Nucleation Kinetics of the Gypsum-Anhydrite System

ABSTRACT

Although there are clear instances of post-
depositional hydration and dehydration changes in
the system CaS0,+H, 0 it has never been clearly
established under what conditions, if any, anhy-
drile can sccur us a primary precipitate. Marked
meansivtencies oceur between solubility measure-
ment data, thermadynamic predictions of siability
and the experimental data obtained from precipita-
tion studies of CaSQ; phases from agueous solu-
ticHs.

They i due primardy lo the metastability aof
gypsum which precipitates readily ouiside iis own
stability field. Even within the stability field of
anhivdnite, nucleation hinetics t the system nor-
mally favor the nucleation of gypsum us a promary
phase.

Conditions of high supersaturation (i.e. high
concentrations of calcium or sulfate) can be shown
both itheoretically and experimentally to induce
the nucleation and growth of anhydrite rather than
metastable gypsum. The nucleation kinetics are not
affecied appreciably by high concentrations of
Nall, and gypsum iy elways the melastable phase
under these conditions.

Near surface formation of anhydrite by direct
precipitation or alievalion of gypsum probably oc-
curs in nature by reeciion of high sulfute conti-
nental waters with calcium corbonate or gypsum or
by mixing of these watcers with solutions contain-
ing calctum.

INTRODUCTICN

Gypsum and anhydrite both occur in extensive
amounts in sedimentary evaporitic sequences.
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These beds are often composed entirely of either
gypsum or anhydrite, with or without other evap-
orite minerals, and occasionally the two minerals
are interbedded with each other.

Because of the ease of hvdration of anhvdrite to
gvpsum in the near surface environment gypsum is
normally seen at the surface. Under conditions of
burial the dehydration of gypsum to anhvdrite can
occur and in the deeper subsurface anhydrite is the
only phase present.

It hus been maintained that qypsum is the pri-
mary form of calcium sulfate and that all anhydrite
is probably the result of dehydration of original
gypsurm.

Even though anhydrite can be seen at the sur-
[ace in saline and avid environments such as the
Tructal Coast (Kinsman, 1965; Butler, 1969) and
the deserts of Southwest Africa (Cagle and Cruft,
1569) it has never been Clearly established whether
anhydrite can form as a primary precipitate in na-
ture. The geological evidence is unclear, and un-
fortunately the laboratory evidence has been simi-
Larly so.

Thermaodynamic and solubility duta.

Caleulations by MacDonald (1953) involving the
free eneryy changes in the dehydration reaction
and solubility determinations by numerous
workers fi.e., Posnjak, 1938} have indicated that
gy psurm should be the stable phase below 40 to
42°C in water saturated only with calcium and
sullate, and anhydrite the stable phase above this
temperature. From thermodynamic arguments
MacDonald (1953) showed that the addition of
NaCl (10 approximate the conditions in an evap-
orating basin of sea water) should lower the transi-
tion temperature (o the point where primary
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anhydrite could reasonably be expecte d to precipi-
tate from waler of high salinities. Marshall and
Siusher (1966) also determined the fransition curve
from careful solubility measurements and this tran-
sition curve is compared with the curve derived by

MacDonald (1963) in Figure 1.
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Figure t. Transition ternperature of gypsum—anhvdrite at oue
wimasphere pressure as a function of sodium chloride in solution
according 1o various witk ers

Numerous other investigalors Le., Bock {1961},
have mvestigated this svstem, and most of the skt
bility measurements indicate transition curves
within a few degrees centigrade of the curves of
MacDonald and Marshall and Slusher.

