0,0001

i

aSOL}:: = 0,000%

This solution is saturated with respect to barium sulfate

and undersaturated with respect to strontium sulfate:

. P R - -10
Bpott X agy = 6 x 1077 > 10
& 6.4

51 0,~
p 4

The mole fraction of Sr50, co-precipitated in solid

X ag = 5% x 10“8< 107

solution with barium sulfate is calculated as follows:

. r‘ L
Ng = 10772 = 107112 0,08
....Z; 2z
1077
Case #3
apatd o oag it > asong;aBa'+

4
because the sulfate activity is deficient with respect to

In this ore solution Ba™" and Sr*" must compete for SO

the sum of the cation activities., The partitioning of
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barium and strontium between agueous and solid solutions
; . . P , + ++
is determined by the relative activities of Ba and Sr
and the ratio of the equilibrium constants gssuming that

equilibrium is achieved:

o 'd e =N
Bgptt X 8gp = =NgKgrgg
7 4
a,_ +4+ X a = =N_K.
Ba 50, B Baso,
. J
Bgptt §§ X 103°6
L T
ap,t+ hB

(agueous) (solia)
PR N P A ++ ++ N

For example if the activities of Ba and Sr are
equal, the ratio NB/VS = 4,000, and the mole% Srs0,
precipitated in solid solution will be 0,025%., To
precipitate a solid solution containing 1% Srs50, would

, . p aott +o . ) _ .
require a ratio of Sr” /Ba = 40 in the aqueous solution,
9% SrSOQ in the solid would require a ratio of 400, and

. . . -+ o
50% SrSOa in the solid a ratio of Sr +/Ba * = nooo, It
4 o .

Sr"/Ba in the aqueous phase is smaller than 1, only a
negligible amount of SrSOG would coprecipitate, Although
these calculations have not been adjusted for temperature,
the adjusted values should not be different from those
calculated by more than one order of macnitude,

These examples suggest that nearly pure barite
should precipitate preferentially from a single hydro-
thermal ore solution, Formation of intermediate

: . ; - i1 N N
(BdNB,SINS)SO4 compositions, Npz N

gs are improbahble

because the required conditions for deposition are ver
1 y
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special., To precipitate intermediate (Ba,Sr)SOQ Trom
a single ore-forming solution would require either a
very high ratio of Sr”*/Ba™ for low SO%Z activity as
shown in case #3 or supersaturation with respect to
BaSO4 and saturation with respect to SrSOQ for high
sulfate activity as in case #1,

Another possible origin of a bharite-—celestite
deposit is the mixing of a hydrothermal solution
containing Ba*Tand sr*’ ions with connate water con-
taining sulfate ion., The composition of (Ba,Sr)SOQ
formed depends not only on the activities of the ions
in solution but also on the order and speed of mixing
the two solutions as shown in the following cases.

Case #1

One solution containing 5045 is added gradually to
a reservolr containing nearly equal activities of srtt
and Ba++‘ ITf the mixing process is slow enocugh, the
3042 activity in the reservoir will be much lower

..:-.

than the sum of Ba®™" &+ Sr¥%activities. When the two
solutions begin to mix, barium sulfate will be prefer-
entially partitioned into the solid phase, and only a
swall amount of SrSOa will be incorporated into the
so0lid solution, If sufficient sulfate is added to the

reservoir an a X = K
reserv d a,_++ X a hSrSO ’

Sr 50,~ 4

will begin to precipitate after nearly all of the barium

strontium sulfate

has been removed from aqueous solution,
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Case #2

A solution containing nearly equal activities of
sr¥ and Batt is gradually added to a 804m hydro=-
thermal solution, The molar composition of the solid
solution will be comparable to that of the aqueous
solution only if the mixing is very rapid and the
solutions highly concentrated, The formation of a
(BaNB,SrNS)804 solid solution of intermediate couposi-
tion, NBQ'NS, requires that the aqueous solution be
just saturated with SrSOZi and supersaturated with
BaSO&; therefore, only instantaneous mixing of con-
centrated solutions will yield a ratio of Sr/Ba in the
solid equal to that of the agueous solution,

