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ABSIRACT

The- equilibrium tempera.ture for the reacfion, CaSO; - 2H0% CaS0: 42050 sola)
has Been determined as a iunchon of actnnty of HO. (ﬂ]zfgo) of the solution: Syntheuc
gypsuin and anhydntc of:1:1 nuxtures weré stirred in. solations, of knowit Luo (calculated
from-vagor pxessm-e data. for the Na-:SO.; and H-504 solutlons) at conslant temperafute {or

eﬁned by agzo«—O 960 af 5 0 845 at 39° 0 170 at 2&°C Prov1ded the solids do-mot
change in compesition, the; eqm]_lbnum at canstant P a.nd T is a fimction of agyponly and is .
independent of the constltuants il solution: Extrapo]anon to ‘the bounding system CaSOs
H:0O (2m;0 = 1.000) yields 58°4- 4 2°C. Thisis within thermodynamc caleulations (46° + 22°C)

but blgher than solubility measurements (38°t0 42°G). - The:new data indicate that in'sea-. -

water saturated with halite and gypsum should dehydmte above 18°C. The scarcity of an-:
hydntem modern evaponta depo:.lts 13 predlcted by the present results The available data
on the: temperatu:e—sa.hmty condmons under which anhydnte and § gypsum exist in the Re-
cent SUprandal flat sediments of the Trucial Coast, Persian Gulf; aré compatible with the
present experimental data

TNTRODTETION

The stabhhty relaﬁons of gypsum (Ca804 ZHoO) and’ anhydrite
(CaSOQ are’of considerable interest bécause most natural marine evapo-
 rite deposits consist'essentially of pypsumi and/or a.nhydnte interbedded
with dolomlte limestone and clastic sediments’ (e.g:, Stewart 1963, Tible
18) In the bmary system CaS0;-H,0, thereaction Ca.SO4 ZHzO‘—CaSO,;‘
+2 HqOu,cL) has been studIed expen_mentally at one a.tmosphere pressure
by van’t Hoff ‘el al {1903, Partridge and White (1929), Toriumi and
~Hara (1934) Hill (1934), Posnjak (1938) and D’ Ans et al (1955). Kelley,
: Southard and««Anderson (1941) measured the thermochemmal pIOpertles
of the.solid. phases ‘of the system at 1tmospher1c pressure; and frox these
data. calculated an’ equ1hbuum temperature for the gypsum—anhvdute"
transition. Marsal: (19523, MacDonald (1953), Zen (1965) and- Hardie:

(1965 bp.. 25-30) calculated: the effect. of pressure on the reaction.

The. effect of salt solutions on-the. gypsum—anhy drite qull.hbl.‘l'llm at’
,atmosphenc pressure has been considered i 1n.sonie, detail by-several work--
&rs, all of whom have. verified that the tran51t10n tempera.ture is. 10wered
thh mcrcasmg galinity. The $ystem CaSOrNaCI Hy0 has been inves-

' ﬁgﬂted expenmenta]ly by van’t Hoff et al (1903), D’Ans ef al (1955),
\{[adgm and: Swales- (1956), Bock (1061) aid: Zen (1965) LIacDonaid

+'This'paper, is Taken from a Ph.D. dlssertatlon submlt‘ted by L. K Hardis to the Dé-
partmeéntof Geology, T]le _Tohns Hopkms Umversxty Baltimore, Marylaud

RN
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}(1953) calculated the. effet:t of NaCl solutions oi the ethbnum terii-
‘perature. ’lhe transmon ity Sea-water has been. studled by Toriiimi ezal
(1938) and; Posn]ak (1940) Othet pertinent: [aboratorystudjes are those
of: Hill and -Wills. (1938)-and | Canley*and Bundy” (1958) i the system’
CaS0¢N2,SOH;0; D'Ans 4nd:"Hofer* (£937]: in” the: system CaSQ,-
HPO,-Hy0; and Ostroff (1964), who: com/eitéd gypsum to anhydnte
in"N: aCl—MgClz solutions. :

For the most. part the resulfs of "the. different workers are in poor.
agreement. For: this. Yedson, and.because-the methods used were. largely
indirect (e g solubﬂlty and dilatometer médsurements, thermodynamzc.
calculauon) a re-éxamimation of the problem, using . different l'ibora,—
tory’ approach seertied. desnable

The ‘conversion of gypsum to: anhydnte, and- anhydrite o gypsum,.
wayg Studied. af- af:mosphenc pressure Hy & functmn of temperature: and
activity of HaQ' (@g;0)- For thé teaction

CESO4 ZHzO(,) — CélSOq.(a) + 2H20(11qu1d i sohu-.mn)

the ethbrmm constant may be. deﬁned in terms of act1v1t1es, as follows

(K ujp‘.}? = A‘?C"'_S'S“Q; aﬁzo

’ 40Cas0 - TH,0: )

If the standard states of the comiponents of the reaction are- considered to:
be pure HoO: liquid. water, puié erystalling CaS0, and pure’ clvsta]hnef
_CaSO4 2H;0: at pne atmosphere total pressure and at the’ temperature;
of reaction, the equilibrium constant simplifies fo

(Ka):r' Pt Y al:IuO

It. folIows that the &ehydratwn of gypsunr to anhydnte atatmospheric:
pressure;is-a function of tn,mperature and activity of HqO only. There-:
fore, provided the selids do not, chiange in’ composulon the equilibrium .
isindependent of the components in’ the co- existing;. solution.

The. act1v1ty of HaO of the soliitions co-existing with gypsim: or anhy-
drite was yaried by addmg Na9804 OL. H»SO4 ‘these. ‘wete chosen. because’
the: gypsumv—anhydnte conversion. rates: were found to. be reIatwely' .
rapld in sodmm sulfate.or sulfuric acxd soliitions. Tn. the system €aS0;-
NavSO4~H-:O neither: gypsim. nor- zmhydrlte can; Co-exist with 4 solution
of N2,50;, concéntration’ grezter than that fixed by the one atmosphere-
1sothermally invariant. assemblage: gypsum’ [or anhydmte)—l—ulaubente
(CaS0,- \TaZSO.i) ~+solution— vapor. The em,o of the invariang sohitions
varigs from .about 0.00 at- 25°€. to. about 0:96 2t 70°C. Thls limits ‘the:
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: study to very dllute solutlons onIy, a. con51de1 able dlsadvantage because
actwlhes of HZO at lee;t -as Tow as 0 75 as’ deﬁned b) the assemblage
gypsum- (o1 anhydnte) +bah£e+solut10n+vapor in the “haplo evap-
ﬂnte” (Zen 1965,. p 12.3) system CaSO4—NaC1 HzO In the system

a.re not lnmted by double—salt formauon Thus the- reactmn may be
_'studled in H,S0,.solutions: which have a range of activity of HzO corii-
-parable to-that found in fiatural waters, that is, from mear 1.00-to about
0.70.

EXPERIMENTAL METHODS

Starting Maiterials. The solid staltmg materials. were artrﬁcnal CaS0,:

2H,0, .CaS0, (anhvdrous) and Na;S0, (mhydmus) of reagent grade:
" The CaS04-2H,0: (Baker -Analyzed, Lots No. 25692 and. 25286) was
fine-grained but variablé-sized material (0.1 mm; to less” than 0.01 mm)
which showed. theé, charactéristic morphology of gypsum- euhedra. The
X-ray diffractien pattern was indistinguishable from that of natural
gypsum, and the material was used as such with no further treatment.
The CaSO; (Baker Analyzed anhydrous [sic] Lot No. 90128) yielded an
Krray. pattern consistent with bassanite: CaSOj: 330 (<0.5): When
this- aaterial was heated at 450°C to $50°C for 2 to'5 days, a very fine-
gramed powder was prodm:ed which gave an excellent anhydrite X-ray
pattern: Iri the experimental runs with anhydrite as 4 starting inaterial,

- the heat-treated CaS0j was used. Zen' (1965, p.: -151).found that.artificial - -

anhydrite, prepared by dehydrating gypsum ‘overnight'at 300°C, readllv
reverted to gypsum when brought into contact with water; he therefore
considered such anhydrite unsuitable as. g starting matenal In the pres-
ent mvestlgatmn no: such rehvdratwn of artificial a.nhydnte occurred—
even in stured TnS ef 6 months duratmn*—under CODd.ltanS wheré an-
repeated usmg na.tmal gy‘psum and/ or anhydnte The gypsum Was Iarge‘.
cléar selenite plates from Montmartre, Paris, and the 'm_hvdnte Was mas-
sive ﬁne—gramed material from Richmond Co., Nova Scotla (\/Vﬂhams
Collection; The Johns Hopkiits Umversxtv)

The Ne;SO; (Baker Analyzed, anhydrous Lots No: 25581 and 22088)
gave asharp thenardite X-ray pattern anﬁ was used without further re-
fineinent,.