Difficuliy of anhydrile precipitation,

Notwithstanding these predictions of the gyp-
sum and anhydrite stabilivy fields from the above
arguments, the experimental data on the actual
pr{‘{‘ipi‘fdiion of gypsum or anhydnite in the lsbora-
tory is both conilicting and confusing. Although
thermodynamic and miumhn data ptedlct the
lower transition curves of Flgllu‘.‘ 11t was not pos-
sible 1o precipitate anhvdrite from agqueous solu-
tion in its predicted stability field. Metastable
gypsum is usually the result of such an experiment.
There are several possible reasons for this:

Nucleation Kinetics af the Gypsurm-Anhydrite Sys

{1) the use of solubility data to predict ph
transformations in the system does not give
correct answer because either (a} supersaturatior
the system has not been adequately measured
controlled, or (b) during the measurement of
solubility of an unstable phase i.e., anhvdrite
can be converted to a stable phasc i.c., gyps
immediately in solution or during the partial re
cipitation process when the phases are at solubi
equilibrium. In this regard it iy inleresting to n
the data of Power, Fabuss and Satierfield (19
on transient selute concentrations in the sys
CaSQy -H.O. Transient sclute measurements sho
offer some degrce of control on the problem
conversion of one phase to another during s
bility measurements, and the data of these la
workers 13 in essential agreement with the transi
curves of the workers noted previously. It appr
likely, thercfore, that the true thermodyna
equilibrium transition curve is in factin the reg
of the curves delined by MacDonald, Maxshall
Slusher and other workers, although this still d
not solve the problem as to why anhydrite d
not precipitate within its own stability field.

{2) The thermodynamic data Is incorrect, or
gdequale, in that it does not take mto account
surface energy term of dhe Lryhldlhzmg pha
This latter rerm is gencrally unimporiant in con
ering macro-crystals, but becomes of particular
nificance in determining the 2G of the reaction
very smazll precipitating particles the size of ent
nuclei. This parameier has been discussed by ¥
and Bischoff {1965) in considering the calc
aragonite transition. lt is doubtful, however, if
effect v of suilictent magnitude to alier marke
the position of the transition curve.

(3) The kinetics of the precipitation process
not been evaluated, and the problem becomes .
of defining 2 metastable region for gypsum due
the greater probability of gypsum nucleation i
anhydrize nucleation. This is the most probable
planation for the discrepancy between the |
dicted stahility  ficlds of these minerals &
thermodynamic evidence and the experimes
data on the synthesis of anhydrite,

Recently several workers have attempied to
fine the phase transition from sudies involving
conversion of one phase to another in soludon:
different ionic strengths. Zen (1965) noted tha
the tenary system CaSQ,-NaCl-H, O there was
formation of new authigenic anhvdrite anvwh
in the svstem, even within the predicted stabt
ficld of anhydrite. However, it is imporiant to n
that primary anhydrite was apparcnily formec




R

Nucteation Kingtics of the Gyvpsum-Anfivdeite Systemn

one instance, and from a solution saiurated with
calcium chioride at 70°C.

Hardie (1967) has been able to convert gypsum
to anhydrite in solutions containing Na,; 8O, or
H,8(; at various lemperatures depending on the
concentration of S04 7" ion, although he prefers (o
consider the “activity of water” rather than the
activity of the speecific solute as being the ¢nitical
parameter. Hardie proposed a new equilibrium
curve, which is also plotted in Figure 1. 1t can be
seen that it s markedly higher thun the previous
curves, and 1t 1s important to note that the curve
was extrapolated to NaCl solutions although the
actual data were obtamed in high sulfate solutions.
The reason that Hardie considered his transition
curve could be extrapolated to the sodium chloride
solutions even though the experiment was carvied
out in II, 804 solutions is that the only factors
affecting the transition are pressure, temperature,
and the activity of water, aH,0. This is based on
the reaction:

CaSQ, «2H,0 f==% CaS0, + 2H,0.

Hence (K}P,T = i z I’Igo.

This reaction, however, is a conversion or dehy-
dration reaction, and it has never been demon-
strated that the reaction proceeds in solution by
simple dehydration. Hardie agrees that the “ewi-
dence I1s unclear™ in this regard. It appears more
likely that the reaction is a sclulion-precipitation
reaction, particularly in the Hght of transient solu-
hility studies.

The significance of the fact that the rransfarma-
tion can occur in solutions high in either Ca*¥ or
SO, *" ion {highly supersaturated solutions) is that
the reaction js kinetically controlled and that high
supersaturations reduce the size of the anhydrite
critical nucleus and increase the probability of
anhydrite nucleation.