If the sclutions are dilute and the Sr’%, pa®™
solution gradually added to the SOL}= solution, barium
sulfate will be preferentially partitioned into the
solid phase and the mole fraction of Srsoé incorporated
in the solid solution is calculated as follows:

NS = Bgtt
K

X.asoz

2e
x

SrSO4

These examples suggest that separate barite and
celestite deposits rather than (BaSSr)SOQ of intermediate
composition are more likely to form when thie source of

the ore is a mixture of two solutions, one containing

44 4 ) = . .
Ba and Sr*% and the other SOQ . Formation of inter-
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mediate (Ba,Sr)SOQ would require the improbable instan--
taneous mixing of concentrated ore solutions,

The mineral associations of hydrothermal barite
and celestite ores give important evidence for the
physico-chemical nature of the depositional environment,
Fluorite, quartz, calcite, galena, and sphalerite are
common associates of harite and celestite (Bateman,
1950; Berry and Mason, 1959; Heyl, 1968). Although the
entire assemblage of wminerals does not always occur in
each deposit, the sequence of minerals is usually the
same from one deposit to another. Whenever sphalerite
and barite are found together in a hydrothermal deposit,
for example, the barite is either with or above the
sphalerite but never below it (Barnes and Czamanske,
1967). The fact that barite is commonly associated with

sulfide minerals sets limits on the probable range of

S

values for the ratio aSOQ:/a = and the oxygen fugacity
in the ore solution at the time of deposition,

A hydrothermal ore solution is likely to becone
progressively oxidized as it rises in the crust, The
oxidation state of a particular chemical species may
increase as the ore solution progresses from a reduced
to an oxidized environment, The sulfur species that
predominate in the ore solution at depth (PO = 10705

2
atrospheres, T = 2500 C), for example, are probably

03, HS ', or 87, whereas in the oxidizing environment

o

J1

at the earth's surface

9

nd T = 2f

\

C the only important

sulfur species are HSOQ» and SOQZ (Barnes ana Czamanske,
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1967), FEach hydrothermal environment can he character—
ized by a definite value of the ratio aSOQZ/aS: it T,
P, pli, and total sulfur in solution are known,

A mineral should form whenever the activity of the
mineral in solution exceeds the saturation value given by
the thermodynamic equilibrium constant. A change in
temperature from Tl to T2 may decrease the value of the
equilibrium constant from Kl to K2 so that the product
of the activities of the ions in solution which was
smaller than Kl now exceeds Kz, and the mineral precipm
itates., The activity of one or more ions that partici-
pate in the formation of the mineral may be increased by
some physico-chemical change in the ore solution such
as a chemical reaction of the solution with the wall
rock, a change in temperature, or a change in the partial
pressure of Hy5, €05, or Op. IT the product of the

ionic activities following the physico-—chenmical change

exceeds the equilibrium constant, the mineral will be
deposited,

A probable mechanism for the deposition of a sulfide
mineral from ore solution‘is by cooling hecause the
solubility of sulfide minerals in agueous solution in-
c¢reases with rising temperature (Czavanske, 1959)o
Cooling the ore solution below 100° C also causes barite
to precipitate because its solubility increases with

.. o
rising temperature between 0 and 100° €, Another

)
3

possible mechanism for barite deposition is the gradual

increase in sulfate activity caused by oxidation of
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sulfide ion. Barium sulfide at 100° ¢ is approximately
105 times more soluble than barium sulfate (Seidell, 1940),
If the source of barite and contemporaneous sulfide
minerals is a single, rising hydrothermal solution con-
taining both metal ions and sulfur, the value for the
aSObz/asz ratio and the oxygen fugacity at the time of
depgsition can be calculated whenever it is possible to
estimate values for the total sulfur activity, pH, and
the temperature of deposition., The faect that bharite
occcurs above the sulfides in the sequence of minerals
sugrests that the activity of SO4= is equal to but not
larger than the minimal value for deposition of barite,