The. su]func acid so]utmns Were prepared by dilutmg Baker Analyzed
95 percent HZSO4 with double-distilled watéer to the req_mred ‘concentra-
uons The" exact concentratmn i weight percent HhSO, was ‘then deter-
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‘mined by titration 6f carefully welghed ‘aliquots of eachd SOllIlZlOIl apainst
IN NaOH sclution” (€O, free) using: methyl: orange’ as o indicator
{Wélcher,: 1962, p. 540). The results- Were checked agamat the H.S0;
conéentration determm:acl by: spemﬁc gravity measurements using. the
calibration curve of Hodgman (1933 p--1894). :

Ea,penmmtal pmced ure.

(a), Static Method At thé, start of the studv a, techmque similar to:
that uiseéd i in hydlothermal work was' employ ed. Finely ground mixtures:
of anhydnte O gypsunt, and thenardite were accutr ately weighed, with
the requ1red amount of distilled water, into pyrex glass tubes (7 X 60 mimn)

which were then sealed-using an oxy- acetwlene torch.-Loss of distilled
water was successfully avmded dunng the _sealing process by wrapping
the ‘mbes in.wet filter paper:. The sealed tubes.were then: totally pnmersed:
in thermostanc:ﬂlv control]ed water-baths. At the end of the run peuod
Whlch varied frovi severdl days to many months,, the tubes weie broken.
opén and the solid products separated-from the solution on ‘ahsorbent:
paper. Samples were. immediately. éxamined; both undet the microscope’
ahd by X-ray diffraction. Although by this fechinique many runs can.be
carried ‘out simultanéously, it has the obvious disadvantage: that the
solution volumes are toosmall {6r analysis. Unfortunately, the inethod
.proved to have an even greater. dlsadvantaﬂe, in many runs equmbrlum
‘wag fot. attamed even, after penods of ‘many months.-When it was ap-
parent that some form. of agitation: wag.réquir ed to promote the reactions .
the static méthod was: abandoned. How ever;, it. was possible to salvage
enough mgmﬁcant information, to; warrant; (LbCUSSIOIl and.. comparison
with the results of rung carned ouf with the dynaimié method (contmuous-
stirring of the charge), which ‘was used through the rest of the study.

(b) Dynamic Method.. ‘Approximately 200g of starting niaterials were
weighed: (4 0.19%):into 2.250-ml. Erlenmeyer flask; ﬁtted WJ,th a ercury-
in-glass air-tight seal:throu gh which the solution was-stirred suﬂi(:lently
to: Leep all the solid: matenal in constant. a,gltanon "The chal ged reaction
~vessels ‘were. 1mmersed in Watel baths. of capacity 30 liters, thermosta.tl-
cally controlled to: £0.1°C.

A maximum varfation of +0,5°C .was- observed over 4 period of gix
months,

At mtervals one milliliter of the suspensiorn-charged solutlon was with:
dtawn with a pipette. and. rap1dly préssure-filtered. throtgh 4 Buchmer:
funnel: this femoved dlinost ali the: solution. The solid material was iin-
inediately. washed. several times with" acetone and alr-dried: A portlon.
‘of the sample was emmmed under :the petlogrdphlc m1croscope the g
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mainder was hand-grotnd under’ acetone and & smear-moubt’ prepared
for x-ray diffraction.:

Delerminations of affszy of H,Odn: solutions. The activity of anv con-=
stituesit of 4 solution is given bV thie ratio of the fugacities::

‘At éne: atmosphere total’ pressure, wa,tel vapor may be regar ded 4s. an

ideal gas so thiat the fucracmes tiiay bé safely replaced. by the partial
pressures of H,O:.

Gi,0.= Prsol pre
The standard state is taken as pure lLiquid: W’lt(fr at-one’ atmosphme
pressure and at the temperature of reaction; for which the activity is
unity.

The solubilities of gypsum and- a mhydnte in sodium sulfate afid sul-
fuiic dcid solutions aré wery low (less than 0.25 percent by weight).
Therefore, the vapor pressures of thesé solutions saturated W1Lh CaS0;4
are given, within experimental measurement, by the vapor pressures of
the CaSOs-free solutions:

. For the sodiuni sulfate solutions the vapor pressure data given in In--
teriiational Critical Tables (IIT, p..371) were used to calculate ax,0. The
0 of each soluuon Was, computed af the. temperature of each experi-
ment. At the end of a run the total dxssolved $olids’ coriterit of the equi-
librium solution was determlned Thlb value‘ was compared with the
‘starting N2,50; content 6. prov1de a'check on, the assigned am,o value.
The activities of H;O_of the sulfuric.acid solutions were taken from
Hamed and Owen (1958; pi- 374). These data, reproduced in Table 1,
show: that within ‘the range of- -H,S0, concentration used in the smdv
am,o values detérmined by EMEFE measurements are in excellent agree-
ment with those calculated fronr vapor. pressure measurements: The ini-
tial gypsum and {or): 'thydnte cofistituted orily about 3 percent of the
fotal charge. Consequently the Ho804 concentration of the’ solution,-and
hience the activity of - H,0, was not, SLgmﬁcantly chmlged by the HO
teltased or absorbed by, the: gypsmn—anhy'dute conversion.. The H;SO,
contént of tlie so,lutmn Was checked by tltratmn at the completlon of

each run.

The ag,0: of the ﬁna.l soluhon in each of two. rins (one in HoQOi and
one in Na,SO,) was measured directly using an HZO—sensmg apparatus
(Hardxe 1965a; p. 252); the-values-did not ‘differ” measurablv from the
actwmes of: HzO determmed Jn the: CaSO;—free sohitions..
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TABLE 1 Acnvrx? OF Hzo ¥ AQUEOTS SULFURIC Acm SOLUTIONS
(After Hamed and Owen 1958 p 374)

Moles: WE. 40°C | ErE
HSO/1000 mofes] G s |
O HO F ‘HSO | emf emf | émf T
1 1 8.93 | 0.9620 0.9620. 0:0624 | 0.9630

] 12,82 71,0931 § :0:9380 | 09402 | "0.941%

2 16.40 } 0.9136 |} 0.9i29 0.9155 .0.9180

3 22.73 } 0:8506. | 0.8514 0.8548 § 0.8602

4 28.18 [ 0775 | 06.9795° ] 0.7850 | .0.7950

5 32.90: | 0:6980 0.7030 0.7086 0.7229

6 37.03 | -0.6200 0:6352 | D.6288 | .0.6505

T 40.71 0.3453 | ;9“5497}‘ .0.5608 | 0.5815

‘DESCRIPTION AND PROPERTIES OF THE SOLID PHASES

‘The gypsuam: synthesmed by hydra’non of- anhy drite (héreinafter re-

’ ferred to.as "S} nthetic g ypsum”) commonly cons1sts of thm plates
(F 1g 1) Between crossed mcol.s the thm plates show ﬁrst—.orde.r whlte or
grey interference colors and oblique extinction. In’ runs wheére gypsum
was converted to anhydrite, the first stage 6f the process Wwas recrystal—
“lization of the ﬂne—gramed artificial gypsum used asa starting material to
: coarserbladed crvstals This recrysta]hzed gypsum, seemmgly of a more

Fig. . 4'5Photom1erogxaph of synthenc gypsum, prepared. from anhy dnie at 40°€ and”
1 atmospherd in'22% H:S0;: s,alutmnr1 with seeamg, ih 50 days (Run LS '73) Average Tenvth
of crystals 0.2 toOSmm
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stable habit than, the original sma]ler crystals,-was m01ph010g1cally and
optically mdlstmcrmshable from the S}mthetlc gypsuIm.:

The optxcal propertles of the synthetlc gypsum were. not: s1gn1ﬁc*mtlv'
differerit from those of the matural riidterial.