KINETIC CONSIDERATIONS

It is possible to show from kinetic considera-
tions that an important parameter governing the
nucleation of either gypsum or anhydrite is the
degree of supersaturation of the solution, 8, de-
fmed as:

g = Tonic activity product!/i'

Kip

where K, is the thermodynamic solubility prod-
uct for gvpsum or anhydrite,
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From Volimer-Becker-Doring nucleation theory
formulated by Nielsen {1964) the size of the crit-
tcal nucleus, n* (ie., the minimum size of nucle-
ating particle above which the particle will grow
and below which it will tend 1o dissolve), is relaied
to the degree of supersaturaton of the solution, §,
hy the rclation:

L = 280° v?
(kTInS)®

where § is a shape factor for the critical nucleus, ¢
is the surface lension, v is the molecular volume, k
is Boltxmann's constant and T is the absolute
temporatuye,

Assuming spherical nuclel the simpler Kelvin ex-
pression showing the relation beiween the radius of
the critical nucleus, r* and surface energy can also
be nsed,

- R
kTInS

From this relation it is apparent that the size of
the nucleus will be different for anhydrite and
gypsum crysiallizing from solutions of the same
depree of supersaturation hecause of the difference
in surface eneryy of the two phases.

Surface energy determinations.

In order to predict theoretically the relative
case of nucleation within the system it i3 necessary
to know the shape factor, 8, moleceular volume, v,
and surface tension, o, for both gypsum and anhy-
drite in aqueous solution. There are indications
that many of the carly literature values obtained
from solutton studies for the surface energy of
crystalline phases were too high, and indeed this is
a difficult parameter to measure in solution. It has
been determined for gvpsum [from nucleation
experiments by \idstn {1964} who obtained a
best value of 95 ergs/fem?

Inasmuch as anhydrite is not readily precipitated
in the laboratory there are no good values for
anhydrite, but an approximation, v can be ob-
tained as follows, using the Bom-Sterns approxima-
tion for the surface tension of ionic crystals in
vACUO:

_0.11662° ¢
4p
where z i3 the number of electronic charges, € is
the charge on electron, and » is the molecular vol-
ume. Comparing the caleulated Born-Sterns
approximation for dry, vacuum conditions, v, with
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the measured surface tension in agqueous solutions
for barite and gypsum, o, an approximate value ol
o for anhvdrire can be obtained. The higher surfuce

Table 1. Determination of Approximate
Value of ¢ for Anhydrite.

v, calculated 7, measured vio
Ras0, 312 128 2.48
GaS0,-2H,0 220 a5 2.32
£as0, 350 - 2.33
& gypsam _ 22 _ a5
v anhydrite 350  anhydrite
whenge o anhydrite = 150.

tension of anhvdrize 1s also compatible with the
greater surface hardness of anhydrite to gvpsum.
Surface tension or surfuce energy 18 related to
Moh-scale surface hardness and in view of the
greater hardness of anhydrite it is believed the sur
face energy tcrm obtained above is a minimum fig-
T,

Using the above approximate values 1t 1s possible
o estumaie the critieal nuclel sizes, n*, gt different
degrees of supersaluration in solution. A small dif-
ference hetween n* gypsum and n* anhydrite
means {that the free energy comsiderations will
cause the most stable phase o nucleate and be-
come stable, and a large difference will mean it will
become inereasingly difficudt to nucleate the phase
requiring the greatest number of particles to cluster
rogeither 1o reach the o*. Table 2 gives some cal-
culations of n* for different degrees of supersat-
uration. It i important to realize that because of
the difficultics of obtaining very accurate data on
surface encrgies of the phases these figures are only
ol general accuracy to Hlusrrate the effect of super-
suturation on n¥,

The ease of nucleaton is dependent on the
number of atomic particles necessary to form n¥,
and the number of molecular collisions in the
media. At high values of 3 the collision probability
15 greater, the number ol nuclei required 1o form
¥ 5 less and more nuclel are able o form. This
explaing why tupid homogeneous precipitation of a
turge number of cevstalline porticles ot simall size
accurs under conditions of high supersaturation,
At low values of S the induction perind before
onset ol aystallization cm be very long fie,
several hours) and a few large crystals [om,

Nucieation Kinetics af the Gypstin-Anhydrite System

Table 2. Calcufations of n* for Different
Degrees of Supersaturation.