. = = K s .o . s
S0, ~ , where K is the equilibrium constant for
ap,+

barium sulfate at the temperature of deposition.
Barnes and Xullerud (1961) estimated activities for

sulfate ion in the ore solution of a Mississippi Valley

deposit in which barite is nearly contemporaneous with

4,4 =

spalerite, They calculated a value of 10~ for 50,

. o . . 74
if Ba™ = 0.001, using k25ooc = 10 7 .

The value for KQEOOC was calculated by Barnes and

¥ullerud from the data of Latimer (1952). The value

~10,%54

calculated by Helgeson, = 10 *77, gives a value f

B250°%¢
50,= 1077+3 i£ pa** = 0,001,
Thus some geological evidence suggests that barite

is formed from an ore solution containing a low activity
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of SOQ: g0 that the ore solution is saturated but not

supersaturated with respect to barium sulfate., If the

et

e+ o s .
Ba and Sr activities are nearly the same, formation

of (BaNB,SrN )80, of intermediate composition, Ng XN

S’
is not possible because the solution is undersaturated

with respect to pure Sr50, . If the SOQE activity is the

o . . ‘s + -4
minimum required for barite deposition and Ba™ oy sy’ s

the sulfate activity is much smaller than the minimum

value required for Srqu deposition, aSOQ: = %SySOQ .
.
Assume, for exanmple, the following: .
Bg .t = Bt = 0,001
T = 150° ¢
7 — ""9@8
“pase, = 10

s — "'7 ° 2
LSrSO£" 10
¢4

where values are given by the following:~KB1oO s (Figure 8,
[« %)
L

this paper; Templeton, 1960; iosebach and Strubel, 1962)

and KSrSOZ,(Figure 8, this paper; Strubel, 1962).
4
Then .
a - — 10""9;8 - 10“608
SO0y~ 7 s
1077
3 s -2
. = 1077 x 1078 & 10720
s 5D
10

Thus the composition of a solid solution deposited at

o . C e
1507 € from an ore-solution containing equal activities
of bariuvm and strontium and sulfate activity minimal for

BaSOQ precipitaticn will be 99,75 mole% barium sulfate
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and 0,25 mole% strontium sulfate,

The estimated value of 1 for the ratio of Ba++/Sr++
in the ore-—forming solution is hased on the fact that
the crustal abundances of barium and strontium are
approximately the same, and the two elements follow a
similar geochemisiry in igneous rocks,

The rarity of celesgstite in hydrothermal deposiits has
several explanations that are consistent with the ideality
of the (Ba,Sr)804 series: (1) Sulfate ion activity in
nost ore~forning deposits may be too low to precipitate
sr¥* 3 (2) celestite deposits may have been removed by
weathering because of the high solubility of SrSOQ relative
to other hydrothermal ores; (3) carbonate ion may have

""902

precipitated the more insoluble SrCOB, = 10

b7
“5r003
Although strontianite, like celestite, is a rare
hydrothermal mineral {(llelz and Holland, 1965), strontium
carbonate coprecipitates with CaCO3 to form a solid
solution, Strontium ion substitues for calcium in
either the aragonite or calcite lattice, and calcite is
a conmon associate of Dbarite and celestite in the hydro-
thermal environment (Deer et al,, 1962), The ratio
aCa++/a“r++ in ore solutions is probably smaller than
O
/X at
CaCO3 SrCO3
o . . . .
257 €, and is the maximum value for this ratio at any

10 which is the value of the ratio X

temperature in the range of hydrothermal depositicon

(Barton, 1957). DBecause Ca”t activity is much higher
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than Sr” ¥ in the ore-solution and the equilibrium
constants of the two carbonates are close in value for
a wide range of temperatures, strontium is more likely
to co-precipitate with calcium to form (Ca,Sr)CO3 in
the hydrothermal environment than to form a scparate
deposit of strontianite,

