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ABSTRACT

Equilibrium  relationships between calcium sulphate
minerals are briefly reviewed and compared with measured
physical and chemical parameters from the sabkha envi-
ronments of the Persian Gulf and Baja California. The
faboratory and field data agree well bur emphasize that
recction kinetics play an important role in the widespread
accurrence of metastable phoses. The dufa suggest that
gypstim will probubly always be the phase precipitated from
standing bodics of brine bur that both primary anhydrire
and penecontemporaneous anhydrite after gepsum are very
comnmon products of the sabkha environment.

INTRODUCTION

The purpose of this paper is to very briefly review the
status of our understanding of the natural occurrence of
caleium suiphate minerals. The laboratory studies are first
summarized and then compared with physical and chemi-
cal parameters of the sabkha environments of the Persian
Gulf and Baja California, where gypsum, bassanite and
anhydrite are all actively forming today.

LABORATORY STUDIES

An extensive literature has developed describing labo-
ratory studies of the squilibria between the caleium sul-
phate minerals and this has been fairly adequateily
reviewed in several papers, from which the many refer-
ences to the original studies may be obtained {Gay, [965;
Zen, 1965, Kinsman, 1966, 1967, Hardie, 1967). Gay
(1965) recognized four discrete solid phases in the system
Ca80,-H,0; gypsum, hassanite (hemihydrate), insoluble
anhydrite and soluble anhydrite, The first three are all
naturally occurring minerals but the latter is known only
from laboratory studies. The solid phases in certain reac-

tions are a solid state dehydration or rehvdration sequence
but in other reactions dissolution of one phase is followed
by nucleation and crystal growth of the succeeding phase.

As long as no intermediate compounds are formed,
such as double salts, then equilibria between the mineral
phases are a function only of the activity of water in
sotution-mineral reactions, or of the relative humidity in
vapour-mineral reactions, irrespective of whether the
equilibria are stable or metastable. Using stability data
largely qualitatively it can be shown that gypsum and
anhydrite may he stable minerals within the near-sorface
earth environment, whereas bassanite will always be meta-
stable.

Most early studies of the gypsum-anhydrite equilib-
rium were indirect, using solubility data and because of
the great difficulty experienced in precipitating anhydrite
from supersaturated solutions even in the presence of an-
hydrite seed nuclei, most of the solubility data represent
mimmpm values because the mineral solubility could enly
be determined from undersaturation. Even gypsum solu-
bility data are all from undersaturation only, except for
the study by Zen {(1965). However, Hardie {1964, 1967}
succeeded in determining the equilibrivm directly, con-
verting one sohid phase into the other in solulions of
known water activity. I have recalculated his data for
application 1o sea water solutions and the resulting gvp-
sumn-anhydrite equilibrium for sea water brines is shown
in Figure 1. The equilibria are shown in a similar but
slightly different way in Figure 2, where mineral-vapour
reaclions are considered; this figure is mainly of value for
its description of the metastable gypsum—metastable bas-
samite reaction, which can only take place at earth surface
conditions of rather low relative humidity.

The reaction gypsumn~anhydrite in the absence of
liquid water requires that bassanite be an intermediate
phase, Experimental dehydration of bassanite beiow tem-
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Figure 1. Eguilibriz between the calaivm sulphate mingrals gypsum
{G), anhydrize (A} end bassenite (B} in diluted seawater, seawater
ard ssawater brines, Solution salinmities are descabaed as moles of
chioride per kilogram of solution and the activity of wafer in these
soiutions i shown at the top of the figure. Thraugh much of the
tower part of the anhydrite stabilivy field gypsum may be present as
a metastable phase (M/G) but at higher temperatures it dehydrates
te metaseble bassarite (M/B). At chioride concentrations betwean
faur and five molesikg helite (M) is precipiteted as an additional
salit phase {figure moditied from Kinsmarn, 1964},

peratures of 130°C always yields soluble anhydrite which
has not so far been recorded as a natural mineral, Insolu-
ble anhydrite only resuits after prolonged high tempera-
ture {(>150°C) dehvdration of bassanite. The reaction
gypsum—>anhydrite in the presence of liguid water and
below the metastable gypsam—*hassanite reaction fem-
perature results in the formation of insoluble anhydrite by
a dissolution-reprecipitation mechanism, although the de-
tailed nature of the anhydrite nucleation is not understood
(a fragment of gypsum crysial lattice may serve as nucleus
for anhydrite crystal growth).