S n”anhydrite  n"gypsum  n*anhydrite—gypsum
2 61,000 40,300 20,708
§ 4,300 3.200 1,600

10 1,620 E80 340

i £50 450 230

&0 330 220 10

From Table 2 it can be scon that as 3 increascs
the probability of suflicient particles coming to-
gether to form anhvydrite cntical nudlel rapidly in-
creases. A ‘‘nucleation barrier” at fow values of §
occurs which causes the precipitation of gypsum a
long while before sufficient particles cun agglom-
erate to form anhydrite nuclel.

EXPERIMENTAL

in order to test the alrove conclusions laboratory
experiments were performed to determine which
phases precipitated from agueous solutions con-
taining Ca’ ¥ and S$0,°%" ions at various degrees of
supersaturation. The experimental details are more
fully described by Chao (1969).

Methoids.

Concentrated sulfuric actd, sodiom sulfare, cal-
ciurm chlonide and sodium chloride solutions were
prepared. Precipitation of solid phases were ob-
tained by mixing CaCl; solutions with N, 50, or
H; 50, soiuiions, both with or without NaCl, and
in viarious ways in a 250 mi. Erlenmever flask. The
flask and solurions before mixing were held in
constant temperature bath at 1 atmosphere pres-
sure. No seeds of gypsum or anhydrite were used.
Details of the individual runs are given in Table 3.

Precipitation occurred immediately upon mixing
of solutions because of the high concentrations
used, and the Rasks were manually shaken three
times a day. The solid and Hquid phases were held
in contact ar various times ap w14 days maxi-
muIn,

The solid phases were removed and filtered
through n millipore suction filter, rinsed in acetone
and oven-dried at the same temperature, The iden-
tification of sojid phases was made by immediate
microscopic examination and by Xray powder dif-
fraction.

Under the microscope, gypsum generally could
he seen as thin, tabular crvstals, sometimes with
Ash-tuil or polysynthetic twinmng. Hemihydrate
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Tabie 3. Experimental Runs.

Hun Selution Temperature Days Pracipitate

. CaCl, Na, 50, °G Identified

K¥ 0.1M 0.1 30 7 large gypsum
100ml 100mi

51 0.1M 0.1M 59 ? large gypsum
100ml 100ml

B1 g.1M am 680 ? farge gypsum
160mi 100mi

71 0.iM 0.1 70 7 large gypsum
100m! 100mi

81 0.1 .M 80 3 large gypsum
100ml 100mi

32 a.5M 0.5M 30 7 farge gypsum
100ml 10)ml

52 {.5M 0.5M 50 7 farge gypsum
100ml 100mi

82 0.5M 0.8M HH] 7 small gypsum +
100 100mi smalt hamihydrata

72 0.5M 0.5 70 7 small gypsum +
10CGml 100mi smal! hemihydrate

82 0.5M 0.5M 8n 3 large gypsum +
1 0Cml 100m? smali hemihydrate

33 M sat. 30 } smalf gyasum
10mi 100ml

h3 M sat. 50 7 thenardite
10mi 106ml

53A 1M sat. 50 7 medium gypsum
10ml TAGmi

53 i il 80 7 thenardite
10ml 100smi

B3A 1™ sat. 60 7 small hemihydrate
10ml 100mi

73 1M 2M 70 7 thenardite
10m} 108ml

T3A 1M 7% 70 7 smatl hemihydrate
1mi 10Gmi

34 ™ 17% 34 7 small gypsum*
10m| 100ml

54 1 17% 50 7 small gypsum™
10ml 100ml

64 1M 17 60 7 medium gypsum®
1Gmi 1060mi

74 ™ 17% 10 7 large gypsura™
10ml 1G0m}

84 M 17% 30 3 {arge gypsum™ +
10ml Ta0mi large anhydrite

35 Gh 0.5M 30 7 minute gypsum +
100m] 20ml minute hemihydrate

55 &M 0.5M 50 7 minute hemihydrate
100mt 20mi

113
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Run Solution Temperature Davs Precipitate