Another possible mechanism foxr the formation of
hydrothermal (Ca,Sr)CO3 is the metathesis of limestone,
Whenever an ore-solution containing high activities of
SrSO4 permeates a limestone host rock, the following
reaction should take place:

2 CaC0, + SrS0, 5 (ca,s2)00, + caso,
(so1id) (aqg.) (so01id) (ag.)

: . g o
The value of the ratio of equilibrium constants at 25° ¢
. 2 . . .
8 Kn,a Kq 2= u g the values given
is hCaSOb/ “DTSOE 10 sing e values given in
1 £,
Holland (1967).

. : R P L =,
Mineralogical controls on Ba ~,Sr ~, and SO& in natural

waters

The probability of forming a Ba804~8r804 solid
solution in a sedimentary environment depends on the
. -+ 4+ ++ am 5o
activities of Ba ", Sr™ ", and 50, in natural waters,
The activities of these ions are centrolled by the
equilibrium relaticnships between natural waters and
several minerals which include bharite and celestite,

It is possible that either sulfate or carbonate

ion controls the activity of barium ion in natura

waters, and the following calculations using the data
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in Table IV show that sohm probably governs the pat?t

concentration in seawater:

ap,tt X Bgg = = fpo 4t X Mgq = }:3Ba++ X{SO =
4 4 4
-7 . -2 . -10
1,5 x 10 ‘x 2.8 x 10 % 0,28 x 0,12 = 1.4 x 10
-10._ .
B, ++ X asng = L4 x 10 L‘hBaSO& = 1.0 x lOnlo
‘ ' P — ] + — i 4 ot 4 e
Bp *t+ X 8pq = = Np b+ X Do = XY po+d X ¥ o=
3 5 5
-7 . -4 , v oo =12
1.5 x 10 X 2,7x 10 "x 0,28 x 0,20 = 2,35 x 10
w12 -8,8
n ' - 22"1' ia z — 1 ¢
Gpatt X 8o, 3 x 10 <:kBaCO7 0
5 3
‘here t ra for ¥ is give ITog L
where the value fox BaCOB is given by Iliogness and

Johnson (195%4),

The product of the Ba™" x 804: ionic activities
based on measured values of molar concentrations is
approximately the same as the equilibrium constant,
‘therefore, sea water is saturated with respect to
BaSOq, Any increase in the activity of pa*" caused
by weathering or biological activity is prevented by

precipitation with SO4 , thus sulfate ion controls the
s P e
activity of Ba in sea water.

- = . . . . .

The product of Ba ' x CO3 ionic activities based
on ohserved molar concentrations is less than the
BaSO3 equilibrium constant, therefore, seawater is
undersaturated with respect to BaCO3 and carbonate

ion is probably not a control on pa*t activity in sea-

water,
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TABLE IV

s of observed molar soclubilities in sea water and

Solubility

(1)

1.5x10°

8,6x10"

2.,7x10"

7

5

4

activity coefficients

Source of data Single ion Source
activity
coefficient
I =20,7
Turekian and 0.28 Garrels and
Johnson (1966) Christ
(1965)
ITanor (1969) 0.28 Garrels and
' Christ
(1965)
Garrels and 0,12 Garrels and
Christ (1965) Christ
(1965)
Garrels and 0.20 Garrels and
Christ (1965) Christ

(1965)




The following caleulation for determining the
mineralogical control of srt¥ activity in sea water
using the data in Table IV shows that either carhonate

,..,ll-

. b . .
or sulfate ion may control Sr activity:

Bgptt X Bgn = = Mg 4t X Mgy = X S gptt X K’SO =
4 4 ke
8.6 x 1072 x 2,8 x 1072 x 0,28 x 0,2 = 8,1 x 107°
a. = = c 108/ eh 7o 10~
ag.t+ X 3304- =8.1 x 10 <1L5r804 =4,7 x 10
Agptt X 8gy = =gt X mp, = x ¥ Sr++x}{00 =
3 3 5
8.6 x 1077 x 2,7 x 10™% % 0,28 % 0,20 = 1,3 x 1079
o — -~ -"9 e - - . ""’}.O
aSr++ b aCO”" = 1.% x 10 ;> LSrCO” =7 x 10
2 b}
where the value for KSrCO is given Dby Ilogness and
)
Johnson (1954},
R . = Ayt qailer than I
The Sz X SGle product is smaller than KSrSOA

by a faector of 6 and the Sr't x 003= product larger
than KSrCOT by a factor of 2, Thus sea water is
slightly ugdersaturated with respect to celestite and
nearly saturated with respect to strontianite., It
seems most likely that carbonate ion controls the
activity of sr¥" in sea water although it is possibie
that Sr'" is in equilibrium with a (Ba,Sr)SOQ of
approximately 20 mole% Srsoq, The barite in pelagic
sediments contain about 5 mole® Srs0, (Arrhenius, 1963).
Kramer (1965) has suggested that Sr*" in the
oceang is controlled by carbonate concentration and

that 804= is a function of Srt¥ concentration,




Sedimentary environments

Separation of bharium and strontium sulfates in
sedimentary deposits is consistent with the idea’ity
of the (Ba,Sr)SOli series, Because of the large differ-
ences in.the solubilities of barite and celestite,
each mineral is formed and stabilized in a different
sedimentary environment,

Formation of a sedirentary deposit of celestite

is possible whenever the product Bg 4t X Ag, = exceeds
L4

KSrSOh and the ratio aSO4:/aCO,= exceeds the value of

- : . . 2.8 .0 o

' 4 Rah » - OV o i .

hSrSOQ/LSrCOB which 1is 10 at 25° C., Strontianite

should be precipitated from sea water before celestite

hecause the activity ratio &gq

=/a_. = is approximately
y o C9 )

2}

107,
Celestite is conmonly assoclated with gypsumn,

gypsum-~bhearing rocks, dolomite, dolomitic-~limestone,

marls, and other lagoonal deposits of high salinity

(Teodorovich, 1961; Berry and Mason, 1959). Thus
the source of strontium in this sedimentary environ-
. ++ - . ) ++
ment includes Sr contained in sea water, the Sr
rejected from the crystal laittice of aragonite during
conversion to calcite (equation 22), or from limestone

being converted to dolomite (equation 273),

Ca,Sr(co,), + Catt ey 2 Caco. + syt (29)

(aragonite) : (calcite)
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CaZNX,SrX(COS)Q + Mg++mme.0a,Mg(003)2 (1-x)Ca™Fexsrt(23)
(limestone) (dolomite)

The source of sulfate for celestite deposition in

this environment is prohably SOZlL contained in sea water

although another possibility is the oxidation of I

;25 or

sulfide from sulfide minerals.
The ratio of a z/aCO = can be increased by

SO4 3
increasing the acidity of the solution so that carbon-

ate ion is converted to bicarbonate, A change in 1 pl

unit will change the a by a factor of 10 as

Coaz/auCOB“
can be calculated Trom the following eguilibrium
relationship:

') (6057)= 107103
HCO., )
(HCO, ™)

Cxidation of HQS or a sulfide mineral will increase the

acidity of the solution in addition to increasing aSO 2
b

as shown in (24) and (253),
= +
1,5 + 2 0, e 50, + 2 H (24)
= = 4 =
S + 4 Hy0 ey SO, 4 4 H (25)