Of critical significance to the gypsum-anhydrite prob-
lem is an understanding of the nucleation of anhydrite.
The problem may be one of kinetics of nucleation, or it
may be dependent on the differential stability (higher solu-
bility) of nuclei compared with large crystals of the solid
phase. The solubility curves of gypsum and anhydnite are
fairly similar (Figure 3) and do not diverge rapidly where
both phases are nearly in equilibriumn with each other.
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Figure 2. Equilibria between the cacium sulphate minerals ex:
pressad i terms of temperature and wester vapour pressure, Water
vapour pressure may be described as % reletive humidity, whieh is
glso sourivatent to watar activity. Equllibria at relative hurmnidities
izes than 75% lequivalent to water activities fass than Q.75) are fou
water vapour-mineral reactions; data above 75% relative humidity or’
(.76 water activity mey describe equilibria betwesn saling solutionsg. -
and solid phases or warer vapour and sclid phases. The gypsum-
anhydrite eguitibrium baundary shown is the same doundary Mmh :
is shown in Eigurs 1, (Figure from Kinsman, 1967) :

Thus when anhydrite is the stable phase (has the lower

solubility) an evaporating solution may cross the anhys .
drite equilibrium sclubility curve and shortly thereafter
alsa cross the metastable gypsum solubility curve, if no
anhydrite precipitation takes place. If the critical super-
saturation for gypsum nucleation is reached before thal
for anhydrite nucleation, then gypsum will precipitate
metastably. This explanation would fit the widespread”
metastable precipitation of gypsum found in laboratory

studies and in natural environments. As the solubilities of
the two minerals are rather similar, solutions which con:
tinue precipitating metastable gypsum will never become
very highly supersaturated with respect to anhydrite. An-
other significant difficulty in the formation of an anhy-
drous mineral such as anhydrite probably relates to the
desclvation of the agueous caleium ion.

CRITICAL ENVIRONMENTAL VARIABLES

The variables to be defined are temperature, “H,0 and
relative humidity. In areas adjaecnt to the sea, relative
humidities rarely fall balaw 75%; values below 50% occur
only in continental deserts and rain shadow areas. These
refative humidity values refer to the air mass 1-7 meters
above the ground, a typical vertical profile showing higher
values over the lower few centimeters. In pore spaces,
unless the water tuble is very deep, pore atmospheres are
saturated (but presence of halite means that masimum
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3,0 or relative humidity will be 0.75 or 759}, Values
of ®H 0 for marine brines range 0.9-0.75 whilst calcium
sulphate minerals are being actively precipitated, Even in
fairly late stage brines values only fall to 0.65-0.70. Conti-
nental playa waters may have *H,O values as low #s about
0.6.

Highest mean annual air temperature today is 31°C. In
coastal areas air temperatures generally do not exceed
50°C, but values of 60°C may be reached in continental
areas. Minimum air temperatures for evaporite forming
areas are less well defined but may be 10°C in coasial areas
and 5°C or lower in continental areas. Brine body temper-
atures may exceptionally reach 80°C for short periods but
a more common upper limit would be 50-60°C; lower limit
is variable, maybe say 10-15°C, dependent on climate and
features of the brine body such as size and seasonal mix-
ing. Salt flat surfaces may reach 80°C or more but temper-
atures above 30°C penetrate only the upper few
centimeters. Albedo and thermal diffusivity characteris-
tics generally result in mean ground surface, and ulbi-
mately shaliow subsurface temperatures, exceeding mean
air temperatures in areas of high insolation (by as much

as 7°C).

RECENT OQCCURRENCES OF CALCIUM
SULPHATE MINERALS

Gypsum is widely precipitated in arid coastal regions
af the world and in many continental basins of internal
drainage. Gypsum is by far the most abundant calcium
sulphate mineral of the earth surface and near-surface
environments angd forms by direct precipitation from
standing bodies of brine and by interstitial precipitation in
sabkha environments. .

Bassanite has been reported from arid region surface
effiorescences; also from Death Valley, California and
from Clayton Playa, Nevada. I have recorded bassanite
from the Persian Gulf sabkhas, Great Salt Lake, Utah,
and two areas in Baja California, Mexico (unpublished).
Bassanite is always closely assoctated with gypsum and
seerns without doubt a dehydration product of a gypsum
precursor. In most arid regions, where gypsum fes ex-
posed to the sun, bassanite will probably be daveloped,
though may be only seasonally.

Anbydrite of Recent age has been reported from sev-
eral localities (always insoluble anhydrite). At Clayton
Playa and Death Valley the anhydrite occurs apparently
as a surface dehydration product of a gypsum precursor.
The dehydration of gypsum—bassanite—?anhydrite,
which seems to be indicated, certainly by the Clayton
Playa occurrence, does not Bt with the experimental data.
Either a solution phase was involved or we have more to
learn about dehydration processes in the absence of a
liguid phase. Several other minor occurrences of anhydrite

345

{"Ca ™50 10?