No. CaCl, Na, 50, °C ¥ ldentified

65 BM 0.5M B0 1 minute hemihydrate +
100mi 20ml ryinute anhydrite

75 8M 3.5M 10 7 minute anhydrite
160ml 20mi

85 &M 0.5M 80 3 minute anhydrite
100ml 20m!

B1M 1M 0.5M 80 1 gypsum
50l 10ml

§2M M 0.5M 80 1 gypsum
50ml 16mi

3M am 0.5M 8a i gypsum
50ml 10mi

gaM 4M 0.5M 80 1 hemihydrata, anhydrite
50ml 10m!

85M LY 0.5M 80 1 anhydrite, hemihydrate
50mi 18m|

720 2M 4.5M 70 4 gypsum
H0ml 10ml

73M 3M 0.5M 10 4 gypsum, hemihydrate
50mi 10m!

74M M D.5M 70 4 hemihydrate
50mi 10ml

75M L1 40.5M 70 4 anhydrite, hemihydrate
50mi 10mi

63M kil 0.5M 60 3 gypsum
50mi 10l

64M M 0.5M 80 3 gypsum
50mi 10ml

55M 58 (.5M g0 3 hemihydrate
50md 10mi

6EM 6M 0.5M 80 3 hemitydrate
h0m) 10ml

674 L 0.5M 60 3 hemibydrate
50ml 10l

H53M In 0.5M 50 7 gypsum
5Gml Hil

54M M 3.5M 50 7 gypsum
50ml 18m|

LEM 5M 0.5M B0 7 hemihydrate, gypsem
a0mt 10ml

56M BM 0.5M 50 1 hemihydrate
b0ml 10ml

57M m 0.65M 50 7 hemihydrate
50mi 10ml

26MB M .58 80 14 hemihydrate
50ml 10mi

L7MB i 0.5M a{l 14 hemihydrate
S0ml 10mi

5BMB BM 0.5M 50 14 hemihydrate
50ml 10mi
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Nucieation Kinetics of the Gypsum-Anhydrite System

Run Solution Temperature Precipitate

No. CaCl, Na, 50, °¢ Days Identified

516G 3 25% 50 7 gypsum
S0mi Bmi

52€ 4 25% 50 7 gypsum, hemihydrate
50l Bmi

53C M ' 5% 50 7 hemihydrate, anhydrite
5Gmi Smi

545 6M 25% 50 7 hemihydrate, anhydrite
Bfmj Bmi

550 ™ 25% 50 7 hemihydrate, anhydrite
S0m) Smi

710 5M 5% 10 4 anhydrite, hemihydrate
50m} Bimi

720 5M 20% 76 4 anhydrite, hemihydrate
bimli 5mi

73D 5M 50% 70 4 anhydrite, hemihydrate
bl bmi

minute = > 0.05mm in length
large = lmm in length

small = 0.25-0.5mm in length
medium = 0.5-1mm in length
satt = 8.25-6.5mm in length
small = 0.25-0.5mm in length

madism = (L5-Imm in length
large = >tmm in length
*gypsum converting to anhydrite in air

cecurred as thin, small needles with parallel extine-
tion, and moderate birefringence. No attemptl was
made to distinguish hemihydrate and soluble anhy-
drite. Anhydrite appeared as a muass of minute,
birefringent grains when precipitated in concen-
trated CaCl; sohastions. Anhydrie formed in
H,; 50, solutions ocourred as large, prismalic to
cguant crystals with parallel extincetion and rhom-
bohedral cleavage.

RESULTS

Mixing of difute CaCl, and Nu, 8Os solutions
resulted in the precipitation of large (> 1mm)
gypsum plates ar all temperatures, If 30 gm of
NaCl was first added to didute CaCl, selutions he-
{fore mixing with dilute Na.S50, solution, gypsum
was formed at 80° and 50°C, while gypsum and
hemihydrate were precipitated together at higher
iemperatures.