Whenever limestone oxr dolomite is formed, carbonate 1is

consumed and sulfate not, The ratio of a =/a.,. =
SOQ (,O3
contained in the solution is increased because of this
process,
The ratio 8qq :/aCO = 1ls increased by evaporation
4 3

of sea water because carbonate minerals are first to
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precipitate in an evaporite deposit, Evaporation may be
the most important mechanism for increasing the sulfate/
carbonate ratio, Because the ratio aCa++/aSr++ithO

and KCaSOQ/KSrsoéy 100, calcium and strontium sulfate
are likely to co-precipitate during the evaporation

of sea water, Celestite isroommonly assoclated with
gypsun in evaporite deposits either interbhedded with
gypsum as independent crystals or grains or in separ-
ate beds (Ilarncss,1949)., Recrystallization of a

ypsun~celestite deposit from a solution of much lower

o2

9}
fomd

u

]

fate activity than the original evaporite solution
should separate celestite and gypsum because of the
large difference in equilibrium constants,

Some geoclogists have suggested that many celestite
deposits are of secondary origin (Hraus, 1905), Primary
celestite may form as independent grains in the pores of
sedimentary rociks, and secondary celestite is later
depeosited from ground water that percolates through the
rock and transnorts ihe SrSO4. The most common occurence
of celestite is in dolomite or dolomitic limestones
throughout which the mineral grains are disseminated
(Deexr et al,, 1962; Mudd, 1949; Rankama, 1950; and
Stewart, 1963),

Barite occurs in sedimentary envivowmwients either as
a residual deposit formed by the weathering of bedrock or

by direct chemical precipitation. Because barite is
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extremely insoluble, it frequently occurs in residual
clay deposits formed during the weathering of limestone
(Brobst, 1958; Bateman, 1950), Nearly all the barite
produced in the United States is associated with
weathered limestone,

Chemically precipitated barite is distributed
throughout sedimentary rocks, often as concretions
and sometimes as cement in sandstones and in sedimente
ary iron and manganese ores, Sedimentary barite also
occurs in large high-grade bedded deposits (Shawe et al,
1969},

Sedimentary barite is probably precipitated by
mixing a barium-rich solution with either sea water or
other natural water containing a high concentration of
sulfate ion, Barium-~rich solutions could bhe derived
from the weathering of igneous roclks, veolcanic emanae
tions, or hot springs/

Celestite and barite formed at low temperatures
in sedimentary environments should be well separated
because of the large difference in their solubilities,
The weathering process preferentially leaches SrSO4 from
rocks and concentrates Sr’' in the ocean (llorn and Adans,
1566) whereas BaS0, is resistant to weathering and
forms residual sedimentary deposits., The evaporation
of sea water cannot yield sizeable barite deposits or
deposits of (Ba,Sr)SO4 of intermediate composition

- - el 1. . - - a2 - & ~n—\++
because of the low concentration of Ba
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Whenever sedimentary barite is Fformed by direct
precipitation, celestite may co-precipitate if the
original barium-rich solution is also strontiuvm-rich,
Because sedimentary barite is precipitated at a rela-
tively low temperature, it may recrystallize slowly
and he fine~grained, A fine-grained solid solution
of intermediate composition would probably re-equili-
brate rapidly to form a bharium-riech solid solution
because most natural waters are undersaturated with
respect to Srsoqa

Conclusions

The nearly=ideal behavior of the barite~celestite
solid solution is consistent with the geochemical
separation of barium and strontiuvm sulfates in hoth
hydrothermal and sedimentary environuents,

The common occurence of sulfide minerals with
hydrothermal deposits of harite suggests that the
oxygen fugacity is low at the tiume of barite deposi-—-
tion and the sulfate activity too low to form sizable
deposits of celestite and (BaNB,SrNS)804 of intermediate

composition, NBQjN Another reason for the scarcity

S?f

0f hydrothermal celestite and intermediate (Ba,, ,Sr,, )804
.\B

Ng

. . . o e+ =

may be the precipitation of Sr’ ™ by COS v
Selective leaching of SrSOZi contributes to the
separation of barium and strontium sulfTates in the

. . . o R
sedinzentary environmeni and to the concentration of Sr

H
I
¢
!
:
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in the ocean and BaSO4 in residual deposits. The low