23
™4/ K

Eigure 3. SolubHities of gypium and gnhydyite at 26°C and 46°C in
semwatar sofutions, Solubility of siable phase {least soiubie phase) at
any ternperatuse is indicated by soiid line; metastuble phase solubii-
ifies shown by dashed line, Intersection of solubility curves marks
position of the fourphase equilibrium at any temperature (gyosum-
anhydrite-aQiution-vapour). Note the acute angie of the solubility
curves at their intersections indicating thet a solution in metastable
sguitibrium with say gypsumt is onby slightly supersaturated with
respect to the stabie phase anftydrite,

Solubifities are expressed in terms of molar  product
MCgtt M50, and solution salinities in terms of mofes of chloride
per kilogram of solution. At salinities sarmawhat less than five rmolar,
hatita (HAL) s precipitated.

have also beer reported but generally without sufficient
background environmental data to interpret the occur-
rence very usefully. However, two fairly major occur-
rences of Recent anhydnite have been reported from Baja
California and the Persian Gulf (Kinsman, 1966, 1969),
The anhydrite is developed as an early diagenetic mineral
in exiensive supratidal salt flais or sabkhas. It cccurs typi-
cally as nodules, layers of nodules or contorted layers
which have physically displaced the host sediments (in
Baja California the host sediments are terrigenous muds,
silts and sands; in the Persian Gulf the host sediments are
varbonate muds and sands which are being extensively
dolomitised). Near surface bassanite occurs in both areas
as 2 solid state dehydration product of gypsum. Gypsum
oceurs widely in both areas, also precipitated as an inter-
stitta displacement mineral. In the first studies of the
Persian Gulf anhydrite I concluded that there was no
evidence of psendomorphing of earlier gypsum but that
much of the early formed gypsum later dissolved, the ions
migrating o new sites and there precipitating as anhy-
drite. In a later study Butler (1969} showed conclusive
evidence of pseudomorphing of gypsum by anhydrite in
certain areas of the Abu Dhabi sabkhas and from this
evidence generalized that all anhydrite of the sabkhas was
a diagenetic replacement of earlier gypsum. Later more
detailed studies by R. Park, R. Palterson and myself have
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confirmed that the earliest anhydrite of the Persian Guif
subkha environments Forms as 2 pseudomorphic replace-
ment of gypsum and that a considerable amount of the
earlier formed gypsum crysial mushes is later replaced by
aphydrite. However, the supratidal unit of non-murine
sedirments, in which maost of the coniorted, lavered and
coarsely nodular anhydrite oocurs. never has gypsum de-
veloped within it and thuy this enhydrite is of primary
origin. Figures 4 and § summuarize the Persian Gulf distri-
bution of gypsum and anhyvdrite.

Pore fluid studies show that niost Persian Guif sabkha
brines are gypsum/anhydrite saturated {Figare 6). Figure
7 shows pore fluid data for fuids squeezed from samples
of specific mineralogies; the data of both figures 6 and 7
confirm the laboratory determinations which are summa-
vized in Figure 3.

The Persian Gulf fcld dats are summarized in Figure
§ which emphasizes that although the equilibrium data of
Hardie (1967) are confirmed, metastable reactions com-
monly dominate. Reaction kinetics of the replacements
are evidently very asvimmetric,

CONCLUSIONS ON THE PRIMARY
MINERALOGY OF CALCIUM SULPHATE
DEFPOSITS

Marine brines of sclar salt ponds and nataral standing
badies of brine today all precipitaie gypsum rather than
anhvdrite, whatever the brine salinity or temperature. In
sabkhas or salt flats borh gvpsum and anhydrite are
formed, together with small armounts of bassanite. These
enviromments provide exampies of the primary precipita-

Figure 4. Cartoon 27 gypsum und anhydr e distniGution wathn the
sabkha ervironment oF the Truciat Coast, Persian Guid, Ali precipha-
tien 18 frors subsurfzoe intarstitial brines. Gypsom forms orystal
mushies up 6 40 Gm hick jusi abowe water mack (HW) end? nxtend-
ing down t9 mean ses eyl (VB Later intersutal precipistion
cegurs throughout the intertidet fagie: carbonete host sediments,
Aanydrite firet Gcours as 7 near susfaca preudsmorphic replacemeant
of gypsum and the cissoiunion-repracipitation rsaction continuss
with passage of Hme to groster depths, the oafing gypsum mush
being replaced by netiexturad annydrite within 3 2,000 vear
periad. The bulk of the anbydritz within the siowly acerseting sun-
retidat aenizan sadirments is primary anhydrite, Note 1he graathy dgif-
terant krorreordat snd weraesl oo of ihe Dyoere; the surlaoe stape
of the sabkha is clese to 140040,
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Figure 5. A more detsited sehematie deseription of ke gypsurn and
anhydrite of the Trucial Coast sabkiwas. The gypsum ocours as ientic-
viar or lensaid crystals or as iarge formdess turmps. The gvpsum
erystal mlish is ultmately entirely repiaced by anbydrite {zons two)
and the replacemant aven extends down into the stromatolite facies
carbonate sedimeants in which layers af lanticular gypsurr crystals
accur betwaen the algal mat laminas (zone thrae), Within 2ore two,
a fauriy large emount of pomery sohydrite s slso hought o e
formed (ardrdrite without a gypsum gracursort, Within zone thrae
onby primary anhydrite is formed.