Wooster (1936} has determmed -the crystal s{ructiife of gypsuin. [n the

ac plane two sheets of ‘504 tefrahedra arée’ bound by Ca atoms within .
them. Between these sheets lie layers of ‘water molecules. The, Ca atoms
aie linked {0 6 oxXygens of .80, tetrahedra and to 2 water ‘molecules.
Water, moleculés thus occupy important’ struétural positions and even’
partial dehyd1 ation must resultin the: destructxon of the gypsum struc-
fure.. »
Umt cell. para_meters of’ the: synthetic prsmn were detelmmed by
pray powder diffraction methods, swith either silicon or quartz as, mternal.
standard; and found to be in excellent ‘agreement: with those given by
Deer ¢t al. (1962) for nafural gypsam.

Anhydnte synthesized from gypsum appeared under the microscope
a5 '3 ‘mass of minute birefringent grains; ‘Individual ¢rystal outlines were
bareh« dxstmgmshable under high power, and reh’actwe index measure-.
ments were unreliable.

The presence of synthetic anhydyite could be readily detected in the
rediction ﬂasL by inspection: a fine’ white mass stayed in suspensmn long
after the stirref was stopped In comtiasty the well-crystallized synthetic
and seed gypsum ‘settled very” 1ap1d1y, leaving, in the absence of anhy-
drite, a temarkably clear solution. .

Tn one run (LS 51, Table 2y, anhydnte crrams as largeas 0.3 nim-agross
‘were: synthesized from gypsum in 22. percent salfuricacid solution at
50°C. They showed a. stubby pnsma‘mc to €quant shape with very hlgh
interference colors and, para]lel extinction.

The cell paraméters of synthetm anhydnte were 1 exce]lent 4dgreement
with these given by Swanson. et al. (1955).

Bassarite (CaSO;- 0,7 <0,5) Was encountered only in static runs
in Whlch NaCl had been.added to the charges. It was identified by X-ray
diffraction techniques only, using the'data of Posnjak. (1938, p. 253). No
‘distinction was. made between. calcium sulfate hemldydrate (CaSO4
1/2FH,0) apd: solublg” anhydrite (CaS0,). because there, is cons1de1ab]e
uncertainty as to the ‘relationship between these two phases (Deer; Howie:
" and Zussman, 1962 v. 5, pp- 701—208)

EXIE‘ERIMENT&I, RESULTS

-'aH=q~temperature €g u1hbr1um curve for the reactlon
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gypsum=anhydrite +2HOini] ix’solution]

are gwen e Ta.ble 2 and plotted in. Figure 2. e

Determmatlon of the curve rested. on.the a,blhtv to. convert crvpsum to..
anhvd_nte and ‘vice erse, and’on theé ablhty 1o teverse. the conversion -
When e ither prig-of thie parainéter§ was varied.

A rin in, which.no chauge occuued in the starfing ‘phase even: affer a-
féaction time of many months, was notconsidered evidernce of stability”
of that _phase, although i many casessuch dats prov1ded conmmatxon
of ‘reversed runs. Taken: by-itself; a rinin “which no reactlon occurs js:at -
best inconclusive sinee ‘mefastable persxstence of starting phases 18- gom;
monly” encountered in experinental studies of minerak equlhbna In the
present study. this was partxcularlv true of the rehjdration of anhydrite

~in_sulfuric ac1d solutmns and. Tnduced, nucleatwn by seedmg proved
necessary. Anhydnte 1ema1ned unchanged m most,unseeded runs for up
to. eight months;, the addition: of seeds of gypsmn ‘promoted. telatively
rapld conversion, of the anhydrite (compare Tuns LS 5 aid' LS 14 at.35°C,
Table 2): In: the:system' C aS0+H0, the dehydration’s of gypsum to anhv—
drite has beeti shown to bé 1ncred1bly slow (.g. ruil AG.1,70°C; Table ’7)
but, according to Posnjak (1938, p. 262) seeds ‘of a.nhydnte do initiate
the 1eactxon 1 Con51derable doubt has beeu thrown on the determmatzon

because mefastable vrowth of a pha.se from solutzon on. seeds of 1ts awn
klnd 1s known to occur (F: vie eral., 19.‘)8 - 83) However it. has never
been demonstrated that seeding; would promote ‘the dlsappearance of:a
stable phise ; and growth of aless stable one: In‘the present study, charges
: contammg equal. parts by weight of gypsnm and dnhydrite Were used.
The pl;oof of stabﬂltv in these seeded Tuns was grow’ch oi onesphase and
¥ to 10 percent metastable p]:ec1p1tat10n oi elther phase on seeds could
be ruléd out., Thls follows from a consideration of the solublhtles of.
gypsum and. anhy drite i in, Na,SO.; and H;:S0, solutxons {maximum about
‘0.3 percent CaSO4 by Wewht) the mass. of solutwn n the reachon Vesself

The eztent of reactlon was gauged by mlcroscope a.nd X—ra.y exammatmn
of a.geries, of samples taken fromi the reaction vessel af intervals. Froni
the Xz ray diffraction: patterns the relative intensities ‘of the 020" peak of
anhliydrite (3.499 A) and the. 140 péak: of gypsum (3. 065 A) WEre mea~-
‘sured. The amount of gypsu_m in each sample wzs read from a cafibration

x “This-was not’substanttated in the present work perhaps bemuset'he runs-were, not-of-
suiﬁcufnt darafion. Howéver,, 1t, was-found that, the presence of Emeswater (auzo—l 00,
pH——IZ 4}, with no seeding, markedly mcrea.sed the dehydration fate where a seeded run in
distilled H:0 showed noreaction (compare ‘AG.{ and AG 5, 70°C, Table 2).
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Tanre 2; ExpERIMENTAL DATA POR GYPSUM AND. ANEYDRITE STABILITY AS A FONCTION OF
Acmivery oF H,0. ANp TEMPERATURE AT ATMOSPHERIC PRESSURE. RESULTS

or.Dywamic Runs. ORLe.

*atnral gypsim and anfiydate
¢ )y—trate

Starting materials-
. e e " an, mp: | Time | . Solid
Rem no: Solid: Solutm:x FWL %) : g;f Tf(‘_lp " days products Hesillt
phasss 1 N2i50g H:SOu
EXS) 95g, 5a 100% H:Q 700 (. 359 § 93gsa ne
AGs, | 100g - limewaler 708 194 | 93g7a Td
LXY - 100g 123 ¥ | 6 | i00g
’ : 19 “47g; 58a.
46 g, 952"
: M7 | 100 goa
Lx12- &gl iz.3 0.965 L 708 I 26 | 100 g%
X3 100g. 189 . 1 poea2 o> |9 gha g2
LS30-2. 90g,i0a* |- 943 | oser | 60° 43 45g, 532, g
LX49-2" 1005 - 1570 09535 60° 48 94g, 6a g
Ls2e 50g, 502 | 4.03 0.985. § 55 42 94f; 6a - a-eg
1522 50g, 50a . 943 | 0961 3 S§5° 51 100z " a-eg
L330-1 S0g, 50a% }. 9,437 0,961 : 559 51 90g, 102 asg
LS8 100g . $.56 0,960 53¢ as 55g, 453 g—a
LX4¢-f 3 100g: - 15.0. . &9 30 . 1bog nie.
LX46-1 e, el ; 19.3 557 | %9 a; 8l n.c.
1.552 100g 27,24 . 55 9 1002 g—a
15731 50g, 50 4.03 0.985 52,59 i 42 95g, 5a a—sg
LS8 50g,50a | 9.55 | 0.960 s2.50 | .35 95g, 5a a—g
AG3 9552 ;. 100% FO 1.000 50° i 278 95¢, 2 e
LSy £ 100e . 9.56 | 0.960 |- 50° 262 100 ne
LS16 . 50, 502 . 9.56 ;060 50 & 325 95g, 5a a=3g
LX17. iodg 15.0 0953 50° f 155 . 1002 ne
Lx1 100g is.0 0.953 | 500 47, 100
! 94 95g, 5a-
¥ 319 95¢; 5. g—a(?)
EXag a, gl 20,6 09 f S | 43 gt | ame(?)
rsst §  1o0g T 35 X 0863 7 s | 50g,50a | g-a
£S37-2 §0g, 20a% - 2224 0,863 b 50° 1t 60g,40a g
1sz 100g 9,36 0:550. | 45° 148 § 100g ng,.
LST 100a 9.56 0,959 & 45% 127 | 100a hge
1515 . 50g, 50a . 9.56 0.959 15°° 138 100¢ a-g
LX1§ i 1008 [ 15.0° 0952 L 45° | 156 100g .} =ne
LX16 1002 150 0.957 | 45° | 156 70,304 . - | a—g
LS50 | 100g 22.24 0862 F 45° 21 | 93g,7a g5a-
- LS42 . 100g . " 23,60 o:86 | 45° 1 62 | . 65g3%a g
AGs. ; 95g,5a . |- 100% H:0 1600 407§ 237 1008 Ay
L5y i 50g; 502 T 9.56 0959 + % | 5§ 100% BE
LX12 100a_ 15.0- 0.951 40° 35% 93g, Ta- d—g
SLX18 F 1006 ip 21.0 0.626 40° 86 ] 100g e
LX19. . 100g -92.2 6023 | ar &8 100g e, T
Lsz3 | S0g, 502, 22.24 0,860 40° 50 | 95,5 | a%g
L5331 50g, 50a% . | 22,24 0860 400 | 49 ¥ I5p,2%2 A—g
g—gyrsurd
a—anhydrita
gl—ghuberite
th—thenardite
" sy—mirabilite
n,6,—no detectable change. -
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,’,I‘,ag.r:ai——(Cé:ﬁz‘%taed_)f’