: o+
concentration of Ba™ ™

in sea water probably prevents

the formation of large intermediate (Ba,Sr)SO4 deposits
by the evaporation of water, Recrystallization of chemi-
cally precipitated (Ba,Sr)SOQ in sedimentary environments

should yield a barium~rich solid and strontium-rich

solution,
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SUMMARY AND INTERPRETATION

The following factors influence the occurence and
composition of harite and celestite:

(1) A nigh aSr++/aBa++ ratio in the ore~forming
solution favors the formation of (Ba,Sr)SOQ af inter—
nediate composition,
favors the forni

(2) A high value of P, and

a =
0, 50,

ation of intermediate (Ba,Sr)SOQ; low values of 8ap
v

causes barium sulfate to precipitate preferentially

4

o)

because K"r8042> KBaSOQ at all temperatures,

(3) An increase in salinity of an ore-~forming solu-
tion inereases the solubility of both strontium and
barium sulfates although the solubility of barium
sulfate is more affected,

(4) Recrystallization of (Ba,Sr)SO4 in solutions of
low sulfate activity preferentially removes Srsoé. v
Most surface waters are undersaturated with respect to
Sr$0,; therefore, equilibration of (Ba,Sr)Soé with
surface waters should enrich the original mineral with
respect to bharium,

(5) An increase in the aCOS:/asoéz ratio of the ore-
forming solution increases the amount of strontium pre—
cipitated as carbonate, either in solid solution with
calcium or as strontianite, and decreases the amount of ;

strontium precipitated as sulfate, either in solid

+ 5 i T e 3 e 3 v o TrAecds 4
scluticn with barium or as celestite,
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. o -
(6) Cooling below 100° ¢ causes %paso,
and KSTSOQ to increase; consequently, barite will

incorporate smaller amounts of strontiur if formed by

to decrease

cooling a hydrothermal sclution below 100° C.

Interpretation of reological observations

Because there are so many factors that influence
the composition of a natural (Ba,Sr)SOQ deposit, the
conposition of the orew-solution and the conditions at
which a particular mineral was fornmed cannot bhe
tdeltermnined from the conposition of a particular Spece
imen, Consider two hydrothermal barite deposits, A and
Be If the strontiumm concentration of the barite in
deposit A is 10 tinmes greater than in By, any of the
folloving way he implicated: (1) the aSr++/aBa++
ratio in ore solution A was greater than in B, (2) the
temperature for deposition of A was higher than for B
(assuming 7 125%), (3) the values of P02 and 250, =

4

were zreater during deposition of A than B, (4) B has
either recrystallized or weathered to a barium-enriched
solid solution following deposition, and (5) the ratio
of acoﬂz/asoqz was higher during the formation of B than
A so tgat more strontium was partitioned into the
carbonate phase in I than in A,

The composition of barite or celestite can be used,

however, as a diagnostic tool for estimating the condi-

tions of deposition in conjuction with other geological

AT B L st T St s ot L e 1
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information, The temperature of deposition can be
estimated from fluid inclusion data, and it may De
possible also to estimate ag ++/ap ++ ratios in the
ore~solution from fluid inclusion analyses, VWhenever
sulfide minerals are associated with the deposit, the
values of P02 and asohz can be estimated; and their
absence might be indiéative of a high value of the
oxygen fugacity and asoqz/asx ratio during deposition,
Because the molar solubilities of SrCC, and CacCoO

3 3

are very close, K 1/10 at 25° ¢, the

/'g‘r /l-t"
SrC6,/ "CaC0.,”™
e ++ . 2 7 ) PR .
Sr""/ca™" ratio in the caleite should be indicative
of the aSr++/aCa++ ratio in the core-solution, INecrys-—