When saturated (>3M) Na; 8O, solution was
mixed with dilute CaCl, solution, the precipitate
was gypsum at 30°C, but at higher temperatures,
thenardite (Na;S0,) was precipitated. If 2M
MNay SO, solution was used instead of a suturated
one, hemibvdrate was formed at 607 and 70°C,
while gypsum was formed at lower termperatures.
The crystals {rom this soution were small (0.25 to
0.5 mm). It seems that saturavon of Na, 504 in
solution does not favor anhydrite precipitation be-
cause of thenardite precipitation and nability to
obtain sulficiently high supersaturations.

When 17 percent sulfuric acid solution was re-
acted with small amounts of 1M CaCl, at 80°C
farge (> lmm), prismatic to equant anhydrite
crysfals were found in association with gypsum
plates, At lower temperatiures however only gyp-
sum was formed, even after 7 davs.

If concentrated {6M) CaCly solution was mixed
with a small amount of diluie Na, SO, seolution
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then gypsum and hemihydrate were lormed at
30°C; hemihydraze alone st 50°C; hemibydrate
and anhvdrte at 60°C, and anhydrite alone at 707
and 80°C.

A series of runs were made increasing the degrec
of supersaturation by adding 50 mi of 13, 2M, 30,
M, 5M, 6M and TM CaCly sclutions scparately to
10 mi of 0.5M Na, 80, solutions at 50°, 607, 77
and 80°C. The results showed that anhydrire was
formed in M CaCl, solution at 80°C, in AM Culll;
solution at 70°C, but not in any CaCl; solution up
1o 7, at 60° and 307C. An carlier yun however,
which had lasted for 7 days did show the {orma-
tion of anhydrite tn 6M CaCl, solution. Hence it
was apparent that as well as forming anhydrite
immediately on precipitation, it was possible to
convert precipitated gypsum of hemihvydrate to
anhydrite at somewhat lower concentraiions than
those used for direct precipitstion,

An experiment using time as a varable was con-
ducted {Tablc 4). Immediate cxamination of the
precipitate showed the existence of hemihydrate
only. Every few hours, a small amouunt of precipi-
tate was fzken out from the flask, examined under
the microscope, and verified by Xeray diffraction.
Anhydrite was not lound until 79 howrs had
elapsed. It was associated with hemibydrate undil
165 hours after the mixing ot the solutions, the
whole precipitate then being converted to anhy-
drive.

Table 4. The Relationship Between Time and
Conversion of Hemihydrate in a Solution of
100 mi of 6M CaCl, pius 20 ml of 0.5M
Na, SO, at 60°C,

Time, hrs Solid phase

instant hemihydrate

2 hemihydrate

4 hemihydrate

22 hemihydrate

ag hemihydrate

46 hemihydrate

52 hemihydrate

70 hemihydrats

79 hemihydrate + anhydrite
43 hemihydrate + anhydrite
104 hemihydrate + anhydrite
118 hemihydrate + anhydrite
124 hemihydrate + anhydrite
141 hemihydrate + anhydrite

165 anhydrita

Nucleation Kinetics of the Gypsum-Anhy drite System

Geolugical considerations.

From the preceding results it is possible to show
ona two-dimensional diagram of temperature vs. de-
gree of supersaiuration the field in which the
nucleation kinetics will favor the formation of
anhydrie over gypsum or hemihydraze.

This is ohvioosly not an equilibrium phase dia
gram in that the phase boundary does not rep
resent an equiibrium ransition between phases in
different siability fields. It cannot be deduoced
thermodynamically, and ar the present time it
presence can only be predicted from the nucleation
kinctics as was done carlier, although theory does
not permit us 1o predict its position or shape.