SRunno: | . Solid Solutmn (wt ) ’gin;: pri;]:ri_fs
s | NS0y HLSO | ‘

TS3-1 100g 23.60 03845 i 93 ne.

1532 100g 3.60 0.845 0 40 g
LS19 505, 502 23.60 0.841: 37.5° 35 B,
1832-1 ~ 30, 50a%: 32,24. 0.859 35 51 T
LS41 _IOOg ( X1k 35%- 21 ne,’
1S5 “1002 350 431 nle

1514 © $0g; 504 85° ik} ag
LX40 g Ui KT S UL ne:
L54-3 . 50g, 502" 3¢° 36 alg
156 -100a . oo 197 ne.

Lsif 100g 30 67 g
LYs 100z - 25° 189 d-ag
LYs 002 35 189 A,
Ls10 SOg, 50a 75° 55 2—g
IS12 100g 255 67 g3
1517 50g, 50a 258 62 g
LYt 1002, 20° 28 a-3g.
LGz-1 -1004 20° i a—g
1513 1002, 20° 67 i-g

LOOO [

0.950

ACTIVITY. OF Hg0'

0.900 k
0.850
10.800 [

0.750

3

i

e

i

. ' An .~ _Gy

A An =Ty
NGy — Ak
@,‘An+61—‘— Gy . %
O anvgy — An

Oay.— An:

& An+Gj = Gy H30

O Gy =" an

}‘ ha,50,-

e ‘timewofer. ©

3

o

TEMPERATURE °C
FIG 2. The stahlhty of gypsum and anh3 drite détermined erpenmentally as g func--

tiorf of temperatme and actwnty ot H-:O at atmosphenc pressure Onl' tums; i which a:
dinversion was achiévéd dre ploited. o
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-curve of I(anhvdrltc) /H{gypsuin)- agairist vmlght percent gypsunt- Wlth‘
8 reproduabxhtv of bettei than 2 percents .

- Becausg of the tlme limit, most of the runs were stopped before: com-
plete conversion of -ohe- ‘phase to- the* ther had occuifed: Thosé funs
‘which were“allowed to. react’ completely’ prov1ded material for optical
and X-idy, studiés..

Figure 2 shows that the experimental data, in: general, are conSLSLent
Haowever; some exceptions must be-noted. At 50°C in'15 pércent s6dium
sulfate solution (aH,o~0 933) anhydnte §tar ted gidwing at the expense
of. gypsum after about 90 davs reaction time’ (ru,n LX 11 ’I‘able 2)

TABLE 3. AcTIviTy. OF ELO -AND T“'MPERA’I‘URE THAT DEH'N‘E THE EQUILIBRIIM
GYPSU.‘:I— AmmmnrrE+2 Hzth =oln, AT, A’IMOSPHERIC PRESSURE

-Temp'eta‘aue"c(izf’) B ﬂHzO (+0 005) Remarks
38° ] 1.000 extrapelated,-
55° 0.960 ‘Heasured
50° : 0.915 _ inferpolated’
45° 0.3%0° ., . interpolated
39° 0.845 ~ . méagired
35% ' |G.825 interpolated”
30° - 0.800 inferpolated
23° ’ 0.770 7 Headured
8™ ) 0,750 + extrapolated.
122 - 0.725 | extfgpplated‘

However, the reaction appalently stopped (1) as no further glowth of
a.nhydnte oceurred in 10 months. Under the same conditions, anhydrite
as a starting phase: temained unaltered after 5 months’ (run LX17).
With sulfiric dcid:of about the same activity of H:0, anhydrite was con-
verted to gypsum. at 50°C in & seeded itk within month {rin LS 16),
thle gypsum was-unchanged in-dn lmseeded run of 9 months’ (run LS1).
The anomaly remains unéxplained. An inconsistent result was also ob-
tained at:55°C and ¢ aﬁ,p =0.96."In_an unseeded, run, gypsum was,con--
vertéd to- anh\ dritein sulfuric acid solution. (rnn LS 8, about-50 percent
rea.ctlon) in seeded rums both synthetlc afd ratural. anhvdnte Were
fransformed’ into gypsum (fuss LS 22 and LS 30- 1) ‘These results are
taken to indicatethat fhe runs are very-cloge to the equilibriin curve.

Wﬂ;h the exception of run I,X 11, then; the results obtained using sul-
furic acid solutions. are perfectly consistent with those obtained: using
sodinm sulfate solations.’

The agio-T values which define the equmbrlum curve are gwen -n
Table-3.. .
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Results of static. ryms. The resulfs of ‘experiments on- the- gypsum anhy-
drite Feaction earried out under'static conditions are’ not.included: in-
Fagure 2-or Table 2 bégause the method was sooi abdndoned infavai of
ag1tated runs, A dlscussmn of the. data; however 1s_warranted All"the
static runs were made with: suﬂicxent NaQSO4 to produce: glauberlte
:(CﬂSO; NazSO4) as an addltmnal phase Synthe'rlc anhydrite was: the:
startmcr sohd aIthough in 4 few rups- natural anhydrite. U synthetlc"
gypsum were used mstead Seeds; wére Tiot: added to any of the charges:
Reaction times: varied from a few. da,)s to-over 12 months., . The résults
~were: most unexpected: ‘anhydrite. was found to rehydrate to gypsumm-at
temperatures as high as’ IS°C The reveérse reaction, the dehydration 61
gypsum to anhydiite, was never achieyed: Sevéral-possible explanations
come to mind. Kirst, the properties of. the synLhetlc anphydrous CaSQO4
may be dlﬁelent from. those of natmal anhydrite. However; the results
of the: dymumc rins mdlcate that the dlﬁerences, if any, are ot 51gmﬁ-
cant, Another posmblhty is solid solition between gypsum- and sodium
sulfate. Unfortunately, this could not be checked by chemical analysxs_
due to-separation difficulties.. However, no sxgmﬁcant change in cell
‘:dlmensmns of the gypsum was observed which suggests httle or 1o. sub—
substﬂ:u’non is 1mp0551ble since it would create a charge unbalance The
. substitution of Na¥ for €at+ perhaps could be achieved if accompanied
._by an HSO4~ for. SO~ substitution.. Chemical analyses- of natural gyp—
sum and, anhydiite (Stewart, 1963, p. 33; Deer, Howie and-Zussman,
1962, p-.206 and pe 271) show no &vidence.of this sodium only occurs
in trace arounts, if at all; -

A third p0551b111ty is related’ to the erpenmental method, n the
pleparatmn of the. charges water was added to'a solid mix.of aihydsite
+thernardite. Local ‘high concentrations’of sodium sulfate solution cer-
tainly existed, and: probably: petsisted; ini the initial stages of theruns.,
‘Conley and Bundy (1958) and Hardie (1965, p. 126) have showir that
anhydnte reacts very rapldly with. concentrated NazSO4 solutiops : to-
{form Ca-Na double sulfates. These_ double-salts. are nnstable i dilute
.1\ azSO4 solutlons (Ha.[dle 1963, p 136 Hilk and W]Jls 1938 34 i652) and.
-ately decompose to- gypsum—l—NaoSO4 solutlcm at’ all temperatures up. to
100°C. It is possible, therefore, thatin the static runs early. formaticn of
doublessalts occurred in the regiois of local high:NasS0, concentration.
This reaction femoved anhydrite from the system, With tims; diffusion
Ied to: a-uniformly concentrated-sofution tob. low. i NagS0s. content’ for
doubile-salt stablhty Decomp051t10n followed giving. gypsum—l— glau-
‘berife as products Then with prolonged time the gypsum ¢ should convert-
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‘to anhydrite. This’is 2'plaugible explanatlon because in all rans (statié of

-stirred) in which the-starting. anhydrite was: added 10 pre—m;:;ed uni-
Hformly- oncentrated sodinm sulfate squhon, no- anomalous {ormation
of gypsunt was: observed.