[«
tallization of calcite in fresh water should cause
only a slight enrichment of Sr in the solid, Calcium
carbonate should leach selectively from (Ca,Sr)CO3 at
=0 . . . s .
257 C for so0lid solutions in eguilibrium with fresh
water becausec I, v K
’ CaC04™ "Src0,°

concentration is known for hoth barite and calcifte in

If the strontium

two hydrothermal deposits of approximately ithe same
depositional tenmperature and containing the same sul-
fide minerals, the deposits might be compared in the
following way: +the Sr concentration in calcite of
deposit A is higher than in B, but the Sr concentration
in barite A is lower than in B. Two possible explanae-
tions are (1) deposit A has recrystallized in fresh

water so that the calcite has hecome enriched in Sr . i




and the barite enriched in barium, or (2) the a

< :/a =
603 SOQ

ratio was higher during deposition of A than B, 1In
order to choose between (1) and (2) we need to know
more ahout the occurence and abundance of other sulfate
and carbonate minerals,in the deposit, 1If celestite,
gypsum, or anhydrite, are also found in deposit B but
net in A, we might infer that the 8cg :/aso = ratio in

CO L
ore~solution A was nmuch higher than in B, This infer—
ence would be strengthened by finding strontianite in
deposit A but not in B,

Another clue for estimating the Sr concentration
of the ore-~formiug solution might be the Sr concentra-
tion in fluvorite in conjuncticn with barite and calcite,
If the barite, caleite, and fluorite of deposit A are
all strontium-rich compared to the same nminerals in
deposit B, this should indicate a strontium—enrichment
of ore~solution A relative to ore~sclution B,

A clue for estimating a :/asz and P, in the

S

. O Og

ore-~solution might be the comparison of the amount of

strentium and lead contained in 501id solution in barite.

The ratio ¥, .. /K. . = 10 according to velues given
lb004 BE.‘-,QO4

by Hogness and Johnson (1954) tor T=25%° ¢, TIf the values

of strontium and lead increase from one section of a !

barite deposit to another in a comparable way, the

increase might indicate increasing sulfate activity in

the ore~solution at the tinme of deposition,

At o beirs e e
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Conclusions

Because there are nany factors that influence the
composition of a natural (Ba,Sr)SOQ gpecinen, the compo-
sition of a single specimen can be related to the conditions
of deposition only by careful observation, analysis,
and interpretation of the entire mineral assemblage,
However, if such informaticn can be obtained, an under-
standing of the depositional process would be greatly
enhanced, Such understanding might lead to better

cxploration for ore deposits,




-1

APPENDIX
Heal of precinitation daté
Temp, Mole®% AH measured ALl dilution AMH precip.
°¢ Ba cal/mole cal/mole cal/mole
61 0 +2570 ~366 +29736
61 0 +2820 ~366 +3186
61 9.6 +1925 =366 +2281
61 22,6 +21735 =366 +2510
61 30,3 +10%30 ~366 +1596
61 40,0 + 841 ~366 +1207
61 50,0 + 255 =366 + 628 |
61 60,0 - 2573 366 + 113
61 70.0 ~ 551 ~366 ~ 185
61 80.0 ~1055 =366 ~ 689
61 80,0 ~1700 ~366 =135
61 100.,0 ~2185 -366 -~1819
61 100,0 =2520 =366 ~2154
25 0 +15275 +875 %+ 648
25 0 +1596 +875 + 721
25 10 + 948 +875 + 73
25 20 + 934 +875 + 59
25 33 - 02 +875 - 937
25 50 -~ 945 +875 ~1820
25 50 - 745 +875 ~1620
25 50 ~-1280 .+875 -2155

25 60 ~1390 +875 -2265

average
value

+3061

-~1986

~1865




Tgmpo

o
Ut

25

Mole? AH measured AH dilution AI precip, average
cal/mole value

-] D

cal/mole

Ba cal/mole
70 -1984 +875
80 =2500 +875
20 «-20450 +875
95 =2460 +875
100 =2600 +875
100 ~2793 +875
100 2800 +875
100 -2980 +875

~2859
~3375
~3315
~3535
-3475
-3668
~3675
~3855

~3668
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