tion of both gypsum and anhvdrite, of the solid state
dehydration sequence gypsum-bassanite-anhydrite, and of
the dissolution-precipitation replacement of gypsum by
anhydrite and anhvdrite by gvpsum.

Temperature and chemistry of associated brines con-
firm previousty published data on the solubility of gypsum
and provide new data on the solubility of anhydrite, The
sclution-mineral data also confirm Hardie™s (1967} pub-
lished equilibrium relationships between gypsum and an-
hvdrite. but give new emphasis to the problems of kinetics
us they aflect the distribution of gypsum and anhydnte in
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Figura 6. Pessian Guif brings in présumead squiltbricen with gypsuim
andfnr ariltydrite. Scdict curve from Figure 3, Bring samales were all
ciose to 30 € wher coilected. Field date fit expenimenial curve
fairly well, Dashad curve is caiguigted curve for seawaler evapara-
1ior. Samples wing on this ¢urve are undersaturated with respect ta
sny calcium suiphate mineral, Samples 1o the left of the dashoed [ing
Lut ciose to the vpsum saturation curve are continental brines
ravher than marine brines,
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Figura 7. Similar to Figure 4 byt solubility data here are for specific
solid phases; pore waters were carefully squeeszed fram gypsum or
arhydrite crystal sediments, or from samples where sither both
phuses werg present or one phase was being %bvéousiv repiaced by
the ginar. All duta are for approximately 30 C and show that the
solubilitizs of both gypsurn and anhydeize are very simifar lenalbyt-
ical arrors mask what ditferences do exist),

100
m
_ MAX - _
507 M/GYR/ /)
: i1
[ ANH )
MEAN - fimi 5
GYP XA
o I 2 3 4 5

Mci=/ Kg

Figure 8. Gypsurn-snhydrite aquilibria in marine bwinas, as in Figure
1. The diagonaily hachured area is the Pessian Quif wbkha tempera-
ture envelope, Gypsum dccurs 3s & steble phase in the lower gart of
the figure and as a metastable phase above the gypsurmn-anhydrite
euiibricm boundary . The iemperature and brine sonditicns where
anhydrite Bx:sts are enciosed by the nesr-vertical curving tine inside
which & dot and hachurg grnament s present. The onbrydrite first
Precipitutes in the wupper high temperature amd high seiniy corner
of this urea but once formed can exist throughout the sahydrite
subfield markad by the doteed Ine. Under mean tempergtuse condi-
tions anhydrite is replaced by gypsum at chloride conceatsations
tess than 3.85 moles per kilogram {marked by targe dotl, Only very
brief exposure of anhydrite in The gypsum stability fisld suftices for
1t £ be replaced by gypsum.

347

natural environments. It has become obvious that gypsum
can exist metastably within the aghydrite stability field for
tens or may be hundreds of years, without being replaced
by anhydrite, yet anhydrite is replaced by gypsum within
days or weeks should it become the unstable phase.

The precipitation of metastable phases is a commonly
obscrved phenomenon from sclutions at earth surface
temperatures, especially where relatively high supersatu-
rations are achieved. However, the natural mineral-brine
data suggest that high supersaturations are never achieved
with respect to gypsum as it nucleates and grows rapdly
enough to relieve supersaturation fairly readily. The new
mineral-brine data suggest that the solubilities of gypsum
and anhvdrite at 20-40°C in natural brines of ~4 molal
Cl- are sufficiently similar that a solution never hecomes
excessively supersaturated with respect to anhydrite, be-
fore it reaches metastable gypsum saturation, The refa-
tively high remperature (35°C} and low waler activity
(~0.77) ut whick patural anhydrite crystals apparently
nucleate and grow suggest that desolvation of aqueous
Ca™t may be the major kinetic batrier to the formation of
the anhydrous calelwm solphate phase The kinetic re-
quirements leading to anhvdrite precipitation oceur today
only in the sabkha environment. flowever, if isolated
standing bodies of marine brine existed well below seq
level, as recently suggested for the Mediterranean during
the Messinian, then temperatures could be high enough
for the precipitation of anhydrite as a primary phase from
a standing body of brine.,
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