‘The work of Conley:and Bundv (1958} is-pertinent. iere since’ they:
proposed essentlally ths ‘mechanism for the ¢onversion of anhydute to
gypswrn: in salt: solutions. They suggested that the reaction for the con--
vérsion: with ‘activator solutions such as sodium or potassium sulfate is:

Y S ' B . .
CaS0y, —Toa Ca': 42 SOy — CaSQy; 2H0. .
H . L . >

and is pnmanlv depend ni upon temperature and’ -concentration: How-
ever, they achleved the conversion’ only by washing the reaction produéts
with water.’ This in fact. really only deronstrates: that anhydrite will
react rapidly at low temperatures and lugh alkkali sulfate concentrations.
(see Conley and Bundy; 1958, Eigs: 1 and 2) -to.form double-salts which
decompose in witer to give gypsum and salt solution. It certainly does
not prove, as they. mamtamed in the:abstract of. their paper {p. 57),
© that “contrary to recent hypotheSIS of gypsuny dehydrahon by concen-
trated salt solutions, double salts and/ox gypsu.m are stable phases below
a temperature of 42"(‘ &

Cormments ot the iechaiisin of de!zydraiwn of gypsun fo anhvydrite. Three
different mechanisms by which gypsum in contact with an aqueous me-
dium could dehydrate. to anhydnte appear: possible:

(1) a solution- “precipitation process.
(’)) direct dehydranon to anhydrite:(loss of structural water).
(3) step-wise defiydration through theintermediate hydrate Hassanite.

:The present- e-fcpenmental results throw some. hght albeit very diffuse,
-on" the, problem

+In a few of the runsin which anhydrite was produced fioiit gypsum;. 2
rind, presumed: from X rays. to be anhvd1 1te; wag 6bserv ed on the sur face
of and alonc' cleavaﬂe cracks in, gypsum‘crystals (Fig. 3) It ls'conceav-

ar gie of i ‘m anhvd,.ltﬁ‘c bevmm:z'o At the
'cr) stal surfaces whe;.e HzO may be Lransferred to-the. solution phase:
‘The effect of seediiig op-the dehydration. rate could not be gauged with

any Certainty because tao few duphcate rans were made. However; in’
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P 1T 3 Sumc A e S S S A Y

9 F‘ég_qj.uk',_{!gae)i N ) Posnjul\ (1938):

0230 = < tiglett 6 AlleRT1902) " BN (1937), f
5 oint Crit-Tobles (1928} - & Bock 96l .
F “@Hi BWills 1938 @Zen 865},
0:270 |5 "oRdupénstroich {888} ; colculated -
.© Marignac | s’ =
-5 @ Bock 1961, _ :
0.250 | ©7en 1965, o )

xothers (fuken from DAns 1933}

0.230

GRAMS CaSO4 PER 100 GRAMS Hz0

TEMPERﬂ\TU RE °C

Fic. 4. Tha squblhty relations of gypsum and' anhydnte in the systern CaSO;—H—:O as:
a finction: of temperature af atmosphenc pressures & compﬂaﬁon of preu fous works:

solublhty data therefore st be; regarded 2§ yielding minfmum- values
iny ‘The arguiiient-is rueial, Tor ifl the pomts plotted in Figuge 4 for
anhydrite are indeed minimum. values. then the trapsition peint must lie
at some: teraperature: above -at:least, £4°C, Zen’s. (1965) data being, t'tLen
as the upper limit of gypsum- solubility. Hill 1934, 1937) did recognize
the fiecessity for appmachmcr a-solubility carvefrom ‘both: sides, and
indéed, reported: his ‘anhydrité values as:obtained from, hath undersatu-
rafed and: supersatm ated. soluhons, Thi data; however,, ‘were ex{rap-

olafed:from solubilities measured. ift potassmm ‘sulfate solutions because:
he was- unable ‘to achieve supersamratmn with ¥ espect to anhydnte usmg-.

pure waterat temperatures below: 657 C:: At this and, highet temperafures

He- apparentlv Wwas successful b’ut unjortunqtely, he- ne1the1 deScnbed:

the procedure nor-xepor
tom.. 7
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A -similar - cniticism: appliesto thé available. gypst_m and- anhydnte
solublht\, measurements made: in salt or acid solutions,-and probably
explzuns Whv the fesults of différent: workera are in such poor agreerieft.
Comparison of the results of these yrorkers is most- easily made by com-. -
puting theractvity of HyQ of the solunons réported to be in-equilibrinm
with gypsumfanhydnte Because the CaSO, content of these solidtions

TasLe 4. Taz ErFEeT OoF SALT SOLDTIONS ON THE. GYPSU‘M—ANHYDRITE
TRA‘NSITION A Com:mmsox\r o¥ PREVIOUS WOR.K

P ‘Trans. . Clo-existi.ng o

Bwesngator " témp. °C solution e
van’t Hoff o o, (1903) 50° ‘sat'd. NaBrOs S 0:900
Hill & Wills (1938) L 4597 i 20.0 9, Na,COx - 932
Bock (1961) TP . 5.88%,NaCl . | .965
. Taperova & Shulgina (19453  40°t2 “31.0 9% H:POs .885°
_Back (1961) 35° - 11.859% NaCl -92[)
Zen (1963) 135 15.25% NacCl : 801
D’Ans ¢ ol (1955) 34° 6.09%; NaCl ..963
Bock (1961) t 30° 16089, NaCl .883

‘Posnjak (1940} 30° 13. 0607 NaCl - .89

- 1.829 MgClL
0.82% MgSO0,
' ) : 0.43% K804 .

van't: Hoff ¢ af, (1503) 30° sap’d, NaCl - 754
DrAns of al. (1955) [ 28.5% 11.499, NaCl _ 922
Bock {1961) . 250 20.08% NaCl : 84D
‘Madgin & Swalés (1936) j:  15° 18.029% NaCl ‘ 864
DAvs & Hofer (1937) | . 25° 45.369 H;PO, 790
Taperova (1940) Sogseid I 40,079 HoPOs - B45
D’Auvs ef al: (1955). T . 16.33%, NaCl .83t
DAnsetal. (1955) | 20.5% '20.6, % NaCl .835
D’Ans of czl (1955) 18° 76.319; NaCl 751

1 Extrapolated by t'be present author.
* The results of thesé two studits were taken from Seidell (1958 PP: 665—667)

is veiy low, activity of H20 may be obtained with considerable accuracy
from the water vapor Préssures of the CaSO.;—free galt or acid solutions.
The vapor pressure,data for the Na(Cl and NagSO equilibiium:solutions
were: taken from thé International Critical Tables (1928, IIF, pp: 370
371) and those ofsed- water from Avons and Kientzler (1954} For the
phosphoric dcid solutions the vapor pressure values of Kablukov and
Zagwosdkin (1935} “were used. The results are summarized in Table: 4.
- and shown Uraphlcally iy Flgure 5.