Such a diagram is shown in Figure 2 using CaCl,
concentration un the composition axis. Figure 3
incorporates all the experimental data irrespective
of starring solutions and as a funciion of super-
saturation (cither high Ca®' or high SO.*} and
temperature. Obviously it s not reasonable Lo have
natural solutions as supersaturated as fifty times
the solibility product of calcium sulfate if almost
equal iopic proporrons of Cu®* and §O, %" are
avatlable, 43 instantaneous precipitation would oc-
cur reducing the supersaturation. Ii is possible,
however, to have highly supersaturated solutions in
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Figure 2. Dependence of transition temperaiure on conccntration
ol Calils solution.
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which an initial precipitate {i.e., gypsum} is in
contact with high Ca*” or high $O,*" selutions.
Under these conditions new anhydrite nucled
would form and the gypsum would be converted.
That this does occwr is good evidence for the
gypsum-anthydrite conversion being a solution-
precipitation mechanism.

Dircct precipitation of anhydrite could occur hy
mixing of water containing high sulfate or calcium
with solutions or rocks containing the other anion.
This would result in immediate anhvydrite precipita-
tion it the temperature and degree ol supersatura-
tion was sufficiently high. This could explain the
formatoen of surface anhydrite in desert areas such
as Scuthwest Africa, where high sulfate water
comes in contact both with caleium carbonaie in
the soils and as cxtensive caliche deposits and ear-
lier gypsum. Also if evaporation concentrates high
sulfate waters in pore fluids at temperatures of
BO°C or greater, anhydrite would readily form and
carlier gvpsum would be converted.

However, therc does not seem to be any way in
which normal modemn sea water can be coneen-
trated by evaporation such that a composition able
to give anhvdrite precipitation could oceur. Even
saturated Na(l solutions will not appreciably
enhance the nucleation kinetics of the phases in
Lthe system. If in fact, true marine anhydrite precip-
itation ever does occur it appears that it must
mvolve some abnormally high sulfare (or, less
likely, high calciom) wuters somewhere in the
system cither prior to or on initial burial. In the
near shoreline areas of mixing of ground and ma-
rine waters, high sullate solutions reaciing with
concentrated marine waters which contain calcium
could possibly produce sufficient degrees of super-
saturation for anhydrite formation. It has been
proposed that the anhydrite in the Trucial Coast
sabkha environment is near the present zone of

mixing {Butler, 1969}.

CONCLUSIONS

{1} The curves derived {rom thermodynamic and
solubilitv determinations for the gypsum-anhydrite
equilibrium transidon by MacDonald (1953), Bock
{1961), Marshall and Slusher {1966} and others
and shown in Figure 1, probably are correct. How-
ever they cannot be used alone to predict the for-
mation of anhydrite or gypsum as the nucleation
kinelics in the system causcs gypsum to precipitate
metastably throughout the anhvdrite stabiity
field.
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Figure 8. Ddependence of transition teraperatore on supersaturation.

{2} The kinetics becomes favorable for the
precipitation of anhydrite within its own stability
field under conditions of high supersaturation i.c.,
high calcium or sulfate concentration in sojudon
(Figs. 2, 3). Concentrated NaCl solutions are not
able to wter the nucleation kinetics and gypsum
will continue to precipitate under these conditions.

{3) In high comcentrations of calcium or sullate
in sofution at temperatures greater than 30°C (Fig.
%} It is also possible to rapidly convert hemihvdrate
or gypsum to anhydrite. This and other evidence
from transient solubility studies suggest (he
conversion is a solution-precipitation mechanism,

(4} High calcium natural waters, or the much
more likely high sulfute waters will cause conver-
sion of gypsum o anhydrite under near surface
conditions. A likely mechanism for near-surface
continental anhydrite formation is reaction of high
sulfate walers with carlier gypsum or CaC0O; in
soils, caliche and rocks.

(5} It is unlikely that modern seawater could
ever obtain a composition by natural evaporation
processes from which anhydrite would precipiiate.

If anhydrite can form in the marine environment
it would require contact of the solid phases with
high sulfate {or calcium) walers, perhaps in deep
brine pools or interstitially in sediments. Reaction
of high sulfare ground waters with marine waters
could lead to anhydrize formation.
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