“The valies of. van’t Hoff ef ol (1903) alone are higher than those of the
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problem was bnlhantlv concclved They first paltlally CON rted gvpsum.:
to-anhydrite in. saturated sodmm chlonde colutxon in a dilatometer - at.
70°C. The rate of’ c0nversmn of gypsum. to anhydnte and. #ice: versa-at
:dlﬁerent* temperatures was, then measured’ by ‘the rate of eliange of: vol—.
ume of the: contents of-the dilatometer. Af.the ethbnum teripératute:
tlrere should be no volume change They obseived a volume decreaseat’
25°C and 4nificredse, at 35° C, so the transitioni. temperature was tak,en'
as 30°C.. The' partlal piessure of HyO of the solution co- cx1stmg with’

EODD
‘0.950° -
Q. O Bock (1961, i
= 0.900 | @ D'Ans et (1955} -]
.LL . . .EI Had{;m ond Swofes. (lQSG)
o F A Zen (1965Y (Colcquieo} i
i 0.850 ‘A Posniak{1340} 7
= N & Hill.éad Wills {193B) 5
, 5 oBoQ 0. Taperave (1940) o
< - O D'Ans.and Hofer {1937}
9,750 #| Togerovd ond Schulging (1945 |
‘T © von'T HotF et al (1503} _
0.700. } . e

TEMPERATURE "C

Tre, 5 Temperature actnnty of HgO Ielatlonsoi B¥psii, and anhydnte at atmosphen&‘ .
px&ssu:e a.corparison of previous wark,, Solid curvé: this: study, d;shed curves: mayimum.
and minfrhum Hiits predmted by thermodymamic ealénlations.

gypsiiin, 3’1’1}:1_5@35';-‘5‘6 atid, halite-at 30°C was. them measured, giving a value
of 24 mm. The method was:repeated using saturated ‘sodivmi’ broxiate
solition and-a transition temperature of 50°C ‘was obtained; the water -
vapor: pressate of the equilibiinm soliition was measuf, ed a8 83 3 mm . Us=
ing these two points in the relationship

1ogp logp°—‘— 4 = B/T

they were;, ;able to. extrapolate to solutlons it the systsim CaSO:HL0.
Dmplicit in, th1s ‘approach, is the prmaples that the eypsum—anhydnte
transition is, mdependent of the copstituents in solufion and: that. the
ethbnum temperature isd functlon of the ratic. j;/ 7 . This is, oz, course;
Flgure 5 also shows th at although the 1esu1ts of different ‘workeis. are
Ifi; very poor agreemem ‘they all: fall within:the limits prédicted. by the
1hermodynamlc calculations (Appéndix)!
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, ‘GEOLOGICAL TMPLICATIONS

Tt has been' Shggestéd by sofiie ‘workers that mqéfti'ifﬁllo.i all, caleiuen;
sulfafe of natural evaporites was originally deposited:as gypsum (Posn~
jak,:1940; Bundy, 1956;. Conley. and Bundy, 1958; Mhirray, 1964; Zen,
1965). The agrument is based. on: (1) petrographic observations that
muich aphydrité 15 pseudomorphibis after twinned gypsum, (2) thé scar-
cify of anhydrite in-modern evaporites déposits, and (3). experimental
evidence that anhydrite cannot be synthesized under pressure-témpera-
ture A__c:'m‘ldiﬁ(jnsaconsi.sfenﬁ with. patural evaporite environments..

It is ‘clear that the present relationship between gypsum. and anhy-
dritein the pre=Recent marine evaporites of the world, to a great extent,
_ is secondary, due’to the effects of_.'post~ﬂdepqéiti0nal: burial: :G‘yps}_un, at
suiface may be tracéd downward into ankydrite so that'at depths below
about 20003000 feet gypsum is’ practically absent {MacDonald; 1953;
Stewart, 1963). Evidence of réplacement is aburidant. Anhydrite psue- .
demorphous, after twinned. gypsum has been reported by Schaller and
Hénderson. (1932) in the Salado formation of Texas and New Mexico,
by Stewart-(1953) in the Permian evaporites of ‘Yorkshire, England, and
by Borchert and Baier (1953) in the German Zechstéin. At shallower
depths gypsum has- been shown to have teplaced anhydrite (Stewart,
1953; Goldman, 1952; Ogniben, 1935; Sund; 1959); such réplacement
has been récorded recently at: a depth ‘as great. as 3500 feet (Mutray,
1964). Theiefore, both gypsum and anhydrite In sedimentary deposits
may. be méthmgigphi‘c- butthm evidence does 1ot prove:that the replaced
gypsumy, or anhydrite, was primary in origin, a paint.emphasized by Zen
(1965, p. 147)... ‘ _ "

More significant eviderice is provided by the distribution of: gypsim
and ankiydrite iii Recent riarine and Honmaring evaporites where effects,
due to burial are. not involved. In these deposits gypsum is ubiguitous.
and, in‘all ce:faiilty','pri:mar}r ',(B__ranika.mpja.ﬁii Powers, 1955; Morris and
Dickey; 1957; Masson, 1955; Phleger and Ewing, 1962; Wells, 1 962; and
others) whereas aphydrite has been reported. from ‘only ong locality; in
supratidal flat sediments on the Trucial Coast, Persian Gulf'(Curtis & al,
1963; Kinsman, "1964).t This single occutrence of Recent sedimentary -

t Qther occurrénces of Recent apﬁydritg ‘have. béen i-épb:fed recently Ey Hunt-et ol
{1966, p- 59)-as 2. surface layer in Death Valley, California, aad by Moiola-axid Glover
(1965) from a sediment; dump.on Glayton Playa, Nevada. In both. cases the anbiydrite has_
formed from gypstum; vis bassanite, in ﬁhg'aﬁsqgce of ‘2 Yiquid phase. This debirdmﬁon
prdcess .
Ca80; 2H;0.== CaS0,-1H0 + 13H:0 (g)

. CaS04 $H0 = CaSO - 30 (@)
Tnvolvesa set of thermockemical copﬁlﬁéns yeryrﬂiﬁereﬁt:ﬁom those eficountered inFwet”
evaporite deposits. '
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a.nhydrlte is of gleat 1mport because, if not evidence oi primiary precnpl—
tation of. anhydrlte it'is, at least, ploof that metamorphism of gypsum on
“burial is hot essential to- anhvdnte formation. Even acceptmb that an-
hydrite ¢anbe primary, an mconsxstency between the field evidenee from
modern evaporltes and available e‘ipenmental evidence exists. . Témpera-
ture-:.ahmtv condltlons necessary for azhy rite. stability, as- predlcted
AJrom salublht} expenments and’ thermodypamig calculations; are com-
~mon1y found in: modern. evaporite:’ ‘environments, yet gypsum s the
TCommon phase ‘of such deposits. This observation,- coupled Witk the In-
abihty of ¢ expenmenters to synthesize anhydrite at:low- temperatures has
led workers such'as Miurray (1964) to conclude that. gypsuin is always the
‘primary precipitate., I‘urther undel ‘conditions theoretically fznoung
anhydnte this gypsum will pers1st metastably (except where tempera-
-fuzes. at surface are -very high) witil burial causés- dthdlatIOH to"atihiy-
drite,
 'Thi presetie expenmental requts have & two fold’ bearm g on' the prob-
lefn. First, it is demonstrated that. anhydrité can be synthiesized at one
atmogphere pressure under geologxcally regsonable conditions of tem~
-pera.tm:e and activity of HyO ina’ geﬂldglcally reasonable time, reckoned
© in ‘months, Primary precipitation of anhydrite, howevef ct)uld not be
achieved, indeed, Has.not heen_ acb1eved by prewous workers: This would
suggest but; of course, not pmVe that gypsum is dlways.the ﬁrst formed
CaSO4 phase on evaporatmn of natural waters* Be that as 1t may, the
experiments do show that _gypsum, miaintained:in . the stabﬂlty field of
anhydnte Would be dehvdlated to anhydnfe sqQon after deposmon Sec-
ond, it is demonstrated that h1ghe1 temnperatures: than previously. were’
entenamed are:required for anhydrite: formation. This, quahtanvely is
morein keeping with the observation thafgypsum is the eorminon phase
in: Recent evapontes

Quannt'ttlve appl iition of: the experimental . results to na.tural de-
p051ts 1§ valid. and poss1ble but is hmdered by the: pauaty of prec1se~
m_formatmn on the temperarture and @m0 of natm;al solutions co-existing
with gypsum. and. anhydnte Fortunately, the Persian Gulf deposit-ds an
nnport'mt exceptmn Quanhtahve data haye béen: collected by D. I ]
Kmsma.n (personal coininiinication, 1964) Brine femperatures range
from 24° 0> 39°C ‘and anhydnte is fourid in-carbonate muds of -the
sabkha; or suplatldal salt¥ ﬂat where ground water'chlorinities exceed
about 130"/00 (about 24 péicent sahmty) ‘Part:of the ahhydrite déposit.

s possible; of‘conrse, (hat natutdFwaters differ from expenmentallv tested soluLons' .
in, that they. contaia: adlditionat: ‘coniponeits which would induce. direct! preupna.tlon of
anhydnle, as, for e:‘ample trace elemedits (‘&mpunﬁes"} have'been found to influence the
mld éation of amvomte and calcite (Wra? and DameI 1957) 5
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TABLE 5. DATA o SoLutons Co-ExXisTrie with GYPSUM OF ANEYDRITE

™ Narerar ?Cvuonm: Dnrosrrs

191

- }ﬁ_neray' Sotiition ,
Locality | R T e =
"t Assemblige | 7°C | Chlorinity °/ost
| gypsom CYR3ss | 50-110 [ 0.95-0.83 [ Bfaik
Trugial oypsu.m 64 0.93
-‘Coast, | tarbonate; sl 91 .88
Persian | 96, .87
Gulf
s R i
.80
anhydrite, T
carbonate 397 5
' .13
Bocca.na xf:) :
Virrila, gypsum v il kE .85
Penut. -
Saline : L
Valley, | gypsim 0.99-0.95 | Huedie (9657
"Cahf - i ’ : T
,Sa.lma. fo; 5 aﬁhjr-clrite , satd. <£0: 75
Mich; | halite? ©32-48% ! NaCl, C | el F1935)
A(Sﬂunan)‘ : -

' Aphydrifé in' the zone of. cipﬂlary‘draw Chlorinities as givén are for the uindérlying
groundwaters,’ Actial ‘solutions i in. which, .anhydrite formed presumablj were more: Con-
centrated.

* Precise location in Boccana whiere gypsuid is precxpltatmg is d1fﬁ.cu1t fo rea.d from
‘\{orns and D1ckey’s descriptions, Valie given lere is taken from their data for location C,
which may be incorrectly interpietéd by the present author as the gypsum’site.

3 Delicately preserved “hoppa:’ (:fysta.ls which have, clearly not; suffered alterafion-
since their formation: The. same argunient:must apply to the intimately- assoeiated an-
.hydnte Temperatures of formatmn of the hopper halite was defermined by fluid mc}usmn
studies.

oceurs-in the zone of capillary draw above the present water fable buf,
-more important,. -anhydrite is found in diregt contact with brine (Table
.5).; Where glound waters are: less eoncentla.ted (up. to about 96°/cc.
:chlormlty) gypsum i§ preapfcated within the carbonate muds. These'
data, together with the limited information from, a few other depo:ﬂts

Are summanzed in Table 5. To’ coinpare these d’tt& chlorinity values
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have been: recalculated 1o, activities of H-0 using. the Vaporpressute data

for seawa’cer of> dltfexent chlorunﬂes given bv Arons and, Kientzler:
(1954) The Paturil bnne data. and the equ1hb1 fum turve. determined. in

the: present study’ are Qlotted i Figure 6. Included id this figure is a

prsum—anhydn’ce transition curve computed ‘from: the solubﬂlty ntea- -
suréments of Bock (1961) in the hap10~evapor1te system CaSO-NaCl-

H,Q. Hig'results dre consideréed representative. of the stability range for
vasum dnd anhy drite predicted by most existing solubility studles (see.
Flg 5). If the natural _depesits are to: be mterpreted in terms of this

transition curve, then it.is. clear from F1gure 6 that metastable persm—.
tence of gypsuni in natural brines' ig the rule. On*the other hand; the.
equlhbnum curve of the’ present sfud} i5 remarkab]y coropatible quan-

tatively” “with the data from the natiral deposits, patrticularly that of the
Petsian’ Gulf (Fig: 6): This would: stroqgl_}{ suggest-that chemical equilib-

rium; prevails-in- edch of these, deposits:- Taken one step hirther, this

could niean.that the scarc1ty of anhydrite in- -modern evaporite. deposits -
s, simply a. reﬂectmn that the. copditions: for its formation are seldom

}:eached or, at least;. mamtamed for any Iength of time. Metastable pei-

sistence-of gypsum would not be anecessity.

While this is most. plausible it is ‘surely an oversunphﬁcatlon because
gypsum is found under nonequlhbnum conditions in sonie modern
evaporitic. environments, For éxaniplé, in Laguna Ojo dé Liebre, Baja
- Californfa, gypsuii co-exists with halite at:temiperatures up to 27°C
(Phleger and Ewing, 1962) whereas the present experimental data pre-
dict that in.a seawater- bripe sa.tuxated mth hahte (amo< 0.75). gypsum
should dahydrate to anhydrite al femperatures above about 18°C: (see
Flg 2.

The questions, “this. d1s¢ussmn faises;are: mtngumg Des the Persian
© Gulf, where, anhydnte is formiing, combine a freakish set of chemital
) and/ or physmal circunistances net found in other modern evapénte en-

vuonments? Or are the condmons under Wh1c]1 gypsum s fmmd i Ba]a
penods of tlme ﬁ"LCh year tQ prodnce anhydnte? Itls clear that the prob.»
‘lemis one of kineties which sk, therefore, bétonie a most: importait
consideigtion interpréting’ gypsum-anhydrite deposits, modern, or
anc1ent : :

Simhmny

.mentally from o"ypsum undel ?, t and ag,o condraons rea,sonable for
‘natural evaponte environments..
2. The gypsum-anhydrité equilibritim temperatures defermived: in. the
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F1e: 6. Temperature-activity of B0 relations of brines co-existing ; wuth gypsum and an~
hydnte in natural evaporite deposits. Expérimentally ‘detexmined ethbnum relations are
shown, as ciirves: solid curve: this study; dashed eurve: solubility dita of Bock (1961). The

open-symbols reptesent solutions in contact with gypsum and the solid symbols are thesein ™
) conta.ct with anhydrite.

. Open circle: “Moriis & Dickey: (1957)
Squares: . Bramkamp & Powers (1953)
Triavigles: Hardie {1965)
Sobid circles: Dellivig-(1955);
Bats:, " Kinsman'(pers. comm:, 1964}

present study are consuiembly hlgher than those based. on solubility-
measurements and’ om. thermodynamic. caleculations. The new. data are
considéred more rehable than. the exdsting data because (a) the present
results are based on reversﬂ)le teactions whereas in available solubility
studies the saturation curves for gypsum and anhydr1t° were appr oached
only” from ‘the side of undersaturatton and, therefore, doniot: nece53anly
represent equilibrivm’ curves; (b) s1gn1ﬁcanL uncertainiies exist: o the-
available thermoehemical values for gypsum ‘and anhydrite.
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3. Thénew équilibrinm valies of this studyare more compatible with
the: field observations that: gypsur is.the commmon- pbase; and anhydrite:
rare; jn-unmetaniorphosed evaporite deposits? Further; these valués are’
quantitatively-consistent ‘with- the emp-T gonditions under: which gyp=
sum. and, anhydrite are found: in ihe Recent ej@pbﬁfe _deposit of the
Trucial Coast, Persian Gulf: 4
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' ArPENDIX, THERMODYNAMIC CONSIDERATIONS

- Calcdation of the: 5yﬁs@sﬁi¢ftﬁydfﬁe‘lf@%z§iﬁmq {emperature in the systesit €aSO+H:0 at vne
. almbsphere: pressure. Kelley; Southard and Anderson (1941) measured t];e-'t_henno_chemii:al

properties of the:solid pbases of the system CaSO0,-H:0 (Table 6): :

For the reaction ’

181 aSO; aHgG = 'C:a.'S'Oii +§'2H20 ]

Kelley et g}, (1941, p. 44);0btained

AGE = — 3495 — 65,17 Flog T + 0.0015 T+ 183,80 T BRSE
“This equation gives 313°K.(20°C) as the tempéiature at which gypsuin, dnkiydrite and
liquid water aze in equilibriim at one atmospherg tofal pressure; in surptisingly good dgree-

ent with the value of 42°C derived from solubility data:(FIill, 1937; Posnjak, 1938). -

Zen (19625 1965) has pointed out that, equation (1) wasobtained from inconsistent data:

The Present. calculations copfirim Zei’s criticiém.. Differentiation: of equation (1) with re-
spect to temperatuie, —dAG*/dT=AS", yields o

ASS= = 135594426517 og T— 008 T @

and a valife of 12.85 calydeg for 208°K.. This i3 inconsistent with the sum of the individual®
entropies at 298°K as given by Kelley et-al, (see Table 6); that is,

A= 255 4 (2 X 16.8) — 464'= 127 cal/deg:

‘The discrepancy arises from; the use of an itegration constant of = 33.18 which s the mean

of their own consistent valise of ~33.03 and the value of — 33.34 obtained from the indirect
vapor pressures of Tosiumi anid Haid (1934). The iésulting stall érror in entrppy; hasa con-




G¥PSUM—ANHY¥DRITE 'EQifl LIBRIUM : 195

TaABLE 6. THERSOCHEMICAL PROPERTIES OF THE Prases OF THE SysTEM CaS0-H:0

Cy. (_:al‘]deg mole | S§°(298°K) i
Fhase (298°450°K) | calfdeginole | RIS
CaS0s 2H20 | 21.8840.0767 .} 6.2 10.4 1 (p. 36 & p. 19}
'psu.m . . :

CaS0c - 4 1410400837 | 25.5 €0 | I(p.36&p:19)

 mliyerite | 16734002507 | I (p26).

WO Geid) | w2 168 | T3

-wz;ter - 16.75+0.03 I (p. 105}

| 108 , G- 80)

£ {58} 7 4s+0 o0 | 4543 I(p 36)

qatgs - 45.1340:03 | X (p. 105)

‘ 7.30+0_.00246.T-' . 1T {p. 80)

t I=Kelley et al. (1941)
HI=Kelley* (1650)
I = Kelley (1960)

slderable effect on the free energy. values since it is mcorporated into the aF term of equa-
tion (1),

Recaléulation of the entropy: for the veaction tsing’ t.he accepted value of 5% =16.75
cal/deg-mole for liquid water (Giaugue and Stont, 1936; Ke]ley 1960) yields AS® aqs-'?S.:
F(2X16.75) —46.4=12.6. «cal/deg: :

Hence, equahon 2) becomes

AST—~—13584+6517100'T 0043 7 3
Using (Kel}ay ¢ al, 1941, p..44);

AH7 < — 2495+ 2830 T'—~-0,0215 T2 @)

the free énerpy expression becomes .

AGy = = 2495 % 16414 T ~ 65.47 T Jog T"+0, 0215 7% 5

’I‘Ius equation gnes 319°K (46“(3) as the gypsum- auhydn(e eqmﬁbrmm tempemtn:e an
hicrease of 6°C dver the value obtained from the expression of Kelley ef al (1941) (Equa.—
.tmn (1))

capaaty of anhydnte gwen by Keﬂey (1960 P 46} The following. relationships for ‘the.
:reacuon are then obtamed

Gy 3102 — 0.0524 T

. 53‘;3'_; AHy+ 3102 T—. 00262 T2 . Q)
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Substitntibg the méan value, AH °gg'g—.——,i(]_30 call (Relley- 2 af 1_941 ), of the heat of ‘solution
measurements in eqgation (7): -

AHA =" — 2890 cals
6 that-

AHRF= — 2890+ 3102 T 0026272 . (7).

Usizg
| ASSy=258 (2 X 16:75) — 46.4=:12.6 calfdeg. in

AS = BSTA 3110210 T —0.0524 7

we obtain

ASS = — 148.35 £ 31.021n T — 0.0524 T° . ®°
Froi equations {7) and (8] it follows that’

AGS = — 2890417957 T 400262 T* — T1.44 TIog T )

Thid equation’ gives T(equil)=46°C, démonstrating: that the equilibrium témpefature 38’
insensitive to small vagdations in the heat ca,p;a._city of anhydrite. ’

X thé uncertainties of measurement assigned to each one of the thermodynamic values
(Table 6)-used in the derivation of equation (9) are assembled, thén thée confiderice to be
placed in this equition can be disessed, From the maximum and minimium possible values
of each propeity, except the heat capacity; we obtain two limiting fiée energy egnations:

AGE = — 2870 4718043 Tk 0.0262 T2 = 7144 T1og T (10

AGE = =% 29104 178.71 T 0.0262 77— asTiE T Ay
" Equation (10), designed to gives :Sa;ﬁmumy.iemperaium, was, denve&us?ng _'Q.H_i‘?gga‘é 4030
4:20=4050 cal z0d AS%w=25.1+(2X 16.72)—46.8= 11.74 cal/deg: Theequivalent values
for eguation (1 1), which gives a minimiim temperature, are AH 95=4030—20=4010 cal
- and A5 =25.9+-(2X16:78) —46.0= 13.46 cal/dég. - . o
The-equilibriurn- témperdtures given by equations. (10) and (11) are 68°C and 25°C
respectively: It is-clear.that the available thesmochemical data caf,n._ﬁx_ the gy‘p.sum:an];;y-
- drite- transition point at no bettes than 46+22°C)
Galeulaiion of the effectof dissolved salis o' the gipsteni-duhydrits tronsition temperahire ok
ptmospheric: pressure; Eor'the coriersion of gypsum fo anhydrite'in the pregence of: iny.
‘aqueous solution containing dissolyed salts, thereaction may bewritten -
€aS0,-2HA0 = CaS0y - 2Hs0 ige sots>

A sxmpliﬁedequﬂlbrmmconsta.nt for this r,ez‘,cﬁdn' can be a.pphedlf the compgsii::iﬁns

‘sqlid phases témain unchanged: {pune Hquid HzO and the pure folids af 1 atmosphere B emg
taken as the stindard statés): o o

KoY ok

ks Kelley etal (.'19_-’17}1'_,];.2_-1 55 give % 20cals a5 thig uncertalnty in this value.
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“Now, for atiy chemical reaction

4G = AGp 4 RTIn Ko
Therefare, for thé dehydration of gypéu_m to anliydrite.

AG‘T = AGr+ 2RTIn 0. (12)

It follows from this equation that 3 lowering of the activity of ThO of the solutlon (e
- increasing the salinity) would decrease the free energy uf reaction: The eﬁ‘ect WO'!ﬂEI be to
Iower the dﬁhydratlon tf-.mpf.rature Te evalnate this quanhtatwely it isriecessary to koow
AG (reacﬂon) and the ag.p of the salutions in which the reac.tlon oLCOrs.
Arrexpression fox AG"T (reactwn) asa ﬁmctmn of temperature has béen dertved (equa—
tior. 9 above):

AGh = — 2800 -+ 179.57 T 4 0.0262° T2 — 71,44 Tlog T 9)

Therefore, the change in ethbnum temperature wﬁ_h chanae in an.‘o of the co»emstmt,
sohztion can’ be ‘determined from

AGT =.— 2800 4= 17957 fl?‘—l-OOZGZT2 . 7144 T log T+ 2RT In.ag g’ (13)

An expression samﬂar to (13) but baséd od the free eergy” bqua.txou of Kelley ef. ol
(1941) (equdtlon 1;: was denved by MicDonald (1953, . 889} ising shghtly different

AGI' = — 2495 163 89T "+’0"021s T2 — 6517 T'log T+ 2.RT 2.303 log p/p° (14)
- Fro, tIus[ MacDonald détermined the transition tempesatire as a' fum:tlon of concentra-
tion of sodium: chloride.

Kelley é2al (1941, Fig. 8, p. 41) a]so had considexed the effect of activity of H,0.on the
gypsum-anhydrite transition temperatire; They presented the results in dlabrammatlc
form, only asid did not give the equation used in the caleulation. This; however; is most cer-

tain:to be the equation given by MacDona]d who used their data and pmdm:ed exactly
equivalent results..

Equation (13) giva: 20°C and equation (14)15°C for thi transition femiperdtyre in. the
Ppresence of halite inthe. system CaSQOi—NaCl—H:0 (aHso——O 75), The uncertainties i ini.
these femiperatures will remain in the orderof + 22°C, the uncertainty range for'the solu-
tion of equation (9) .
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